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Preface

Under the supervision of Prof. Dr. JUrgen Caro, the results give in this thesis were achieved in
the period of my Ph. D study at the Institute of Physical Chemistry and Electrochemistry at the
Gottfried Wilhelm Leibniz Universit& Hannover, from Nov. 2010 to Nov. 2013. In this time, |

was a scientific co-worker and worked for the European projects NASA-OTM and NEXT-GTL.

Four research papers in which I am the first author are included within this thesis. 1 am co-
author of further 4 papers not included in this thesis. The following statement will clarify my
contribution to the four articles used for this thesis. For all these articles, | would like to thank the
valuable discussions and suggestions from the co-authors and the referees, special thanks is to
Prof. Dr. Jirgen Caro and Prof. Dr. Heqing Jiang for their kind help and instruction. | would like
to thank Dr. Stefan Baumann, Dr. Wilhelm Albert Meulenberg from the Forschungszentrum

Jdich GmbH providing high-quality asymmetric membranes used in my works.

An article studying the coupling of the two reactions, one reaction is generating oxygen and the
other reaction is consuming oxygen, forms chapter 2 of this thesis. The two reactions are coupled
through an oxygen transporting perovskite membrane. This article, Simultaneous overcome of
equilibrium limitations in BSCF oxygen-permeable membrane reactors: water splitting and
methane coupling, and published in Catalysis Today, was written by me. The measurements and
the characterization works were done by Dr. Luo and me following an idea born in a discussion
with Profs. J. Caro and H. Jiang. The membrane was prepared by Dr. S. Baumann and Dr. W. A.
Meulenberg. | wrote the first draft. Prof Dr. J. Caro and Prof Dr. H. Jiang spent much time on

correcting and improving the manuscript.



An article on the development of stable membrane for various applications is presented in
Chapter 3. The paper, An effective and simple method in the aim of improving the oxygen
permeability of the dual-phase membrane based on Ce9Gdy 1025, which will be submitted to
Journal of Membrane Science, was written by me, | got support on the manuscript preparation
from all the co-authors, especially from Prof. Dr. J. Caro, Prof. H. Jiang. The oxygen permeation

measurements, the XRD and SEM characterizations were done by myself.

Two articles on improving a catalysis processes through the unique oxygen supply through the
oxygen permeation membrane are shown in chapter 4. The first paper, Nature gas to fuels and
chemicals: Improved selectivity and catalyst durability for methane aromatization in an oxygen
permeable membrane reactor, and published in Angewandte Chemie, was written by me, and
then revised by Prof. J. Caro and Prof. H. Jiang. The membrane employed in this work was
prepared by Dr. S. Baumann. The measurements and characterizations were conducted by me
following Prof. J. Caro’s idea and Prof H. Jiang’s instruction. | got great support from all co-
authors. The second article is Ostwald process: An efficient oxygen activation route for improved
ammonia oxidation via an oxygen-permeable catalytic membrane, which has been submitted to
Angewandte Chemie. The draft was written by me, and then revised by Prof. J. Caro and Prof. H.
Jiang. The membrane was supplied by Dr. S. Baumann. The experimental date was mainly done
by me following instruction of Profs. J.Caro and H. Jiang. Prof. J. Caro and Prof. H. Jiang gave

me great support on the preparation of this manuscript.
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Abstract

Following the concept of process intensification, the separation and catalysis processes were
integrated in a membrane reactor based on oxygen transporting membrane. In order to achieve a
high catalytic performance of the membrane reactors, the catalytic process was studied in a fixed
bed reactor to learn the function of the catalyst: methane dehydroaromatization with Mo-based
catalyst, NO production from ammonia on the perovskite catalyst, and Mn/Na,WO, on SiO,
catalyst in the oxidative coupling of methane. Whereas in most reactions the job of the perovskite
membrane is to separate in situ oxygen from air and thus to provide a low oxygen partial pressure
without major gradients over the reactor for a highly selective partial oxidation, in the case of
NH; oxidation to NO the perovskite membrane plays a double role: It separates the oxygen from
air and it serves itself as the catalyst providing highly selective lattice oxygen after the Mars and

van Krevelen concept.

In chapter 2, main efforts were devoted to couple an oxygen producing reaction with another
reaction which consumes oxygen. As a result, not only a high intensification of different
processes was achieved, but also the equilibrium limitation of the particular reaction can be
overcome. When the water splitting was combined with the oxidative coupling of methane, a
hydrogen production rate of 3.3 cm®*min™-cm? is achieved. At the same time, the methane
conversion was enhanced from 3.7 % to 26 % while the C, yield increased from 3.1 % to 6.5 %

when introducing the membrane concept at 950 °C.

A newly developed oxygen transporting membrane is presented in chapter 3, the introduction
of 2 mol% cobalt improves the oxygen permeability of the dual-phase oxygen transporting

membrane with the nominal composition of 25 wt. % Gdy 4SrosFe1.003-5— 75 Wt. % Cep9Gdy.102.
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The resulting membrane shows not only an elevated permeability, but also a good stability under

CO; and reducing atmospheres.

Chapter 4 presents work on the efficient aromatization of methane and ammonia oxidation.
When the membrane reactor concept was employed, a slower deactivation and an improved
selectivity of methane dehydroaromatization can be achieved. In the ammonia oxidation, as high
as 95 % selectivity and 81 % ammonia conversion were achieved at 850 °C in the membrane

reactor which are decisively higher data than in the fixed bed reactor.

Keywords: oxygen transporting membrane, membrane reactors, high efficient catalytic process.
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Zusammenfassung

Nach dem Konzept der Prozessintensivierung wurden Trenn- und Katalysefunktionen in einem
Membranreaktor, der auf sauerstoffleitenden Membranen basiert, integriert. Um die Katalyse in
Membranreaktoren zu verstehen und zu verbessern, wurden die Katalysatoren in
Festbettreaktoren zuvor ausgeprift: Methan-Dehydro-Aromatisierung mittels Mo-basierter
Katalysatoren, die NO-Erzeugung aus Ammoniak an perowskitischen Katalysatoren und der
Mn/Na, WO, auf SiO,—Katalysator in der oxidativen Kupplung von Methan. Wéaarend in den
meisten F&len die Funktion der Perowskitmembran passiv ist, nanlich Sauerstoff aus Luft
abzutrennen und in den Reaktor zu dosieren, wodurch im Unterschied zur Co-Feed-Fahrweise
keine grd%ren Gradienten des Sauerstoffpartialdruckes auftreten und die Partialoxidation
selektiv erfolgen kann, besitzt die Perowskitmembran im Fall der NH3-Oxidation zu NO eine
Doppelfunktion: Sie trennt Sauerstoff aus Luft ab und ist zugleich der Katalysator, indem eine

Oxidation mit Gittersauerstoff nach Mars und van Krevelen stattfindet.

In Kapitel 2 wurde die Kopplung einer sauerstoffproduzierenden und einer
sauerstoffverbrauchenden Reaktion durch eine sauerstoffleitende Membran untersucht. Als
Ergebnis wurde eine deutliche Verbesserung beider thermodynamisch limitierter Prozesse
erhalten, und die Uberwindung der (blicherweise vorliegenden Gleichgewichtsbeschrankung
erreicht. Wenn die Spaltung von Wasser mit der oxidativen Kupplung von Methan kombiniert
wurde, konnte eine Wasserstoff-Fluss von 3,3 cm® min® cm? erreicht werden. Bei einer
Reaktortemperatur von 950 <C konnte der Methanumsatz von 3,7 auf 26 % und die Ausbeute an

C,-Kohlenwasserstoffen (Ethan + Ethen) von 3,1 auf 6,5 % erh&nt werden.



Eine neuentwickelte sauerstofftransportierende Membran wird in Kapitel 3 vorgestellt. Durch
die Zugabe von 2 mol % Kobalt wird die Sauerstoffpermeation der Membran mit der nominellen
Zusammensetzung 25 Gew. % Gdo 4SrogFe1.0035 - 75 Gew. % Cep9Gdy 10, 5 deutlich verbessert.
Die verbesserte Membran zeigt nicht nur eine erhchte Sauerstoffpermeabilité, sondern auch eine

gute Stabilita unter CO, und reduzierenden Atmosphéaen.

Kapitel 4 behandelt die effiziente Aromatisierung von Methan und die Ammoniakoxidation
nach Ostwald. Durch den Einsatz eines Membranreaktors konnte im Vergleich zum Festbett eine
langsamere Deaktivierung und eine verbesserte Selektivit& der Methan-Dehydro-Aromatisierung
erreicht werden. Bei der Ammoniakoxidation konnte bei einer Temperatur von 850 <C eine

Selektivit& von 95 % und ein Ammoniakumsatz von 81 % erreicht werden.

Schlagwd@rter: Sauerstofftransportierende Membran, Membranreaktor, effiziente katalytische

Verfahren.
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Chapter 1

Introduction

Driven by the separation technology, different membrane forms have been developed since
Nollet found the effect of osmotic pressure in 1748. According to the membrane construction,
membranes can be simply divided into porous and dense membranes. Over the past decades,
intensive efforts have been made to apply porous membranes for the sea water purification,
bioproducts separation and recovering gas from mixtures." Nowadays, the main interest is to
develop effective pore membranes with a high separation factor and permeability. Extensive
applications based on various types of porous membranes such as the micro- and ultrafiltration
technology have been well established, and the membrane-based industry increases more than 10 %
per year. Recent research indicates that the membrane process shows many unique advantages in
some separation applications. For example, comparing with other conventional water treatment
techniques, membrane processes are more simple and energy efficient, and provide a higher

quality product, and therefore dominate the water purification industry.

In contrast to the porous membranes, the dense membranes frequently have a different
separation mechanism and offer an infinite selectivity towards certain gases. In the early 1980s,
dense membranes based on mixed proton and electronic conducting materials were applied for
the hydrogen permeation, then dense oxygen transporting membranes based on mixed ionic and

electronic conducting materials were also developed. The fact that these kinds of



Chapter 1 Introduction

inorganic membranes can withstand high temperatures has resulted in a wide range for the
application of membranes in chemical reactors with increased conversions, better selectivity, and
milder operating conditions. The effective integration of the two processes separation and
reaction in a single unit using a membrane offers further advantages including simplifying the
production plant and saving of the thermal energy. For example, Tokyo Gas built a membrane
system to replace the conventional natural gas steam reformer system with hydrogen purification
by pressure swing adsorption because of its integrated hydrogen production and purification.?
Besides, to cover the coming shortage of the non-renewable energy sources, great attention has
been given to utilize the remaining fossil resources more economic and develop an alternative

clean energy concept. Various proposals for this aim employing mixed oxygen ions and electrons

conducting membranes have been developed and evaluated on the laboratory scale.

In this work, the main effort is to demonstrate the implication of a membrane reactor using

oxygen transporting membranes in the integration of the separation and catalysis processes.



Chapter 1 Introduction

1.1 Oxygen transporting membrane reactors
1.1.1 The development of oxygen transporting membranes

The typically studied material systems for oxygen permeation include perovskite-type structure
(ABO;)® and perovskite-related layered Ruddlesden-Popper structure (A;BO,.5)*, fluorite (AO,)°,

Brownmillerite (A;B,0s)® and pyrochlore (A;B,0;)".

