Downloaded from orbit.dtu.dk on: Dec 20, 2017

Technical University of Denmark

=
—
—

i

Experimental extrusion of tubular multilayer materials for Oxygen Transport
Membranes

Kothanda Ramachandran, Dhavanesan; Kaiser, Andreas; Sggaard, Martin; Glasscock, Julie; Clemens,
Frank

Publication date:
2014

Document Version
Publisher's PDF, also known as Version of record

Link back to DTU Orbit

Citation (APA):

Kothanda Ramachandran, D., Kaiser, A., Sggaard, M., Glasscock, J., & Clemens, F. (2014). Experimental
extrusion of tubular multilayer materials for Oxygen Transport Membranes. Department of Energy Conversion
and Storage, Technical University of Denmark.

DTU Library
Technical Information Center of Denmark
General rights

Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

e Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
e You may not further distribute the material or use it for any profit-making activity or commercial gain
e You may freely distribute the URL identifying the publication in the public portal

If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.


http://orbit.dtu.dk/en/publications/experimental-extrusion-of-tubular-multilayer-materials-for-oxygen-transport-membranes(ca908299-ca3b-47e0-8f79-e7bdeea153b9).html

PhD thesis:

Experimental extrusion of tubular multilayer materials for

Oxygen Transport Membranes

PhD thesis: Experimental extrusion of tubular multilayer materials for Oxygen Transport Membranes
Dhavanesan Kothanda Ramachandran



R
T
=

PhD Thesis:

Experimental extrusion of tubular multilayer materials for Oxygen Transport Membranes

2014

By

Dhavanesan Kothanda Ramachandran

Supervisor: Dr. Andreas Kaiser, Senior Scientist, DTU Energy Conversion and Storage, Denmark.

Co-supervisor:  Dr. Martin Sggaard, Senior Scientist, DTU Energy Conversion and Storage, Denmark.
Dr. Julie Glasscock, Scientist, DTU Energy Conversion and Storage, Denmark.
Dr. Frank Clemens, Group leader, Laboratory of high, EMPA, Switzerland.

Thesis examiners: Dr. Jean-Claude Grivel, Senior Scientist, DTU Energy Conversion and Storage, Denmark.
Dr. Farid Akhtar Associate Professor, Luled University of Technology, Sweden.
Dr. Thomas Steenberg, CTO, Danish Power Systems, Denmark.

Financial support: OPTIMAC (No. 09 — 072888)

Copyright: Reproduction of this publication in whole or in part must include the customary
bibliographic citation, including author attribution, report title, etc.

Published by: Department of DTU Energy Conversion and Storage, Risg campus, Roskilde, Denmark
Request report from:  www.ecs.dtu.dk

ISBN: [978-87-92986-27-6] (electronic version)

PhD thesis: Experimental extrusion of tubular multilayer materials for Oxygen Transport Membranes
Dhavanesan Kothanda Ramachandran



Abstract

Inorganic oxygen transport membranes (OTMs) are of interest for high purity oxygen production and for
integration into membrane reactors where oxygen is required at high temperatures. Doped ceria is an
interesting material for an OTM due to its high phase stability under both oxidizing and reducing
atmospheres and its high ionic conductivity. Designing and developing a high performance oxygen
transport membrane involves scientific challenges associated with material development, ceramic
processing and integration of materials in a multi-layer structure. In this work an asymmetric based oxygen
transport membrane based on gadolinia doped ceria oxide, (Ce09Gdo.101.95-5), (CGO) was developed on a
tubular, porous support structure based on cost-efficient magnesium oxide (MgO). The porous support
structure was prepared by thermoplastic extrusion using MgO powder, thermoplastic binders and graphite
pore former. An optimization of the thermoplastic feedstock has been carried out with the aim of improving
gas permeability and mechanical properties of the resulting MgO supports. The influence of three types of
pore former (graphite with different shapes and sizes, and polymethyl methacrylate (PMMA)) on the
mechanical strength and gas permeation of the extruded MgO porous supports was investigated for
sintering temperatures between 1250 and 1400 °C. The gas permeability through the MgO supports during
membrane operation was highly dependent on the total open porosity and on the size of pore necks. As
expected, for all samples with different pore former type the permeability decreased with sintering
temperature and decreasing total porosity. Only for the porous support prepared with flaky graphite did
the total porosity and gas permeability increase with increasing sintering temperatures above 1300 °C.
Scanning electron microscopy showed that for samples sintered above 1300 °C there was a growth of
macro-pores and opening of bottle-neck pores, resulting in improved pore connectivity and thus improved
gas permeability. Mercury intrusion porosimetry experiments confirmed an increase in the average pore

size for samples sintered above 1300 °C, despite a significant decrease in total porosity.