Among those systems, the material with the perovskite-type structure attracted most attention
since Teraoka reported the oxygen permeation of SriCoyFe; O35 (SCF).2 The SCF shows an
excellent permeability towards oxygen because of its high oxygen vacancy concentration, owing
to the total substitution of the A%* metal ion by Sr** in the A-site of the perovskite. However, after
intensive investigations, the SCF was found to show a poor chemical and structural stability. The
SCF perovskite phase tends to be transferred into the brownmillerite phase under a low oxygen
partial pressure less than 0.1 atm and a temperature below 750 °C. However, such operation
parameters are normally necessary for the membrane application in the pure oxygen production
from air or in the partial oxidation of methane (POM).° Efforts have been made to replace some
metal ion with others in the SCF in order to stabilize the perovskite phase. The substitution of
Sr** with La®* generally results in an enhancement of phase stability but a pronounced decrease
of permeability caused by the suppression of the formation of oxygen vacancies. In order to make
a tradeoff between the stability and permeability, Ba®* was doped in the A-site of the SCF, and
encouraging results were obtained. BagsSro5C0osFeo 2035 (BSCF) shows superior phase stability
and a comparable permeability like SCF owing to the effective suppression of the reduction from
low valence state Co** and Fe®** to high valence state Co** and Fe** so that the mechanical

instability through the lattice expansion caused by the over uptake of lattice oxygen can be

5



Chapter 1 Introduction

avoided.® However, after intensive investigation of BSCF, many researchers recognized the
deterioration of the permeability at the temperature below 850 °C. The phase transition from the
cubic phase to the hexagonal phase or other phases at intermediate temperature range is in line
with this decrease in the permeability, and it is assumed, therefore, as the reason for the
instability.**? Since the oxidation of Co*" to Co®" is still closely related to this transition and
remains as the major factor for the decomposition of the cubic perovskite phase, efforts were also
devoted to replace the Co with Fe or other elements in order to obtain a membrane with stable
permeability at intermediate temperatures. Following this principle, a series of cobalt-free
materials BagsSrosFeosXo.20s5 such as BagsSrosFeosZno 2035 (BSFZ),"* BagsSrosFesAly 1055
(BSFA),"* BagsSro5C005CU0203.5 (BSFC)," and many cobalt-reduced materials BaCoxFeyX1.x.
yO3.5 such as BaCog 4Feg.4Zr0203.5 (BCFZ), BaCog 7Feq 2 Tag103.5 (BCFT),™ BaCog.4Feo.4Nbo 2035
(BCFN),"” were developed. Those cobalt-free or cobalt- reduced materials show better stability

than BSCF especially at lower temperature, and only slightly lower permeability.

Oxyfuel technology - which is based on an oxygen permeation membrane - is proposed as an
effective method to capture the CO, and lower the CO, emission. The production of concentrated
CO; through the combustion with pure oxygen is supposed to simplify the CO, capture and
storage. Therefore, to satisfy such application, another aspect in addition to permeability and
phase stability should also be considered, the stability of the oxygen transporting membrane in
the presence of CO,. Since the cobalt depletion is always accompanied with the carbonate
formation, the Co substitution by other elements will improve the CO,-resistance, however, to a
limited degree only. The main reason remains the formation of carbonate on the surface of the
alkaline earth-containing materials such as barium and strontium in the presence of CO,,*® which
leads to a pronounced deterioration of the oxygen permeability.'® Since the formation of barium

carbonates is thermodynamically more favorable than that of strontium carbonate at intermediates
6



Chapter 1 Introduction

temperatures, it is proposed that the replacement of barium or even of strontium with other
elements may lead to a sufficient CO,-resistance of the membrane. As a consequence,
LagsSrosCopgFep 2035 (LSCF) shows a considerable COj-resistance, however, its low
permeability and degradation are identified.®’ LageCagsFeOs; (LCF) shows considerably

improved CO,-tolerance, although its stability needs to be further verified.™®

A promising approach to obtain a stable membrane is to mix the two different phases and get so
called dual-phase membrane. Generally speaking, through the combination of a phase (usually
perovskite phase) with high electronic conductivity and another phase (usually fluorite phase)
with high oxygen ionic conductivity, a mixed ionic-electronic conducting membrane can be
obtained which provides a comparable permeability like single perovskite phase membranes.
Since the phase with poor stability is covered by the phase possessing an excellent stability, the
dual-phase membrane usually shows a superior CO,-tolerance and also a higher stability in
reducing atmospheres than single perovskite phase membranes. However, for the dual-phase
membrane, the correlation of both phases remains an important factor for its performance. The
homogeneity and the compatibility of the two phases are found to significantly affect the final
permeability.? For example, the membrane obtained by one-pot method provides twice the
permeability of the membrane obtained by hand mixing the powders, since a better homogeneous
distribution is obtained through the one-pot method.?? Recently, our group demonstrated a high
performance oxygen permeation dual-phase cobalt-free membrane with considerable

permeability and excellent CO,-stablility and good reducing atmosphere stability.?

The K;NiF,-type oxide LazNigoFeo104+4>* also exhibits considerable CO, stability to meet such
applications, but it tends to decompose easily in reducing atmospheres at low oxygen chemical

potential.
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Permeability and stability are the two most important major properties required for the
industrialization of the oxygen transporting ceramic membranes. However, the two properties are
frequently at odds with each other. Up to now, it is still hard to obtain an ideal membrane with
high permeability, excellent phase and chemical stability either under CO;, or reducing
atmosphere. The best way may be to make a balance between those important issues and design

special membranes for the various applications.

1.1.2 Oxygen transport through dense oxygen permeation

membranes

lonic conductivity and electronic conductivity

The ionic conductivity and electronic conductivity are two important factors determining the
oxygen permeability of the different materials. Here the perovskite-type oxides will be taken as
an example and discussed. Figure 1.1 illustrates the ideal structure of the perovskite-type oxide

ABOg3;.

a)

Figure 1.1. Ideal structure of perovskite-type oxides ABOs.5.%

8



Chapter 1 Introduction

To understand how a perovskite allows electronic and ionic conductivity, it is necessary to
know the structure of a typical perovskite. Generally, A is the large cation and 12-fold
coordinated with oxygen anions, B is the small cation and 6-fold coordinated with oxygen anions.
When A is placed in the center, a cubic structure is found, as shown in a), and for B is an
octahedron, in b). Goldschmidt’s tolerance factor t is an important parameter to describe the
crystal structure of the perovskite oxides, as defined by the following formula:

T, + 10

= 2y 7o)

where r,, 15 and 1, are the radii of the cations A, B and of the oxygen ion, respectively. Since

% is the distance of A-O, (r + 1) equals to the distance of B-0O, as depicted in figure 1.1. If

the radius of the A-site cation is small, the tolerance factor decreases. For the case that the B-site
cation possesses a small radius, the tolerance factor increases to values > 1. t < 0.8 usually results
in rhombohedra or orthorhombic distortion of the cubic structure, when t > 1.05 may lead to a
hexagonal perovskite structure. However, this tolerance factor may only provide a rough

approximation

The controlled formation of defects in the oxide lattice is the key issue to obtain an oxygen ion
conducting perovskite, since the formation of oxygen vacancies is important for the oxygen ionic

conductivity.
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Figure 1.2. Molecular movement of oxygen ion in perovskite-type oxides AA BB Oy

The formation of the oxygen vacancies is closely related to the cations A and B. By doping
appropriate cations A" or B” with lower valance state in comparison to A or B, oxygen vacancies
are formed in order to keep the electrical neutrality. An increasing temperature also leads to the
reduction of the B-site cation, accompanied by an additional loss of lattice oxygen which leads to
more oxygen vacancies. As shown in figure 1.2, the oxygen vacancies allow the migration of the
oxygen ion through the perovskite lattice. Generally, the concentration of the oxygen vacancies
and the diffusion coefficients (discussed later) play an important role for the ionic conductivity of
the material. An oxide exhibiting a large oxygen deficit - with retention of the perovskite crystal
structure - usually shows a high ionic conductivity. For example, the excellent membrane
material candidate BSCF is highly oxygen deficient with a maximum oxygen stoichiometry (3 - 5)
of 2.339 at 873 K and a pO, of 1 atm and a minimum of (3 - 8) of 2.192 at 1173 K and a pO; of

10%atm. %

10
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The electronic conductivity is realized through the small-polaron hopping with a mechanism
similar to the Zener double exchange. With help of the 2p orbital of oxygen, the electron is

allowed to transfer from one B-site cation to another, as shown in the following:*’
B"t — 02 — B(n+1)+ - B" _ 0~ — B"t > B(n+1)+ — 0% — Bt

Clearly, a multivalent transition metal cation is important for the whole electronic conductivity
of the material. For this reason, a fixed valence state doping element on the B-site causes a lower
electronic conductivity while the cobalt and iron-containing perovskites normally exhibit a good
electronic conductivity. Also, a small cation on either A or B site promotes the easy exchange of

electrons and thus the overall electronic conductivity.

These properties of the perovskite ensure that oxygen can permeate from one side to the other
through the membrane. However, to determine the permeability, the oxygen partial pressure
difference as driving force and the diffusion rates through the membrane should also be

considered.
Bulk diffusion and surface exchange

Figure 1.3 simply illustrates the bulk diffusion and the surface exchange of oxygen species
through an oxygen transporting membrane: i) the gaseous molecular oxygen O, is first activated
to atomic oxygen species O" and then to an oxygen ion, the whole process is called surface
exchange | at the oxygen feed side, ii) then the generated oxygen ion is transferred from the feed
side to the permeate side of the membrane via bulk diffusion, iii) in the end, the recombination of
two surface oxygen ions on the oxygen permeate side generates the gaseous oxygen and 4

electrons called as surface exchange Il at the oxygen permeate side. At given oxygen partial

11



Chapter 1 Introduction

pressure gradient, varying the thickness of the membrane is a proper method to identify the rate

limiting step of oxygen permeation.

Surface
exchange Il

¢
P,
@ 3

3

o

o

0

P,

Surface @
exchange | Bulk s

SA
Diffusion

Figure 1.3. The surface exchange and bulk diffusion of oxygen through the membrane.

The overall migration of the oxygen through the membrane could be described by the Wagner

equation, if the bulk diffusion is rate limiting for the membrane performance:

lTlPl
RT O¢10jon
1(0,) = ———" ——dInP
]( 2) (4'F)2L »]. O¢l + Oion "
lTlPZ
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Chapter 1 Introduction

where R, F and L are the gas constant, Faraday constant and temperature, respectively. oe and
cion denote the electronic and ionic conductivities. P, and P, represent the oxygen partial
pressures on the feed side and the permeate side. As can be concluded from the equation, not only
the intrinsic properties of the materials such as electronic and ionic conductivities play a role in
the permeability, but also the thickness of the membrane, the temperature and the oxygen partial
pressures are involved in the determination of the membrane performance. In the case of ¢ >>

Gion, the equation can be simplified as follows:

RTojon Py

J(02) = GpyeL Mg,

Following this theory, it is clear that the oxygen permeability is a function of the thickness of the

membrane L and the oxygen gradients along the thickness of the membrane, in %. However, the
2

Wagner theory can only be applied when the oxygen permeation flux is determined by the bulk

diffusion rate, which is the case if the membrane thickness is greater than a critical value L..

The L. is given by the ratio of the self-diffusion coefficient and surface exchange rate at given
temperature.?®?° If the membrane thickness is smaller than L, the surface exchange rate becomes

dominating. In this case, the Wagner equation is no longer valid. Lee and Bouwmeester’s work

demonstrate that a liner relationship between the permeability and (%)”—(i—z)" can be
0 0

established if the surface exchange rate is the key step for the whole oxygen permeation process,

shown as below:*°
. Py P,
j(0;) =K ((P—O)n - (P—O)n )

where K is a coefficient effected by oxygen ion concentration, diffusion coefficient of the ion-

electron hole pairs and oxygen concentrations of the interfaces of the membrane. The n is the
13
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order of the chemical reaction at the gas-solid interface. Generally, the surface exchange rate can

be the limiting step for the overall oxygen permeability when experimental is found that n > 0.5.

To increase the oxygen flux, the trend in actual R&D is to develop thinner permeation layers.
However, upon decreasing thickness, the rate determining step changes from bulk diffusion rate
to mixed bulk-surface rate and ultimately to the surface exchange rate. The determination of the
decisive step of the overall permeation process is important for the analysis and development of
the permeation membrane. In the case that the whole permeation is limited by the bulk diffusion
rate, an effective way to improve the permeability is to reduce the thickness through various
technologies such as thin film technology for the manufacture of ultrathin membranes® and phase
inversion spinning followed by sintering for the production of thin-wall hollow fiber membrane.
If the performance is controlled by the surface exchange rate rather than by the bulk diffusion rate,
coating of a porous layer with the same material as the membrane or other material with higher
oxygen surface exchange coefficient can effectively enhance the surface exchange rate and thus

the permeability.

1.1.3 Preparation of the oxygen transporting membranes

Various methods such as solid state reaction, hydrothermal synthesis, spray pyrolysis and sol-
gel process can be applied in the preparation of the oxygen transporting materials. A modified
ethylenediaminetetraacetic acid (EDTA) and citric acid (CA) sol-gel method are the conventional
method applied in our group,® since this method is simple and offers high purity and highly
homogeneous products. As depicted in figure 1.4, various metal nitrates according to the
stoichiometric requirement were first mixed in a water based solution. Then, EDTA and CA were

added into the solution, the molar ratio of EDTA : CA : total metal cations is 1:1.5:1. The
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ammonia was then introduced into the solution until the pH is fixed to around 9. After stirring at
around 400 K for 24 — 48 hours, the obtained gel was pre-calcined at ca. 900 K. Following by a

calcination at 1223 K for 10 h, the resulting powder can be delivered.

CA, EDTA,
NHg'Hzo

stirringand drying | T=400K

precalcination T=900K

calcination T=1223K,t=10h

Powder

Figure 1.4. Processes involved in the preparation of the oxygen permeation material via sol-gel process.

The dual-phase oxygen transporting membrane material can be prepared through the mixture of
two oxides in an ethanol-based solution. The calculated stoichiometric amounts of oxides were
milled, mixed and stirred strongly in order to obtain a homogenous dispersion of the powders.

After drying, the obtained sample was heated in the oven at 923 K for 1 h.

The membrane was prepared from the powder through pressing and sintering. The as-prepared

powder was pressed to green disc membrane under a pressure of 5 MPa in a stainless steel

15
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module with a diameter of 16 mm for the perovskite membrane, 18 mm for the dual phase
membrane. The sintering temperature for the perovskite membrane is in the range of 1423-1523

K, while the for dual-phase membrane were sintered in the range of 1573-1673 K.

The tape casting is also known as doctor blading and knife coating as well. It is long-time used
in the paint industry to test the covering power of paint formulations. The main advantage of this
technology is that it is the easiest way to manufacture large-area, thin, flat ceramic or metallic
parts.** This preparation method is applied for the preparation of the asymmetric BSCF
membrane used in our work. BSCF powder (Treibacher Industie AG, Austria), with an average
particle size of 1.7 pm, was used as the primary material, whereas the rice starch (Remy FG,
BENEO-Remy), with a particle size of 2-8 jun and the corn starch (Cargill, Germany) with 2-30
pm were applied as the pore former in this work.® Two slurries were prepared for the membrane
layer and support layer, respectively. The slurry for the membrane layer did not contain any corn

starch, whereas the slurry for the support layer containing 15 - 30 wt % pore former.

A 50 pm casting gap was applied for the casting of the dense membrane layer first. After drying,
the support layer was cast on top of the membrane layer with the casting gap of 1.9 mm. The
obtained green tapes were co-fired at 1100 °C for 3 h. After firing, the obtained membrane

consists of a dense top layer of about 20 (70) pum and a 900 (830) pm thick porous support layer.

1.1.4 Membrane permeator and membrane reactor

The home-made oxygen permeator employed for this work is shown in figure 1.5. The disc
membrane was sealed on top of an alumina tube by using gold paste (Heraeus, Germany) or
ceramic sealant (Huitian, China). The heat treatment process of the sealing is: i) from room

temperature to 950 °C with a heating rate 2 °C/min; ii) at 950 °C, keep 2 h.
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air

membrane ‘

oxygen
depleted air

—> He + O,

Figure 1.5. lllustration of the permeator.

After heat treatment, for a leakage test a mixture of 1 ml min™ neon and helium was fed to the
permeate side of the membrane, whereas air was fed to the feed side. All gases were controlled by
the gas mass flow controllers (Bronkhorst, Germany). Any leakage can be detected by the
presence of nitrogen on the permeate side by gas chromatography (GC), since the oxygen
transporting perovskite membrane is not permeable to nitrogen. The overall flow on the permeate
side was measured by bubble flow meter and calculated from neon concentration, assuming no

leakage,

all Ne _ rall Ne
Fin X Cin = Fout X Cout
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After the determination of all gas concentrations, the gas permeation was calculated by the
following equation:

Cn2 ) Fau
X

402/ 7S

j(02) = (coz - S

where the co, and cyp are the concentrations of oxygen and nitrogen at the outlet, S is the
effective area of the membrane. Assuming the leakage of nitrogen and oxygen is in accordance

with Knudsen diffusion, the fluxes of leaked N, and O, are related by 4.02.
The catalytic membrane reactor is based on the same oxygen permeator, the catalyst was

packed in the same reactor, as shown in figure 1.6.

React gas

- | [ Product gas

ol
/ N

0, depleted air

Catalyst

q«p\t

Membrane (

Figure 1.6. lllustration of the catalytic membrane reactor.
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The catalyst was packed on top of the membrane; the reacting gas was fed through the small
alumina tube into the reaction zone, where the catalyst was deposited. All flow rates were
controlled by the gas MFC (Bronkhorst) and all connecting gas lines were heated to temperatures
higher than 120 °C. The concentration of the particular gas was monitored by a gas
chromatograph (Agilent 7890). The total gas flow rate at outlet (F,,,;) was calculated as described

before. Therefore, the conversion X and the selectivity S were calculated as follows:

C X F,
X = <1 _ gas,out all,out) % 100%
Fain

Cgas,out X Fall,out

S = X 100%

Fgas,in — Cgas,out X Fout

Here gas is the flow rate of species i on the reactant side of the disc membrane.

1.2 Catalysis in membrane reactors

Catalysis plays a key role in industry. Efforts have also been devoted to perform the catalysis
process in a membrane rector, although the separation of oxygen from air is the typical
application for oxygen transporting membranes.*® A common implication of those permselective
membranes for the reaction application is the selective removal of the product from the reaction
zone. This way is an effective path to overcome the limited yields of equilibrium-restricted
reactions. For example, the membrane reactor reached close to 100 % conversion for the
cyclohexane conversion in comparison to the 18.7 % conversion according to the equilibrium
restrictions without membrane concept.*’*? Furthermore, the past decade has witnessed a huge

increase of research interest in the study of highly efficient catalysis processes. The integration of
19



Chapter 1 Introduction

separation and catalysis in a membrane reactor is highly attractive in the concept of process
intensification. The successful realization of the membrane reactor concept offers several

advantages and may give a great potential of energy saving and elimination of the process steps.*?

According to the different ways of catalyst deposition, the catalytic membrane reactors based on
permselective membranes can be divided into packed-bed catalytic membrane reactors and

membrane-catalyzed catalytic membrane reactor.*

1.2.1 Packed-bed catalytic membrane reactor

The principle of a permselective membrane reactor consists of a packed-bed of catalyst and a

membrane and is illustrated in figure 1.7.

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, -
Reaction | Packed
Zone | catalyst
Separator Membrane

Figure 1.7. The packed-bed catalytic membrane reactor.

The reaction mainly occurs in the zone with packed catalyst, the product is then separated by
the permselective membrane driven by the pressure gradient between two sides of the membrane.
Conventional methods for the establishment of a sufficient driving force for permeation by
reducing the partial pressure of the component to be permeated are the following three methods: a)
using an inert sweep gas on the permeate side, b) establishing a pressure difference between the
two sides of the membrane, and c) applying a reactive sweep gas to consume the permeated gas,

in our case oxygen.”> The extractor membrane reactor configuration is especially beneficial for
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equilibrium limited reactions by extracting one of the product gas to increase the yield beyond the
corresponding equilibrium constant.**>> However, an extra catalyst is essential since the
membrane doesn't play any catalytic role. As a result, the interaction between the catalyst and the
membrane should be considered. Following the concept of kinetic compatibility, the amount of
products produced/educts consumed in a catalytic reaction must be equal to the amount of
educts/products permeated through a membrane. On the other hand, it seems attractive to use the

membrane both as separator and catalyst.

1.2.2 Membrane-catalyzed catalytic membrane reactor

If the membrane can play not only the role as a separator, but also as a catalyst, the processes
can be further integrated, as depicted in figure 1.8. The membrane can play a role either in
removing (a) or feeding (b) more or less selectively one or more components of a reaction

mixture.
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a)

Reaction {
Zone

Membrane
b)
Reaction {
Zone
Feed of
ticular ¢ Membrane

Figure 1.8. The membrane-catalyzed catalytic membrane reactor.

One big advantage of membrane catalysis can be the utilization of the different surface species
which are present on the surface of a catalytic membrane. Such species like atomic hydrogen and
lattice oxygen have the potential to improve the selectivity and productivity of a reaction.> Since
oxygen is transformed into the ionic form through the permselective membrane, the presence of
lattice oxygen and different forms of atomic surface oxygen species can be expected on the
surface of the membrane. Gryaznov demonstrated this concept in numerous early works on
catalytic membrane reactors based on hydrogen permeation through palladium membranes. They
could proof the involvement of the atomic hydrogen species in the reaction and claimed that the

participation of such atomic surface hydrogen (in contrast to the molecular hydrogen)
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significantly improves the efficiency of some reactions.>*® Similar to the dehydrogenation and
hydrogenation applications moderated by a hydrogen transporting membrane, the oxygen
transporting membrane offers the possibility to steer partial oxidation and de-oxidation (reduction)
reactions. Pioneering work was focused on the proper utilization of the lattice oxygen on the
surface of oxygen transporting membranes. This oxygen species can improve the selectivity and
the productivity of the oxidative dehydrogenation of the ethane.®®®* The major reported operating
temperature range for the oxygen permeation membrane is around 700 - 1000 °C. On the other
side, the perovskite materials applied for the fabrication of oxygen transporting membranes are
intrinsic catalysts for many industry applications.®”™ Therefore, it becomes increasingly
interesting to develop membrane reactors based on oxygen transporting membranes with intrinsic
catalytic function to achieve the integration of the separation and catalytic process in the concept

of process intensification.

1.3 Objects of this work

In this work it is impossible to illustrate the overall blueprint of the developments and the
applications of the membrane reactor; rather than selected topics. The aim of this thesis is to: (a)
demonstrate a common concept of combing different catalytic processes in one unit based on
oxygen transporting membrane reactor and to propose some novel ideas for achieving a
chemically stable membrane for those applications mentioned above, and to (b) achieve the
integration of the air production and highly efficient catalytic process with a single oxygen
transporting membrane. The membrane configuration is mainly applied for the clean energy

generation and high efficient catalytic process.
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1.3.1 Clean hydrogen generation

Hydrogen is regarded as a promising clean energy because the only product from its
combustion is water. To explore the feasibility of hydrogen production in the membrane reactor,
the hydrogen production from thermal water splitting as oxygen producing reaction in
combination with oxygen consuming reactions using methane as feed in a membrane reactor will
be studied in this work. Methane is regarded as a greatly under-utilized resource, which could
serve as a feedstock for the production of future chemicals and liquid fuels.” The effective
conversion of methane into more valuable chemicals thus remains a longstanding challenge. The
work presented here demonstrates some potential alternative for the utilization of methane

including oxidative coupling of methane to ethane and ethylene.
1.3.2 Highly efficient catalytic process

By using different catalysts, including extra catalyst or the membrane surface itself as catalyst,
the highly efficient methane dehydroaromatization and ammonia oxidation were also studied in
this work. The two catalytic processes were studied in this work to explore the feasibility of
implicating the membrane configuration in industrial applications. One is the ammonia oxidation
to NO, the fundamental process of the nitric acid production and occupies about 90 % of the
whole production cost. The other is the methane dehydroaromatization (MDA), which attracts
considerable interest from both academia and industry because of its potential in the conversion

of methane to chemicals and liquid fuels.
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Chapter 2

Coupling of two reactions in a membrane reactor

2.1 Summary

The oxygen transporting membrane offers a possibility to directly remove oxygen from an
oxygen containing gas mixture without further operation. This advantage provides the potential to
integrate the oxygen separation and the catalytic process in a single unit. The main efforts in this
chapter were devoted to couple two reactions, one of them producing oxygen and the second one
consuming oxygen. Therefore, a high intensification and the overcome of the equilibrium

limitation of the particular reaction can also be achieved.