The highest open porosity 0f42.5 % and gas permeability of 4.7 x10"® m? was obtained foran MgO support
with spherical graphite as a pore former. Implementing a bimodal pore size distribution (by using a mixture
of two pore formers with an average size of 5.5 and 10.5 pm) it seems feasible to increase the gas
permeation value to 4 x107> m? and this route is also recommended for further studies. The characteristic
strength of the MgO supports was characterized by Weibull measurements with a novel high temperature
4-point bending test method. The results revealed sufficiently high bending strength values of 60 MPa for

the MgO support at an operation temperature of 850 °C, whereas the strength at room temperature was
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77 MPa. The oxygen permeation flux on an asymmetric tubular CGO membrane, consisting of an MgO
support (porous), catalytic layer on permeate side (NiO-CGO) (porous), CGO (dense), catalytic layer on feed
side (porous, infiltrated nano LSC (Lao.sSro.4Co0Os3-s) particles on a porous CGO backbone layer), was tested
at temperatures between 650 °C and 920 °C on a 30 mm long tube (inner/outer diameter of 9.8/11.4 mm)
using atmospheric air and N2, Hz for feed and sweep side respectively. The oxygen permeation was 3.5 Nml
min"' cm at 856 °C using a Hz flow of 200 Nml min"! on the permeate side. After subsequent oxidation and
reduction (redox-cycle) of the Ni-CGO catalytic layer in the membrane, the permeation flux of the
membrane improved significantly especially at low temperatures, reaching 4 Nml min~" cm? at 850 °C. The
improved performance is attributed to an improvement of the catalytic activity of the Ni-CGO structure
after a redox-cycle. Finally, oxygen permeation tests on the asymmetric CGO membrane in
methane/humidified hydrogen mixtures were performed which led to breaking of the membrane. Post-
mortem analysis of the membrane microstructure by scanning electron microscopy (SEM) after the oxygen
permeation test in methane indicated detachment of the catalytic layer on the permeate side, most likely

due to carbon formation.
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Resumé

En uorganiske iltseparationsmembran (eng. Oxygen Transport Membraner, OTM) kan anvendes til
fremstilling af ren ilt samt til indbygning i membranreaktorer, hvor hgjtemperatur ilt er pakraevet. Doteret
ceria er et muligt materiale som iltseparationsmembran, da det udviser stor kemisk stabilitet i bade
reducerende og oxiderende atmosfeerer, og det samtidig har en hgj ionledningsevne. Udviklingen af en
hgjtydende OTM giver anledning til en reekke udfordringer indenfor materialeudvikling, keramisk
fremstilling og integration af materialer i en multilagsstruktur. | nservaerende projekt er der blevet fremstillet
en tynd film OTM baseret pa gadolinia doteret ceria (Ceo9Gdo,101.95-5, CGO) supporteret pa et baerelag af en
rarformig porgs struktur af magnesiumoxid (MgO). Den porgse baerestruktur er blevet fremstillet ved
anvendelse af termoplastisk ekstrudering af en blanding af MgO, termoplastiske bindere samt grafit
poredannere. | projektet er der blevet udfert en optimering af den termoplastiske ramasse med det formal
at optimere gaspermeabiliteten samt den mekaniske styrke af de porgse beerelag. Tre forskellige
poredanner (grafit med forskellige former og starrelser samtpolymethyl methacrylat (PMMA)) er blev testet,
og deres betydning for den mekaniske styrke samt gas permeabiliteten af ekstruderede rgr er blevet
kvantificeret, hvor sintringstemperaturen af de ekstruderede komponenter har vaeret mellem 1250 °C og
1400 °C. Det er blevet fundet, at gaspermeabiliteten for de forskellige fremstillet support atheenger af
tilstedevaerelsen af dben porgsitet samt starrelsen af kontaktarealet mellem to porer. Som forventet
mindskedes gaspermeabiliteten samt porgsiteten for alle de undersggte prgver med stigende
sintringstemperatur. For det porgse baerelag, hvor der under fremstillingen blev anvendt grafit bestdende
af flager, blev det fundet, at gaspermeabiliteten @gedes med stigende sintringstemperatur. Skanning
elektron mikroskopi viste, at store porer voksede og samtidig blev pore-pore halsen stgrre, hvilket gav
anledning til forbedretpore-pore kontakt samt gaspermeabilitet. Kviksglv porosimetry malinger bekreeftede
en forggelse af porestarrelsen for prgver sintret ved mere end 1300 °C selvom den totale porgsitet

mindskedes.

Den hgjeste &bne porgsitet (42,5 %) og hajeste gas permeabilitet (4,7 x107'® m?) af de fremstillede praver
blev opnaet ved anvendelse af sfeerisk grafit som poredanner.Ved at implementere en bimodal pore
starrelsesdistribution (der blev anvendt to poredannere med en gennemsnitlig starrelse pd 5,5 og 10,5 pm)
kan gas permeabiliteten forgges med minimum en stgrrelsesorden. Den karakteristiske Weibull styrke og

modulus blev ogsa malt af de fremstillede support strukturer ved bade stue - og hgjtemperatur ien 4 punkts
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bgjemalinggeometri. Den karakteristiske Weibull styrke af supportstrukturerne blev malt til 60 MPa ved 850

°C, mens den ved stuetemperatur var 77 MPa.