In this chapter, when the water splitting was performed with the coupling of methane in the
membrane reactor, the equilibrium limitations of both the non-oxidative methane coupling and
the thermal waters splitting are overcome. High processes intensification is achieved. As a result,
the methane conversion was increased from 3.7 % to 26 % while the C, yield increased from 3.1%

to 6.5 %, and a hydrogen production rate of 3.3 cm® min™ cm™is achieved.
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Chapter 2 Coupling of two reactions in a membrane reactor

Abstract

The equilibrium-limitations of water splitting and the coupling of methane to C, hydrocarbons
(ethane + ethylene) were simultaneously overcome by using a perovskite BagsSrosC0osgFeo 2036
(BSCF) oxygen-permeable membrane reactor. Oxygen produced from thermal water splitting was
transported through the BSCF membrane and consumed in the coupling of methane. The BSCF
membrane consists of an about 70 pm thick dense BSCF layer on an about 0.8 mm thick porous
BSCF layer as support. By applying the membrane reactor concept instead of a fixed bed reactor
without oxygen supply, the methane conversion and C; yield increased from 3.7 % to 26 % and
3.1 % to 6.5 % at 950 °C, respectively. In both experiments, the supported 2 wt. % Mn - 5 wt. %
Na,WO;, catalyst was used at 950 °C. Simultaneously, about 9 % of the H,O injected was
converted to hydrogen with a production rate of about 3.3 cm® min™? cm™? at 950 <C which is

higher than 1 m*®(STP) H, m2h™.

Keywords: water splitting, methane coupling, equilibrium limitation, oxygen permeable
membrane, perovskite
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1. Introduction

Increasing R&D activities can be observed to convert methane into useful chemicals [1-5]. The
direct coupling of methane to C, hydrocarbons (ethane + ethylene) is considered as a promising
process for the reasonable utilization of natural gas resources because no intermediate step is
required [6-8]. However, the production of C, through the non-oxidative coupling of methane

(reaction 1) is suffering from the relatively low methane conversion as well as C, yield [9-11].
2CH4S CoHg + H» (1)

The low equilibrium constant of reaction (1) is due to the positive Gibbs Enthalpy (ArG (1000 K)
=+ 71 kJ-mol™) [12]. However, the C, production can be improved when the produced hydrogen
is selectively combusted to water. In the so-called oxidative coupling of methane (2), the
equilibrium is completely on the side of the products (ArG (1000 K) = - 159.7 kJ-mol™).
Oxidative coupling of methane to C, in oxygen transporting membrane reactors has found,

therefore, also industrial interest [13].
2 CH4 + % 0O,—CyHg + H,O (2)
H, O S H, + %0, (3)

On the other hand, water splitting (3) at high temperatures is also a thermodynamically controlled
reaction. Only small amounts of hydrogen can be generated at equilibrium due to the very low
equilibrium constant of K = 2 =10 even at 950 °C [14]. One technique to enhance the hydrogen
production rate from the equilibrium-limited water splitting is the in situ removal of the
simultaneously produced oxygen using a mixed oxygen ion and electron conducting membrane
[15-17], which has been thoroughly studied for oxygen separation from air [18], methane

conversion [19] and oxidative dehydrogenation of hydrocarbons [20].
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Recently, we have reported several successful couplings of oxygen-producing with oxygen-
consuming reactions in membrane reactors [21, 22] using oxygen transporting perovskite
membranes. Jiang et al. [23] reported the simultaneous production of synthesis gas and hydrogen
by coupling the partial oxidation of methane with water splitting, which was also reported by
Evdou et al. [24]. In addition, the effective decomposition of NO [25] and N,O [26] was achieved
by coupling them respectively with the partial oxidation of methane to synthesis gas. In this paper,
the combination of thermal water splitting with the oxidative coupling of methane (OCM) to
ethane and ethylene is for the first time reported. A novel asymmetric BSCF disc membrane [27,

28] with high oxygen permeation flux (Jo2) is used in our membrane reactor.
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2. Experimental Section

2.1.  Preparation and characterization of membrane

The asymmetric BagsSrosCoosFep203.6 (BSCF) perovskite oxygen transporting membranes
consist of a dense oxygen separation layer and a porous support layer. Both layers were
manufactured by tape casting using a commercial BSCF powder (Treibacher Industrie AG,
Austria), which provides perfect chemical compatibility and the same thermal expansion of the
two layers. Two different slurries were prepared for the membrane layer and support layer. The
slurry for the support layer contained 20 wt. % corn starch (Cargill, Germany) in relation to the
total solid content, whereas the slurry used for the membrane layer did not contain any corn
starch as pore former. After sintering at 1100 °C for 3 hours in air, the dsic membrane consists of
a dense top layer of about 70 um and an 830 um thick porous support layer with 34 % open
porosity [29], as shown in Fig. 2.

The crystallinity of the BSCF perovskite membrane before (unused) and after (used) reactions
was characterized by X-ray diffraction using a Bruker D8 instrument with Cuk, radiation. A
JEOL JSM-6700F field-emission scanning electron microscope was used to the surface
morphology study of the BSCF membrane.

2.2.  Preparation of the catalyst

The catalyst applied for OCM consists of 2 wt. % Mn and 5 wt. % Na,WO, supported on SiO;
[30, 31]. For catalyst preparation, SiO, (Davisil, Grade 636, Sigma-Aldrich) was impregnated
with aqueous Mn(NOs), 4H,0 (Sigma-Aldrich) solution and the mixture was dried at 110 °C for
4 h. This sample was then impregnated with an aqueous solution of Na,WO, 2H,0 (Sigma-
Aldrich) to get a catalyst containing 2 wt. % Mn and 5 wt. % Na, WO, (grain size area 0.07 pm?).
Finally, the impregnated sample was heated at 800 °C for 8 h. Further information can be found in

[12].
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2.3.  Disc membrane reactor and permeator

For membrane evaluation, the oxygen permeation of the BSCF membrane was studied in a self-
made high-temperature oxygen permeator (see Fig. 1) as described previously [32]. The disc
membrane was sealed by using gold paste (Heraeus, Germany) onto the alumina tube at 950 °C
for 5 h. The oxygen permeation was first studied under the air/He oxygen partial pressure
gradient. Air was fed at a rate of 100 cm® min™ to the feed side; a mixture of He (49 cm® min™)
and Ne (1 cm® min™) as the internal standard gas was fed to the sweep side. The porous side of
the BSCF membrane was exposed to the air, the dense one to the helium side.

In addition, the same permeator was used as membrane reactor for the combination of water
splitting and coupling of methane, with an OCM catalyst on the methane side (see Fig. 1). A
mixture of steam and He was fed to the water splitting side and a mixture of CH4 and He with
traces of Ne as internal standard was fed to the methane coupling side. The porous side of the
BSCF membrane was exposed to the water splitting side; the catalyst containing 2 wt. % Mn and
5 wt. % Na,WO, was packed on top of the dense side of the BSCF membrane, i.e. on the methane
coupling side. The study of the methane coupling without membrane support was performed in a
fixed-bed reactor which consists of a dense alumina tube with an inside diameter of 4 mm
containing 0.5 g 2 wt. % Mn and 5 wt. % Na,WO, catalyst.

All gas flows (CH4, Ne, He) were controlled by gas mass-flow controllers (Bronkhorst). The
concentrations of the outlet gases were measured online by a gas chromatograph (Agilent 6890).
The relative leakage of O, was found to be less than 5% of the total amount of O, detected. The
H,O flow was controlled by liquid mass-flow controllers (Bronkhorst), all pipes connecting

reactor and gas chromatograph were heated to 180 °C.
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Hydrogen production rate on the water splitting side was calculated from the total outlet flow rate
Fus (water splitting, cm® min™), hydrogen concentration ¢ (Hy), and membrane area S (cm?) by
using the equation below:

Fws .H2
Gty = Fos X e

The ethane and ethylene production rates were calculated from the total flow rate on the methane
side Fou(cm® min™), the ethane or ethylene concentration, c(C,Hg) or c(C,Hs). The CH,
conversion X(CHy), the C, hydrocarbons selectivity, also S(C,H4) + S(C2Hg), S(C2) and the C,

yield Y(C,) were calculated as:

F(out, C;) X 2+ F(out,CO) + F(out,C0,)
X(CH,) = ' x 100%
F(out,C5) X 2+ F(out, CO) + F(out,C0,) + F(out,CH,)
S(C,) = F(out,C;) X 2 < 1009
227 |F(out, C,) X 2 + F(out,CO) + F(out,C0,) °

Y(C,) = X(CH,) x S(C,)

where F(i) is the flow rate of species i on the methane coupling side of the disc membrane. By
using gas chromatography, if Ne is present in the water splitting side, the leakage can be detected.

Both the leakage detection and the catalytic measurements were conducted at the same time.

3. Results and discussion

3.1.  Asymmetric BSCF membrane
The BSCF disc membrane (Fig. 2) consists of a 70 m dense layer and an 830 jam porous support

layer. Fig. 2b indicates that the two layers are well attached to each other and no interface
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delamination or crack formation was observed. Some small closed pores can be seen in the
membrane layer, whose density is about 97 % (Fig. 2b) [29] assuring sufficient gas-tightness.
SEM (Fig. 2c¢) of the BSCF membrane shows that the dense BSCF layer is well sintered and no
cracks could be detected. The support (Fig. 2d) is a fine-grained porous layer with about 34 %
open porosity enabling gas transport through the support. Further details can be found in [29] and

references therein.

3.2.  Oxygen permeation

The oxygen permeation under an air/He oxygen concentration gradient was studied in the
temperature range from 850 to 950 <C. Fig. 3 depicts the effect of temperature on the oxygen
permeation flux of the BSCF disc membrane. The permeation flux increased with increasing
temperature and an oxygen permeation flux of 3.3 cm® min® cm? was obtained at 950 °C. A
previous study [33] pointed out that both bulk diffusion of oxygen ions and the surface exchange
processes determine the permeation flux. Due to the ultra thin dense BSCF layer of 70 pm, the
contribution of the bulk oxygen ions diffusion to the overall oxygen transport resistance is
relatively low. Meanwhile the surface reaction is enhanced, since more sites for the dissociation
of molecular oxygen to oxygen ions are provided by the porous support layer. Therefore,
relatively high oxygen fluxes were obtained at 950 °C when using He as sweep gases, which are

higher than those reported in previous work [32].

Fig. 4 demonstrates the influence of the sweep gas flow rate on the oxygen permeation. An
almost doubling of the oxygen permeation rate can be observed when the sweep gas rate is raised
from 10 to 50 cm® min™’. A further increase of the sweep gas flow rate only slightly improves the
oxygen permeation flux and Jo, reaches 3.7 cm®min™cm™ at a sweep rate of 150 cm® min™.

According to the well-known Wagner theory, the driving force for the oxygen permeation is the
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oxygen partial pressure gradient between the two sides of the membrane [34]. Jo, can be
enhanced by increasing the oxygen partial pressure gradient via increasing the sweep gas flow

rate.

3.3.  Coupling of methane: oxidative and non-oxidative

The coupling of methane to C, was studied in both (i) fixed bed reactor and (ii) membrane reactor.
using 2 wt. % Mn and 5 wt. % Na,WO, on SiO, as catalyst at 950 °C (Fig. 5). A methane
conversion of 26 % and a C, product yield of 6.5 % can be realized at 950 °C in the membrane
reactor (ii), while the methane conversion and C, yield obtained in case (i) is only 3.7 % and
3.1 %, respectively. This experimental finding can be explained as follows. With increasing
temperature, the equilibrium constant of the thermal water splitting increases, and higher oxygen
partial pressures are found on the water side. Rising temperature also increases the oxygen
transport performance of the BSCF membrane. On the methane coupling side, with increasing
temperature more -CHs radicals are formed over the catalyst which recombine in a homogeneous
gas phase reaction to C,Hs, which can undergo a subsequent dehydrogenation to C,H,. Since the
oxygen permeated through the membrane is consumed quickly by the hydrogen combustion, the
oxygen partial pressure on the methane coupling side is very low and a continuous flow of
oxygen from the water side to the methane side starts. As a result, the methane conversion

increases by a factor of 6 when the catalytic membrane reactor concept is applied.

Fig. 6 shows the temperature dependence of the conversion of methane, the selectivity and yield
of C, formation when feeding 20 vol% CH,. The methane conversion as well as the C, vyield
increase with increasing temperature. It is noteworthy that the C, selectivity increases with
increasing temperature in the temperature range < 925 °C and decreases for temperature > 925 °C.
Compatibility of the two reactions means that the amount of oxygen transported through the
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BSCF membrane is the stoichiometric amount of oxygen for the selective hydrogen combustion.
Obviously, best compatibility between the two reactions was achieved under our experimental

conditions at 925 <C.

3.4.  Hydrogen production from water splitting

In a previous paper we reported that if only helium is used as sweep gas to remove the oxygen
generated from water splitting in the case of a hollow fiber membrane, the hydrogen production
rate is very low even at 950 °C [23]. Higher oxygen partial pressure gradients, and thus higher
driving forces, can be reached if the oxygen partial pressure on the permeate side is decreased by
consuming the oxygen in a chemical reaction, here in the selective hydrogen combustion. Fig. 7
presents the hydrogen production rate on the water dissociation side at various temperatures with
methane coupling on the opposite side of the membrane. By feeding 100 cm® min™ of a He/CH,
mixture with 20 % CH,, the hydrogen production rate increases from 0.4 to 3.3 cm®min™ cm™
when rising the temperature from 850 to 950 °C. Thus, a hydrogen production rate of over 1 m?
(STP) H, m?h™ can be achieved at 950 °C. Since no oxygen was detected on the steam side,
oxygen produced from water splitting was transported to the methane side, and has been
consumed there by OCM. The oxygen production rate is around 1.65 cm®min™ cm™ (50% of the
hydrogen production rate), which is lower than that in the case of oxygen permeation under an
air/He oxygen partial pressure gradient. Several factors are responsible for this experimental
finding: a) the equilibrium constant of the endothermic water splitting is increased leading to
higher oxygen-equilibrium concentrations at high temperatures, b) the oxygen transport through
the BSCF membrane is enhanced with increasing temperature according to Wagner Theory [35],

and c) oxygen is consumed faster in the OCM at higher temperatures.
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Fig. 8 presents the room temperature X-ray diffraction patterns of the unused and used BSCF disc
membranes. The starting BSCF membrane is mainly composed of cubic BSCF perovskite, but
also small amounts of a foreign phase identified as hexagonal perovskite can be found [36]. After
20 h use in the OCM reaction, a decrease of the perovskite reflections is observed while the
reflections of different cobalt-containing phases increased. In previous works, the extraction of
cobalt species from perovskite in high-temperature reactions was reported [37, 38]. Obviously,
cobalt escapes from the BSCF bulk phase and form different cobalt oxides of low oxidation state
and even metallic cobalt, when BSCF is operated under reducing atmospheres. We have to state,
therefore, that the cobalt-containing perovkite BSCF is not long-time stable under the reaction
conditions of OCM. Thus, further search for perovskite materials that are more stable under

reducing atmospheres is required.
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4, Conclusion

Methane coupling and water dissociation were for the first time successfully combined in a
catalytic membrane reactor. The achievable conversions of the two equilibrium-limited reactions,
the water splitting and the methane coupling, were significant improved. The methane conversion
was enlarged from 3.7 % to 26 % while the C, yield increased from 3.1% to 6.5 % using a 2 wt. %
Mn - 5 wt. % Na;WO,40n SiO, as catalyst at 950 °C. On the other hand, although the equilibrium
constant of water splitting is only about 2 x 10 at this temperature, about 9 % H,O were
converted to hydrogen and oxygen due to the in situ removal of oxygen through the BSCF
membrane. As a result, a hydrogen production rate of 3.3 cm® min™ cm?is achieved on the water
splitting side of the membrane. The catalytic membrane reactor provides not only a possibility to
overcome equilibrium limitations; it also separates the different products inherently. However,
the BSCF membrane turned out to be not long-time stable in the reducing atmosphere of the

methane coupling.
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Fig. 1. Schematic diagram of performing oxidative methane coupling and water splitting in an

oxygen-transporting perovskite disc membrane reactor.
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Fig. 2. SEM micrographs of the unused BSCF membrane: a) overview of the membrane, b) cross
section of the dense BSCF part, c) surface of the dense BSCF side, d) cross section of the porous

BSCF part which acts as support for the dense part.
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water splitting side: Fizo = 30 cm® min™ and Fre = 10 cm® min™, on the methane coupling side:
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min™, Feps = 20 cm® min™ and Fue = 79 cm® min™. 0.5 g catalyst.
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Fig. 7. H, production rates as a function of temperature for the BSCF membrane reactor. Water
splitting side: Fiz0 = 30 cm® min™ and Fre = 10 cm® min™, methane coupling side: Fne=1 cm?

min, Fepa = 20 cm® min™ and Fue = 79 cm® min™, 0.5 g of catalyst.
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Fig. 8. XRD patterns of unused and used (after 20 h in the membrane reactor, applying for
OCM/water splitting at the temperature range between 850 and 950 °C) BSCF membranes.

Shown is the dense BSCF layer exposed to the methane coupling side.
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Chapter 3
The development of high-performance oxygen

transporting membrane

3.1 Summary

The dual-phase oxygen transporting membrane is regarded as a potential candidate for various
applications because it consists of two different phases for ionic and electronic conductivity,
respectively. Compared to the single perovskite oxygen transport membrane, it is easier to vary
and fine-tune the property of a dual-phase membrane by adjusting the composition and the

chemical composition of the constituents.

This chapter demonstrates the development of a new oxygen transporting membrane for the

membrane reactor with the aim of various applications such as hydrogen production.

The paper shows that the introduction of 2 mol % cobalt into the cerium-gadolinium mixed
oxide (CGO) improves the oxygen permeability of the dual-phase oxygen transporting membrane
with the composition of 25 wt. % Gdo4SrosFe1003.5— 75 wt. % Cep9Gdy10,.5. The membrane
shows an elevated permeability in comparison with the un-doped membrane, and a good stability

under CO; and reducing atmospheres.

Note: This paper will be submitted to Journal of Membrane Science.
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3.2 An effective and simple method in the aim of improving
the oxygen permeability of the dual-phase membrane

based on Ceo.gcdo.loz-a
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Abstract

The introduction of 2 wt % cobalt significantly improves the oxygen permeability of the dual-
phase oxygen transporting membrane with the composition of 25 wt.% Gdg 4SroeFe1003.5 — 75
wt % Cep9Gdy10,-5. The resulted membrane shows not only an elevated permeability, but also a
good stability under CO, and reducing atmospheres.
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1. Introduction

Oxygen permeation membranes have particular properties that meet various special applications
such as catalytic oxidation of alkanes, decomposition of NO or N,O, overcoming the equilibrium-
limited of different reactions, pure oxygen production and CO,-capture oxyfuel process. With a
continued growth in the worldwide demand of clean energy generation, there is increasing
interest in the development of oxygen permeation membranes possessing high permeability and
good stability to meet these different applications. Fundamental challenge facing the
commercialization of the oxygen transport membrane based on the widely investigated single
perovskite phase materials is their poor stability under CO, or reducing atmosphere because of
the containing of alkaline earth metal (carbonates formation) or the reducible metals such as
cobalt, respectively. A cobalt-free membrane based on the dual-phase concept is positioned to
play an increasingly significant role in industry and academia, specifically in the development of
the CO; and reducing atmospheres—stable oxygen permeation membranes. The shortage of such
membranes is their low oxygen permeability compared to perovskite-type oxide membranes. The
oxygen permeability can be increased by coating porous layer on the both surfaces of the

membrane thus increasing the oxygen surface exchange rates, however, to a certain extent.

For a dual-phase mixed ionic and electronic conducting membrane, both the oxygen ionic
conductivity of one phase (e.g. fluorite) and the electronic conductivity of the other (e.g.
perovskite) are important for the oxygen permeability. Furthermore, the dual phase continuity
ensuring the ambipolar transport of the electrons and oxygen ions is a major factor determining
the permeation performance. For example, Lin et. al. found a non-percolative dual-phase sample
exhibited a much low electronic conductivity than a percolative sample.! Zhu et. al. proposed

many different powder preparation methods in order to gain uniformly mixed powders.? The
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experimental finding of our group demonstrated that the oxygen permeation flux of the
membrane can be significantly improved by achieving a continuous electrons and ions transport
network in the bulk with a narrow grain size and a homogeneous dispersion.® Therefore, if a
better continuity of both electronic and ionic transfers can be achieved, an increased permeability

can be thus expected.

Doping cobalt is an attractive option for the membrane development. It offers the advantages of
elevated electronic conductivity as well as high permeability, whereas its easy reducibility usually
causes the crash of the membrane. However, if the cobalt was not doped into the perovskite
structure, the decomposition of the perovskite structure might be avoided. Cobalt dissolved in
CexGd; 4O, can also enhance the grain boundary conductivity of the material and lower the
sintering temperature.* The improved electronic transport through the ionic conducting phase
contributes to the continual transport of electrons in the dual-phase membrane; meanwhile the
relativity lower sintering temperature is beneficial for narrowing grain size as well as
homogeneous dispersion. Therefore, a promoted dual-phase membrane with elevated

permeability can be expected.

For the first time, we propose a novel method to add cobalt in the dual phase membrane in the
aim of high permeability while maintaining its attractive features. To verify this concept, dual-
phase membranes, based on CexGd;xO,.5 fluorite, 25 wt. % Gdg 4SrosFeOs.5 — 75 wt. % (2 mol %
Co) Cep.9Gdp 10,5 with (GSF-CoCGO) or without cobalt-adding (GSF-CGO) are prepared and

evaluated.

2. Experimental Section
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The perovskite structure oxide Gdg4SrosFeOs.5 (GSF), fluorite structure oxides Cep9Gdy102-5
(CGO) and 2 mol % Co-Cep9Gdy1025 (CoCGO) were prepared via the conventional process
described in somewhere else.” The obtained powders were weighted according to the given
weight ratio and milled, following mixed in an ethanol-based solution, stirred overnight, then
dried at 650 °C for 1 h. After pressed under ~ 5 MPa in a stainless steel module, the green disc
was sintered at 1400 °C (GSF-CGO) or 1325 °C (GSF-CoCGO) for 5 h with heating and cooling
rates of 2 °C/min. The permeation tests were conducted in a home-made permeator, applying
different sweep gases, helium or carbon dioxide.® The structure and the morphology of the
samples were analyzed by X-ray diffraction (XRD, D8 Advance, Bruker-AXS, with Cu,
radiation) and studied by the scanning electron microscopy (SEM) and energy dispersive X-ray

spectroscopy (EDXS) using a JEOL JSM-6700F, respectively.

3. Results and discussion

The characterization results, as presented in figure 1 and 2, clearly demonstrate that the dual-
phase membranes GSF-CGO and GSF-CoCGO were successfully synthesized and the doping of
minor cobalt doesn't not result any phase transfer in the fluorite oxide CoCGO as well as in the
dual-phase GSF-CoCGO membrane. The XRD patterns (Fig.1) of CGO and CoCGO show that
both oxides are fluorite structure oxides, no other phase was formed because of the minor amount
doping cobalt. After mixed with GSF, the resulted GSF-CGO and GSF-CoCGO membranes
consist of only the perovskite GSF phase and the fluorite CGO or CoCGO phase, and do not
reveal any other phase. The conclusion was further endorsed by the SEM analysis, as shown in
figure 2, the SEM images and corresponding EDXS micrographs clearly illustrate that the as-
prepared GSF-CGO (Fig.2 a,b) and GSC-CoCGO (Fig.2 c,d) membranes consist of two different

phases, each can be easily distinguished from the other. The sintering temperatures (Ts) of GSF-
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CoCGO membrane differs from the GSF-CGO. The experimental finding indicates the T of
GSF-CGO and GSF-CoCGO membranes are 1400 °C and 1325 °C, respectively. The as-
synthesized GSF-CoCGO membrane tend to melt when sintering at the 1400 °C, indicating that
the minor cobalt doping lowers the ideal sintering temperature of the membrane. The ideal Ts of
the dual phase membrane is usually determined by the T of involved oxides and somewhere
between them. In terms of that the cobalt-doping is an effective way to accelerate the
densification of CGO at lower temperature,” a pronounced decrease can be expected in the
sintering temperature of CoCGO, therefore the GSC-CoCGO. However, this decrement doesn't
show any negative influence on the densification of our dual-phase membranes, as illustrated in

figure 2c, a well sintered surface is observed, also agreeing with the gas-tight measurement.

The use of minor cobalt permits a significant improvement of the permeability of our dual-
phase, as presented in figure 3. Applying helium as sweep gas, the oxygen permeation flux of
GSF-CGO membrane is only 0.03 cm® em™ min™, whereas the permeation flux of GSF-CoCGO
membrane is 0.28 cm®em?min? at 950 °C. The permeability of the minor cobalt doped
membrane is about one order of magnitude higher than the undoped. This remarkable
enhancement can be attributed to the ensuring of the continual transport of electrons in our GSF-
CoCGO dual-phase membrane owing to the fact that the electronic conductivity of the can be

significantly improved by doping cobalt.

When the pure carbon oxide was applied as the sweep gas instead of helium, a pronounced
decrease of the permeability is observed over the whole measured temperature range. The
different surface exchange rate caused by the adsorption of CO, may be the main reason for this
drop. Since some surface active sites are occupied by the CO,, a lower recombination rate of the

lattices rate is expected and therefore reduces the oxygen permeation flux. As shown in figure 4,
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comparing the activation energies obtained using He and CO, as sweep gases, one can see a
distinct reduction of the apparent activation energy with increasing temperature using CO, as
sweep gas. This variation can be related to the different adsorption behavior of CO, at different
temperatures, since the adsorption degree of CO, is lower at higher temperature. As a result, in
comparison to using helium, the oxygen permeation flux decreases when applying CO, as sweep

gas.

A long-term stable permeability is a key factor to evaluate the oxygen permeation membrane,
our oxygen permeation tests (figure 5) clearly demonstrate that the GSF-CoCGO membrane
exhibit a stable oxygen permeability for at least 300 hours under CO; or He atmosphere. After an
initialization time of about 10 h, a permeability of 0.28 cm® €m™ min™ is obtained and lasted for
90 h at 950°C. When CO, was applied, a permeability of 0.21 cm® em™ min™ is obtained and
lasted for at least 160 h. The new-developed GSF-CoCGO membrane also shows an excellent
stability in the oxygen permeability when switching the sweep gas between CO, and He, as
illustrated in figure 6. The permeability of the membrane remains unchangeable towards same
atmosphere, indicating the good structure stability of the membrane. The studies of the spent
membrane using XRD is also in agreement of this experimental result. As presented in figure 7,
no addition peak indicating foreign phase was observed in the XRD patterns of the spent

membrane.
4. Conclusions

In conclusions, this work illustrates a new method to improve the oxygen permeation flux of
the dual-phase membrane. By doping 2 mol % cobalt in the ionic conduct phase, the oxygen
permeation flux of the membrane was improved from 0.03 to 0.28 cm®€m™ min™ at 950 °C.

Furthermore, it was identified that the doping minor cobalt has no negative effect on the stability
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of the membrane. The resulting membrane shows a superior oxygen permeation flux and an

excellent stability towards CO,-atomsphere.
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Figure 1. XRD patterns of calcined GSF, CGO and CoCGO powders at 950 °C plus sintered GSF-CGO and GSF-
CoCGO, at 1400 °C and 1325 °C, respectively,
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Figure 2. SEM images and corresponding EDXS results of the GSF-CGO (a,b) and GSF-CoCGO (c,d). The blue
color represents the CGO or CoCGO phase, whereas the orange the GSF phase.
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Figure 3. Oxygen permeation fluxes for GSF-CGO and GSF-CoCGO membranes as a function of temperatures
using sweep gases. Operation conditions: F,;;= 50 cm® min™ as feed gas, Fxe= 1 cm® min™ and Fye = 29 cm® min™ or
Feoz= 29 cm® min™ as sweep gas. Membrane thickness: 0.7 mm.
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Figure 4. Arrhenius plots of the oxygen permeation fluxes through GSF-CoCGO membrane using different sweep
gases. Operation conditions were presented in figure 3.
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Figure 5. Time dependence of oxygen fluxes of GSF-CoCGO membrane using helium or CO, as sweep gas at 950
°C. Operation conditions were presented in figure 3.
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Figure 6. Time dependence of oxygen fluxes of GSF-CoCGO membrane using helium or CO, as sweep gas at 950
°C. Operation conditions were presented in figure 3.
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Figure 7. XRD patterns of as-prepared GSF-CoCGO membrane and the membrane applied for the oxygen test, as
shown in figure 6.
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Chapter 4

Highly efficient catalytic process In membrane

reactors

4.1 Summary

The implications of various oxidation processes in membrane reactors based on oxygen
transport membranes can be attractive because of the process intensification and the potential of
high efficiency. This chapter presents the works on the efficient aromatization of methane and

ammonia oxidation on perovskite membrane reactors.

The first work on methane aromatization to liquid fuels and chemicals shows that when the
membrane reactor concept was employed, a slower deactivation and an improved selectivity of

methane dehydroaromatization can be achieved in comparison with the fixed bed reactor.

The second paper reveals for the ammonia oxidation the benefits of a membrane reactor since
the formation of non-selective surface oxygen molecular species can be well suppressed. Under
similar operation conditions, the membrane reactor shows a higher catalytic performance towards
the oxidation of ammonia to NO, and as a result, 95 % NO selectivity and 81 % NH; conversion

can be achieved at 850 °C in the membrane reactor.
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Chapter 4 Highly efficient catalytic process in membrane reactors

The methane dehydroaromatization (MDA) is attracting considerable interest from both
academia and industry because of its potential in the conversion of methane to chemicals and
liquid fuels.! Compared to the conventional liquid fuels production based on Fischer-Tropsch
technology from syngas (CO + 2 H,), the MDA provides a simple, straightforward, and economic
pathway from methane to aromatic hydrocarbons without intermediate steps. Intensive efforts
have been devoted to the development of suitable catalysts, such as Zn/HZSM-5, Fe/HZSM-5,"!
and Ga/HZSM-5, and encouraging progress has been made especially on Mo/MCM-22,*!

Mo/HMCM-49,! and Mo/HZSM-5.[27]

Challenging problems still exist, such as the rapid catalyst deactivation by coke and the limited

methane conversion, which hinder the industrialization of the MDA.[€!

To overcome the equilibrium limitation of the reaction (1), it is proposed that the generated
hydrogen can be removed by hydrogen-permeable membranes (metal alloys, zeolite or other
molecular sieves, proton/electron conducting ceramics). Using a Pd-coated Nb-Ta membrane, the
methane conversion could be increased from 3.8 % to 9 % at 600 <C; however, hydrogen removal
is expected to accelerate coking.!” Thermodynamically favorable is the substitution of the non-

oxidative MDA according reaction (1) by the oxidative MDA according to reaction (2).
6 CH; S CgHe + 9 Hy 1)
6 CH4 +9/2 O, = CeHg + 9 H,O @)

Additionally, the latter has been demonstrated to be efficient in suppressing the coke formation
since the presence of oxygen and steam.'” However, the presence of stoichiometric oxygen
concentrations inhibits the formation of molybdenum carbide, the active catalyst component
essential for the aromatics formation.l’> ™! As a result, side reactions such as the total and/or
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partial methane oxidation and the oxidative coupling of methane can become predominant, and
the target product selectivity decreases. To manipulate the incompatible reactions mentioned
above in the presence of oxygen, various oxygen introduction strategies have been proposed. For
example, previous work suggested a mode in which minor amounts of oxygen or soft oxidants
were co-fed together with methane.l® 21 Nevertheless, this concept suffers from a significant
decrease of the aromatic productivity starting already for a low oxygen concentration in the fed
methane, e.g. < 1 % at 700 °C. Furthermore, from safety aspect, one should also consider how to

avoid the hot spots or even explosions in such co-feeding mode.

To obtain an improved MDA with increased methane conversion with an acceptable aromatics
selectivity and better coking-resistance, oxygen has to be finely distributed and continuously fed
into the reactor, e.g. by using an oxygen transporting membrane.™! Recently, we developed a
series of membranes for versatile applications, e.g. CO, capture integrated in Oxy-fuel power
plants,™ direct decomposition of NO and NO,!*® and the coupling of two reactions such as

water splitting with the partial oxidation of methane/oxidative dehydrogenation of ethane.!*®!

Herein we integrate the oxygen generation and the MDA in a membrane reactor system, which
is considered to offer a significant advantage for the MDA. As illustrated in Figure 1, in the
membrane reactor, oxygen permeates from the air side to the hydrocarbon side, where it is
consumed in the MDA. Different to the conventional co-feeding of gaseous O; in the fixed bed
reactor, here, oxygen is continuously fed into the reaction chamber by the oxygen-permeable
membrane; a higher ratio of the oxidative MDA to side reactions without oxidative destruction of
the active catalyst component Mo,C. Furthermore, the presence of oxygen and the production of
steam by hydrogen combustion should suppress the coke formation and extend the life time of the

catalytic system. The membrane reactor used in this work is based on asymmetric oxygen
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transporting BapsSrosCogsFeo 2035 (BSCF) perovskite membrane consisting of 20 pm thick
BSCF dense layer on a porous BSCF support, as shown in Figure S1. As catalyst we used an

established bi-functional Mo/HZSM-5 (Si/Al = 27, weight % Mo = 6).

We performed the experiments in both fixed bed reactor (FR) and membrane reactor (MR) in
order to observe the direct effect of oxygen supply via membrane on MDA. First, both reactors
were purged for 2 h with He, and then methane was supplied. In the case of MR, 1 h after the
methane supply the air supply started. That is to say, in the membrane reactor the MDA
proceeded without oxygen permeation in the 1% h, and then oxygen was supplied via the
membrane. Figure 2 presents the methane conversion obtained in the MR and the FR as a
function of time at 750 °C. The methane conversions in both reactors were comparable in the 1% h.
However, immediately after the oxygen permeation started in the MR, the conversion of methane
increased and became higher than that in the FR with time on stream. The main reason is that the
MDA is thermodynamically more favorable in the presence of oxygen, thus the equilibrium of the
reaction is shifted to the product side when the permeated oxygen in situ oxidizes the hydrogen
liberated from the MDA reaction. Furthermore, the generation of steam reduces coking and
extends the life time of the catalyst. As a result, the usual deactivation of the MDA catalytic

process proceeds more slowly in the MR.

Figure 3a shows that the aromatics selectivity drops sharply in both reactors with time on
stream. However, whereas the aromatics selectivity in the FR continuously dropped with time on
stream, in the case of MR it reached a plateau. The rapidly decrease of the aromatics selectivity at
the initial stage is attributed to the coke deposition. Whereas the aromatics selectivity in the FR
was only 10 % after 1000 min time on stream, the MR still shows aromatics selectivity of about

30 %. Thermodynamically, the partial/total oxidation of methane under oxidative conditions is
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more favorable than the oxidative dehydroaromatization of methane. As a result, partial methane
was oxidized to COy (see Figure 3b), which decreased the aromatics selectivity. Nevertheless, the
MR still showed a superior selectivity of aromatics over the FR, indicating that the presence of
oxygen has not damaged the catalyst, especially the active compound Mo,C. With increasing
time on stream, the aromatics selectivity in both reactors decreases, however, the MR shows a
much higher resistance towards catalyst deactivation due to the presence of oxygen and steam, as

discussed below.

The higher methane conversion and higher aromatics selectivity in the MR compared with the
in the FR gives higher aromatics yield in the MR (Table 1). After 200 min, the aromatics yield in
MR is 30 % higher than in the FR, after 500 min by 200 %. In contrast to the poor aromatics
yield (< 1 %) of the FR after ~ 600 min, the aromatics yield is still 3 % in the MR with increasing
time on steam. Based on this experimental finding, it can be concluded that the oxygen addition

via the perovskite BSCF membrane is an effective way to enhance the performance of MDA.

To qualify the advantage of supplying oxygen via the membrane, we conducted also the
oxidative MDA in the FR by co-feeding oxygen and methane. 0.4 cm® min™ gaseous O, was fed
into the fixed bed after the reactor had been conditioned for 1 h with methane to form the active
catalyst phase Mo,C. As shown in Figure 4, the aromatics selectivity decreases dramatically for
the FR with gaseous oxygen from 85 % to 5 % after 100 min, but for the MR only from 85 % to
40 %. This finding can be explained by the oxidative destruction of the Mo,C catalyst in the
oxygen co-feed FR. Normally, Mo,C catalysts tend to deactivate towards MDA when the O,/CH,4
molar ratio concentration exceeds a critical value for a given temperature because of the
oxidation of the active catalyst component Mo,C of the Mo/HZSM-5 catalyst, which interrupts

the production of aromatics immediately. According to Yuan et al., the critical value at 750 °C is
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around 0.02.1°! Therefore, the introduction of 0.4 cm® min™ gaseous O, (O,/CH4 molar ratio =
0.04) results in a rapid deactivation of the catalyst and the aromatics formation stopped
immediately in the FR (Figure 4). In the MR, the amount of oxygen calculated based on the CO
and CO; at outlet is higher than 0.4 cm® min™, indicating that the oxygen permeation flux is
higher than 0.4 cm® min™ and the ratio of O,/CH, is above 0.04. Nevertheless, the aromatization
reaction still proceeds and the aromatics yield in the MR is higher than that in the FR, suggesting
this critical value was increased at least to 0.04 when the oxygen was supplied in the MR by the

BSCF membrane instead of using gaseous oxygen as co-feed in the FR.

The coke selectivities in the MR and the FR (see Figure 3b) in both cases increase with time on
stream. However, as expected, the coke selectivity in the MR is much lower than that in the FR.
The coke selectivity in the FR is mostly higher than 60 % and increasing with time, but the coke
selectivity in the MR was found to be only around 10 % and showing an only slight increase with
time. The CS-2000 automatic analyzer which allowing the rapid determination of the carbon
content in catalysts was employed to determine the carbon deposition on the spent catalysts from
both reactors. It was found that the carbon content in the spent catalyst from FR was around 12 wt%
after 40 h, and the catalyst from MR had only a carbon content of 1.2 wt%. These results

demonstrate that the coke formation was efficiently suppressed in the MR.

Despite an improved performance in our MR, a slow deactivation of the catalyst was still
observed. To elucidate the reason for this deactivation, the spent catalyst (40 h) from the MR was
characterized by SEM. As shown in Figure S2, fiber-like particles were dispersed on the spent
catalyst surface. EDXS revealed that these fiber-like particles are mainly composed of carbon,

indicating that the coke is probably still the reason for the catalyst deactivation in the MR.
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In summary, the work presented here demonstrates a new concept to transform natural gas into
liquids via improved methane dehydroaromatization using an oxygen-permeable membrane. The
addition of oxygen by the membrane improves the methane conversion and the aromatics
selectivity, and results in a lower deactivation of the catalyst in the membrane reactor. Therefore,
the methane aromatization in the membrane reactor with oxygen dosing gives a better yield of

aromatics (benzene, toluene and naphthalene) and a longer durability than in the fixed bed reactor.
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Experimental Section

The asymmetric BSCF membrane was prepared by tape casting followed by sintering. More

details can be found in previous works.'" 18 The effective membrane area was 0.28 cm?, more

detail can be found in the Supporting Information.
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Figure 1. Scheme of MDA in fixed bed reactor (FR) and membrane reactor (MR).
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Figure 2. Methane conversions in membrane reactor (MR) and fixed bed reactor (FR) as a
function of time. 0.2 g 6 wt% Mo/HZSM-5 was used in both reactors (FR: Fcpa = 10 cm® min,
Fa =1 cm® min™ and Fre = 9 cm® min™; MR: methane side, Fopg = 10 cm® min?, Fa =1

cm® min™ and Fye = 9 cm® min™; air side Fajr = 30 cm® min™). Oxygen supply (air feed) began in
the MR 1 h after starting the MDA reaction with dosing methane.

79



Chapter 4 Highly efficient catalytic process in membrane reactors

a)
100
X Oxygen s I
2 / Xyg upply
> 80 -
x
>
:.3 —O0— MR
3 %0 ——FR
Q
(7]
w40
0
®
£ 20
(o]
[ -
< 0 . . . . .
0 200 400 600 800 1000
Time / min
b) [_Coke
[CJco,
/) Toluene
) I Naphthalene
MR/FR B Benzene
2 1001 _ — __ — _— —
) |
5 W H |
= 804 |
0
3
| .
il
L 60 -
©
il
(&)
35
e 40 -
(o}
[ ..
Q .
c
'S 20 -
= -
s
. HER EE
4

00 580 780 1000
Time / min

200

Figure 3. Selectivity of aromatics (a) and the corresponding products distribution (b) based on
carbon balance in membrane reactor (MR) and fixed bed reactor (FR) as a function of time. 0.2 ¢
6 Wt% Mo/HZSM-5 was packed in both reactors (FR: Fcna = 10 cm® min™, Fa = 1 cm® min™ and
Fre = 9 cm® min; MR: methane side, Feps = 10 cm® min, Far = 1 cm® min? and Fye = 9

cm® min™; air side Fair = 30 cm® min™). Oxygen supply (air feed) began in MR 1 h after starting
the MDA reaction with dosing methane. S(C,) is around 1 % and not presented here.
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Table 1. Aromatics (benzene, toluene and naphthalene) yield in membrane reactor (MR) and
fixed bed reactor (FR) as a function of reaction time. 0.2 g 6 wt% Mo/HZSM-5 was packed in
both reactors (FR: Fcus = 10 cm® min™, Fa = 1 cm® min™ and Fre = 9 cm® min™; MR: methane
side, Fena = 10 cm® min™, Far = 1 cm® min™ and Fe = 9 cm® min™; air side Fair = 30 cm® min™).
Oxygen supply (air feed) began in MR 1 h after starting the MDA reaction with dosing methane.

Aromatics yield / %

Time / min
Membrane reactor Fixed bed reactor
100 6.0 55
200 4.9 3.6
500 4.0 1.3
580 3.3 1.1
1000 3.0 0.4
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Figure 4. Aromatics selectivity as a function of time in the presence of oxygen in the two
different reactors: A methane/oxygen was fed into fixed bed reactor (FR: Fcps = 10 cm® min™,
Foz = 0.4 cm® min™, Far = 1 cm® min™ and Fie = 8.6 cm® min™). In the case of the membrane
reactor (MR), oxygen was supplied from air through the BSCF membrane (MR, methane side,
Feha = 10 cm® min™, Far = 1 cm® min™ and Fue = 9 cm® min™; air side Fair = 30 cm® min) 0.2 g
6 wt% Mo/HZSM-5 was used in both reactors. Oxygen supply (air feed) or O, feed began 1 h
after starting the MDA reaction with dosing methane.
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Supporting Information
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Figure S1. Cross section of the high-flux Bag sSro5C00.sFeo 2035 (BSCF) perovskite membrane.
The black spots in the top layer indicate a harmless closed porosity.
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Figure S2. SEM micrographs of fresh (a) and spent catalysts (b,c) and the corresponding carbon
distribution (d) image as obtained by EDXS.
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Experimental

The thicknesses of the dense layer and the porous layer of the memrbane were 20 pm and 760
|, respectively. The membrane was sealed onto the alumina tube using ceramic sealant (Huitian,
China), the effective membrane area was 0.28 cm?® After leakage test under the air/He oxygen
partial pressure gradient, 0.2 g 6 wt% Mo/HZSM-5 catalyst (Bayer) was packed on top of the
membrane. Methane diluted by He was fed to the one side with the packed Mo/HZSM-5 catalyst
and air was fed to the other side, 1 cm® min™ Ar was co-fed to the reaction side as internal
standard gas. All flow rates were controlled by the gas mass flow controllers (Bronkhorst) and the
line connected to the product side was heated to 220 °C. The concentration of the specific gas was
monitored by a gas chromatography (GC) (Agilent 7890). The total gas flow rate at outlet (F,,;)
was calculated by using Ar as an internal standard. Therefore, the CH,4 conversion X(CHy), the
aromatics (benzene, toluene and naphthalene) selectivity S(A) and the coke selectivity S(C) were

calculated as follows:

c X F,
X(CH,) = <1 _ Z(CHyout) °“t> x 100%
Fch, in)

C(aromatics,out) X Fout

S(4) = X 100%

F(CH4,L'n) — C(CHy,0ut) X Fout

F(CH4,in) - (C(CH4,out) + XC(aromatics,out) + 2C(Cz,out) + C(Cox,out)) X Fout

S(C) = x 100%

F(CH4,in) — C(CH,,0ut) X Fout

Here x is 6 (benzene), 7 (toluene) or 10 (naphthalene), and F(i) is the flow rate of species i on the

reaction side of the disc membrane.
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Extensive research efforts have been devoted to improve the Ostwald process (4NH; + 50, —
4ANO + 6H,0), since this step covers about 90 % of the nitric acid production cost.”® For many
years, nitric acid producer rely on platinum group metal alloy gauzes as catalysts that show a very
good activity and 94-96 % NO selectivity with N, and N,O as byproducts. But the utilization of
Pt-Rh gauzes is expensive, and linked to N,O emission and platinum losses in form of volatile
oxides. These facts stimulate the research towards the development of new catalysts and new
processes for ammonia oxidation. A series of less expensive oxides, especially cobalt oxide
(Co304) and perovskite structure oxides, such as Ca or Sr substituted LaMnQO3, LaCoO3; and
LaFeO3;, have been reported to show promising catalytic performance towards ammonia
oxidation.”” Considering that N, from air represents about 70% of the total flow in the current
plants, Perez-Ramirez et al. proposed a novel process for ammonia oxidation using a lanthanum
ferrite-based oxygen-permeable membrane reactor, in which the oxygen for the ammonia
oxidation can be separated from air, and in situ supplied via the membrane, and N in the air flow
was completely kept on the other side of the membrane. By using LaggSro.FeOss membrane as
the reactor for ammonia oxidation, the high NO selectivities (95-98 %) were obtained only when
feeding very limited amounts of ammonia (< 0.5 cm®min™ NH; in a total flow of 130 mI-min™ at
1100 K).”®™ To obtain a larger oxygen permeation flux, Sun et al. recently employed a
Bap 5Sro5C00.8Fe0.203-s membrane with high oxygen permeability for the oxidation of ammonia.®
However, the NO selectivities are relatively low (< 70%). It is, therefore, desirable to study the
catalytic process on the membrane surface, thus further improving the membrane-based ammonia

oxidation.

During ammonia oxidation on metal oxide catalysts, following the concept of Mars and van

81-83

Krevelen, the participation of lattice oxygen is found to play a very important role in the
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formation of NO.%* The formation of lattice oxygen by re-oxidation of the oxygen-depleted metal

oxides by gaseous oxygen has been suggested as follows:®

0, @ 0z @is) = (03 @ds) = 0% aas)) = (207 aas) = 20% (ags)) = 20% (attice)

First, oxygen molecules adsorb on the oxides surface, the adsorbed O, becomes reduced and is
incorporated into the metal oxide as lattice oxygen O as shown in Figure 1 (left). Many efforts
have been taken to identify the role of various oxygen species. It is accepted ammonia can be
directly oxidized by lattice oxygen to NO,* and a low NO selectivity is related to high
concentrations of adsorbed molecular oxygen species that react with adsorbed ammonia forming
nitrogen.®”® Very recently, Biausque et al. reported that one key route to form N in ammonia
oxidation over perovskite LaCoOj3 consists in the reaction of adsorbed ammonia with adsorbed
oxygen species such as peroxide (02~) or superoxide (05) species.® These experimental findings
led us to the assumption that, a high NO selectivity can be achieved if the only oxygen species
involved in the ammonia oxidation is lattice oxygen or atomic surface oxygen species.” But this
concept is difficult to implement, since the formation of weakly bound molecular oxygen species
is the first and unavoidable step for the oxygen activation in conventional catalytic packed bed

reactors with an oxygen/ammonia mixture as co-feed.”

To minimize the formation of surface molecular oxygen species, here we develop the concept
to separate the oxygen activation from the catalytic process through an oxygen-permeable
membrane.®>%% As illustrated in Figure 1 (right), 0, is reduced to lattice 02~ on the air side of
the membrane, which is locally separated from the catalytic ammonia oxidation where oxygen is
consumed. As lattice oxygen, the oxygen ions diffuse through the membrane to the permeate side

where a lower oxygen partial pressure exists. However, since the first oxygen species present on
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the ammonia side before oxygen release is lattice oxygen, a proper consumption of the lattice or
atomic oxygen species by the ammonia oxidation may effectively suppress the formation of non-

selective surface molecular oxygen species. Consequently, a high NO selectivity can be expected.

This work demonstrates that the use of an oxygen-permeable membrane with sufficient surface
area can supply catalytically selective lattice oxygen or atomic surface oxygen species and
suppress the formation of non-selective molecular oxygen species. A newly developed
asymmetric ultrathin perovskite LSCF (LageSro4Coo2Fe0sO3-5) membrane was applied.101 As
shown in Figure 2, a thin (25 pm) dense LSCF layer is supported by a mechanically stable approx.
800 pm thick porous LSCF layer. The LSCF material was selected as oxygen-permeable
membrane since it combines high permeability with an intrinsic catalytic activity towards

ammonia oxidation.*™’ This, as a rule, an ideal prerequisite for the use in membrane reactors.

To verify our concept, ammonia oxidation in the membrane reactor with oxygen supplied as
lattice/atomic oxygen has been compared with the direct feeding of gaseous oxygen (co-feed
mode) using the same LSCF membrane as catalyst at 850 °C, (Support Information, Figure S1).
In the co-feed mode, when the oxygen and ammonia are jointly fed to the porous support side of
the LSCF membrane, the LSCF membrane acts only as a contactor catalyst providing a large
surface. However, in the membrane mode, the oxygen for the ammonia oxidation is separated
from air by the LSCF membrane layer. We show the results of this comparison in Figure 3. The
highest NO selectivity obtained in the membrane mode after reasonable optimization of the
reaction parameters is 95 %, whereas the maximum NO selectivity in the co-feed mode is only
77 %. It has to be noted that the permeated oxygen amounts in membrane reactor mode and co-
feed fixed bed reactor mode are the same. Since the operation temperatures for both reactors are

also the same, the strengths of the oxygen bonding to the surface are comparable too. The only
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difference between the co-feed mode and the membrane mode is the way of oxygen supply: In
the co-feed fixed bed reactor, adsorption and reduction of gaseous oxygen and the ammonia
oxidation take place in the same compartment. As we can expect from the reduction of oxygen
shown in Figure 1 (left), in the fixed bed co-feed reactor, adsorbed molecular oxygen species can
react with ammonia and form undesired nitrogen. In contrast, in the membrane mode, the
activation of the oxygen is separated from the catalytic reaction and, therefore, the formation of
non-selective surface molecular oxygen species can be well suppressed. The NO selectivity as a
function of the fed oxygen was also tested in a small range for the co-feed mode, as shown in
Figure 3, but the NO selectivity obtained in the membrane reactor is always higher than in the co-

feed mode.

In a further experiment, instead of the porous support layer, the dense layer of the LSCF
membrane was exposed to the ammonia side. Figure 4 shows the NO selectivity and conversion
of the ammonia oxidation plotted versus the ammonia concentration in the feed gas for these two
operation modes: Either the dense LSCF or the porous LSCF support layers were facing ammonia.
If the ammonia oxidation takes place on the surface of the dense LSCF layer, a low NO
selectivity (< 10 %) was found, whereas the selectivity is around 90 % when ammonia oxidation
takes place on the porous LSCF support. Although the ammonia conversions were comparable
for these two operation modes (Figure 4), the NO yield was much lower compared with the case
if the porous LSCF layer is used as large contactor surface for ammonia oxidation. Since the
surface morphology - porous contra dense - is the major difference, the surface area appears to be
the determining factor for the membrane reactor performance. Compared to a dense surface, as
shown in Figure 5a, the porous layer provides a much higher surface area. The permeated oxygen
ion can be well distributed through the porous network, and the formation of non-selective

surface oxygen species can be sufficiently suppressed.'® Therefore, there are more lattice oxygen
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and atomic surface oxygen species that can be consumed in selective oxidations before molecular
oxygen species have been formed. In contrast, when the dense membrane layer is facing the
ammonia oxidation side, the permeated oxygen ions with relatively high concentration can
combine and form weakly bound oxygen species before desorption as molecular oxygen from the
dense LSCF side, as shown in Figure 5b, thus enhancing the formation of the undesired
byproduct nitrogen as discussed above. Figure 6 presents the residual oxygen partial pressure at
the outlet of the ammonia side measured by gas chromatography for those two different modes.
When the dense side is facing ammonia, the oxygen partial pressure is obviously higher,
indicating a higher concentration of weakly bound surface molecular oxygen species. This

finding further explains the low NO selectivity when the dense side is facing ammonia.

Under the assumption that the good performance of the membrane reactor in the ammonia
oxidation benefits from the specific oxygen supply and the surface morphology of the membrane,
that is to say in which manner the oxygen is supplied, the two oxygen-permeable pervoskite
materials LSCF and Bag sSry5C0ggFe 2035 (BSCF) have been compared using the comparable
asymmetric membranes (Figure 7). Since the BSCF membrane shows a higher oxygen transport
rate, a higher ammonia conversion can be realized, but LSCF shows a significantly higher NO
selectivity. While a NO selectivity of around 90 % is achieved in the LSCF reactor, the best one
obtained in the BSCF reactor is around 75 %. This finding can be understood since BSCF
exhibits a faster surface exchange rate due to its higher oxygen vacancy mobility than LSCF.?1%%
195 Therefore, a higher concentration of non-selective molecular oxygen species is expected on
the membrane surface of BSCF compared with LSCF, since the recombination of the lattice
oxygen is easier on BSCF resulting in a higher amount of active peroxide and superoxide ions.

This leads to a decreasing NO selectivity on the expense of increasing nitrogen formation.
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Evidently, the dominating oxygen species delivered by the membrane plays a big role in the final

product distribution.

In conclusion, we present a novel route to activate oxygen for a better catalytic performance
in the selective ammonia oxidation to NO by using an oxygen-permeable perovskite membrane,
in which the formation of catalytically non-selective molecular oxygen species is suppressed. A
large surface provided by a porous perovskite layer can dilute the permeated oxygen ions (lattice
oxygen) and suppress the formation of weakly bound molecular surface oxygen species, thus
leading to a high selectivity of NO. In the ammonia oxidation, 95 % NO selectivity and 81 %
ammonia conversion could be achieved in a catalytic membrane reactor with asymmetric
perovskite LageSro4Coo2Feos0s.5 0xygen-permeable catalytically active membrane at 850 °C.
The oxygen used in the selective ammonia oxidation is taken from the perovskite membrane, and
the membrane is re-oxidized on the air side. In the classical Mars and van Krevelen mechanism,
this re-oxidation takes place by gaseous oxygen present in the co-feed. This work may open the

door for various selective oxidation processes and the detailed analysis of the mechanism of them.

Acknowledgements

We kindly thank the financial support from EU through FP7 NASA-OTM project (grant
agreement no. 228701). H. Jiang thanks the support via “Recruitment Program of Global Youth

Experts” of China.

93



Chapter 4 Highly efficient catalytic process in membrane reactors

a) b)

Figure 2. Ammonia oxidation over a conventional packed bed perovskite catalyst (a) and a
perovskite membrane (b). (a), Oxygen as co-feed becomes incorporated into the oxide catalyst
and adsorbed molecular oxygen species are present in the early stage of incorporation. (b), In the
case of membrane operation, lattice oxygen species and atomic oxygen species are present in the
early stage of oxygen release.
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50 um

Figure 2. SEM micrographs of fresh LSCF membrane cross section.
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Figure 3. NO selectivity in the ammonia oxidation for two different operation modes at 850 °C in
LSCF membrane reactor. In both modes, the porous support layer of the asymmetric LSCF
membrane was facing the (i) NH3/O, mixture in co-feed mode, or (ii) the pure NH3 in membrane
mode (Membrane mode, air side: F.i; = 100 cm**min™; Ammonia side: Fa = 100 cm*min™ Fyus =
1.6 cm®*min? Fye = 1 cm®min? and Fye = balance. Co-feed mode: Fye= 1 cm®min, Fyys = 1.6
cm®*min™, Foz + Fue = 97.4 cm*®min™). The inset shows the NO selectivity for the two different

modes when supplying 1.6 cm*min™ oxygen.
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Figure 4. NO selectivity and ammonia conversion in the ammonia oxidation as a function of the
ammonia concentration in the feed in two different operation modes of the LSCF membrane
reactor at 850 °C with the porous support layer to ammonia and the dense layer to the ammonia
side (Air side: Fa; = 100 cm*min™; Ammonia side: Fa = 100 cm®min™ Fyus from 1.3 to 3.0
cm®min?, Fne= 1 cm®min™ and Fye = balance).
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Figure 5. Asymmetric oxygen-permeable membrane with (i) porous surface, and (ii) smooth
surface facing the ammonia side of the membrane reactor.
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Figure 6. The residual oxygen partial pressure on the ammonia oxidation side as a function of the

ammonia concentration in two different operation modes. i.e. porous and dense side, respectively,
of the asymmetric membrane at the reaction side.
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Support Information

Experimental Section

The asymmetric structure Lag gSro4C0g2Feps03.5and Bag sSrosC0ggFep203.5 (BSCF) perovskite
oxygen transfer membranes both consist of a dense layer and a porous layer. The thicknesses of
the dense part of the LSCF and BSCF membrane are about 25 um and 70 um, respectively,
whereas those of porous part is approx. 800 pum. More information about the membrane
preparation can be found elsewhere. A JEOL JSM-6700F field-emission scanning electron
microscope was employed to characterize the morphology of the fresh and spent membranes. The
oxygen permeation and ammonia oxidation were performed in a self-made high temperature
oxygen permeation reactor as described in our group’s previous work.”) The membrane was
sealed on the alumina tube with gold paste. After sintering at 950 °C, a dense gold layer between
membrane and alumina tube was obtained, which ensure the gas tight between different sides of
the membrane. Here, the diameter of the uncoated membrane is 1 cm, and the effective
membrane area is 0.78 cm?. Ammonia diluted by helium or air were fed to either dense or porous
side of the membrane as required. All gas rates were controlled by gas mass flow controllers
(Bronkhorst), and all gas lines were heated to 150 °C to ensure no liquid block caused by H,O.
The outlet gas concentrations were measured online by a gas chromatograph (Agilent 6890).

NO selectivity, yield and ammonia conversion were calculated from the total outlet flow rate Fq
(cm® min™) on ammonia side and NO and NHs concentrations, ¢ (NO) and c(NHs) by using

Equation below:

X(NH,) F(in,NH3) — F(out, NH3) 100%
= X
3 F(in, NHs) 0
F(out,NO)
S(NO) = X 1009
(NO) [F(in, NH;) — F(out, NH3) %

Y(NO) = X(NHs) X S(NO)

Where F(i) is the flow rate of specie i calculated by the F( in or out) and the concentration of

specie i.
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a) NH;, O,

NO
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Figure S1. Comparative study of ammonia oxidation in different operation modes: co-feed
reactor (Left) and inset membrane reactor (right)
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Chapter 5

Conclusions

In this thesis, | explored the feasibility of combining several chemical processes in a membrane
reactor with oxygen transporting membrane following the concept of process intensification. |
investigated the possibility to improve different catalytic processes in the membrane reactor in
comparison with the state of art, i.e. | tried to substitute partial oxidations in fixed bed reactors

with a co-feed of oxygen and reactant by the reaction in a catalytic membrane reactor.

In the hydrogen production from water splitting, | coupled the thermal water splitting with the
oxidative coupling of methane in the membrane reactor. It is found that the hydrogen production
rate is far beyond the equilibrium-limited value of the thermal water splitting. On the other hand,
in the oxidative coupling of methane, no oxygen supply or oxygen separation from air is
necessary. Through the employment of the oxygen transporting membrane reactor, water can be

used as the oxygen supply source.

To develop stable membrane reactors for various applications including the pure oxygen
production for the oxy-fuel concept and different catalytic processes, a novel dual-phase oxygen
transporting membrane and a novel asymmetric membrane based on Cey9Gdy1025 were
developed and tested. The result of our experiment showed that doping minor amounts of cobalt
into the ionically conducting material was prone to improve the performance of the existing dual-
phase membrane systems. The resulting membrane shows an improved oxygen permeability in

comparison with the un-doped membrane.
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Chapter 5 Conclusions

| have also demonstrated that the proper utilization of the oxygen transporting membrane
reactors could be beneficial for the current heterogeneous catalytic processes. For example, when
the oxygen was supplied by the oxygen transporting membrane, a high aromatization selectivity
and yield can be achieved; through the proper utilization of the lattice oxygen as oxidant, a highly
selective ammonia oxidation to NO can be obtained. It is therefore expected that the membrane
reactors may offer in general a high feasibility to improve the performance of catalytic processes.
By combining of catalytic processes and high-performance stable membranes, one can develop a

membrane reactor with excellent catalytic performance and improved stability.

In summary, my thesis reflects not only the development of the membrane reactors based on
several newly-developed oxygen permeation membranes (BSCF, LSCF and CGO-based dual-
phase), but also extends its various applications on reactions such as ammonia oxidation, and for

the first time such as methane aromatization.
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