| projektet er der blevet fremstillet en asymmetrisk membran bestdende af et MgO support (porgst),
katalytisk lag af NiO-CGO (porgst), CGO membran (teet) og et porgst CGO lag, der efterfalgende blev
infiltreret med den nominelle sammensaetning LaosSro4CoO3-s. Et 30 mm langt stykke af denne membran
(indre/ydre diameter 9.8/11.4 mm) er blevet testet mellem 650 °C og 920 °C, hvor der er anvendt luft pa
fadesiden og N2,Hz og CH4 pé& permeatsiden. lifluksen blev mélt til 3.5 Nml min"" cm™2 ved 856 °C, hvor der
blev anvendt ren brint pa permeatsiden. Efter en redox-cyclus, hvor membranen blev udsat for luft pa begge
sider og Ni dermed blev oxideret til NiO og efterfalgende reduceret igen til Ni, steg den malte iltfluks
betydeligt ved iszer lavere temperatur. Dette er tilordnet til en forggelse af Ni-arealet i det katalytiske lag.
Til sidst i eksperimentet blev CHs4 og befugtet brint tilledt pa permeatsiden af membranen, hvilket
resulterede i at membranen fejlede. Efterfglgende SEM analyser indikerede at membranen var blevet adskilt

fra selve supportstrukturen, hvilket muligvis skyldtes kulstofdannelse.
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1. Introduction

Carbon dioxide (CO2) is a greenhouse gas which is largely emitted from chemical, power generation and
cement industries that pollutes the environment. Carbon capture and storage (CCS) is one approach for
reducing CO2 emissions in an attempt to overcome current global warming issues. Power plants can be
made more efficient and cleaner by combusting the coal using pure oxygen (oxy-fuel) instead of air [2,3].
Practically, pure oxygen is conventionally produced by cryogenic distillation in large scale or by pressure
swing adsorptionin small scale [4]. However, cryogenic distillation is a very energy consuming process which
consumes an energy of approximately 200 - 240 kWh per ton Oz with the highest energy penalty for
integration into high temperature processes. Oxygen transport membranes are a promising alternative for
integration in high temperature combustion processes due to their high selectivity for oxygen and

significantly lower efficiency losses [5].

Cement production contributes approximately 5 % of the global CO2 emissions (ref Fig. 1). One of the most
appropriate concepts to reduce the CO2 emissions from such point sources is the oxy-fuel combustion. The
use of oxygen transport membranes to provide oxygen for different industries i.e. steel, cement and syngas
production, can improve the energy efficiency in the production cycle and further in some cases facilitate
an easier CO2 capture and sequestration. For the COz capture and sequestration it is highly advantageous if
the flue gas contains only CO2, H20 (and impurities) and only little N2 as the complex N2/CO2 separation is

avoided and also the flue gas (CO2) is much more applicable in schemes for recycling/reusing.

Other sectors Heat & Power

13% 32%
|

Electricity & Transport

Manufacturing
exce. Cement
16%

Calcination process

. Cement

Fuel processing

Energy industry
13%

Road transport

Fig. 1: Global CO2 emission (source: www.WBCSD.org)
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An Oxygen Transport Membrane is a gas-tight component permeable only to oxygen, giving 100 %
theoretical selectivity. Use of such membranes can improve the energy efficiency of power generation from
biomass gasification and reduce costs of CO2 neutral transportation fuels made from biomass. The
development of such membranes for these applications have been researched extensively in recent years
to design high performance membrane modules [6] with utilization of ion conducting materials. lon
conducing ceramic membrane materials have certain advantages over polymeric materials such as high
chemical and thermal resistance, mechanical stability at harsh environments and higher permeability. The
main disadvantages of ceramic membranes are high raw material and manufacturing costs.

As a consequence, perovskite and fluorite structured ceramic membrane materials have been studied
rigorously with a wide range of membrane thicknesses (50 to 2000 pm) and different configurations [7].
According to the Wagner equation, the oxygen flux of membrane can be increased by decreasing the
thickness of the membranes [7]. In order to achieve fluxes that are of commercial interest for most of the
large scale applications, it is clear that thin film membranes with thicknesses below <100 pm must be
prepared. To produce such thin membrane and to improve mechanical stability, using a asymmetric
membrane in which a thin membrane layer supported by thick porous layer would be an ideal solution [8].
Hence, the research and development of asymmetric configuration of mixed -ionic-electronic conducting
(MIEC) membranes has been increased recently. However, there are many challenges associated with
membrane preparation which needs to be fully addressed in order to get a functional membrane. The
chemical and thermal behavior between the membrane and porous supports layer should be compatible
with each other. Furthermore, the porous layer should be capable of supporting the membrane layer
mechanically with sufficient gas permeability [9]. Also, compared to the membrane and catalytic layers that
typically have thicknesses in the 10-30 um range, the porous support structure will have a thickness in the
range 500 — 1000 pym and thus constitute the majority of the component. It is thus clear that a low-cost
material should be chosen for the support structure to compensate the membrane cost and ease

commercialization.

This work describes the preparation and characterization of asymmetric, tubular thin film oxygen
membranes for potential use in oxy-fuel combustion or syngas application, consisting of a mixed
conducting fluorite structure, cerium gadolinium oxide (CGO =Ce0.9Gdo.10195-5), supported on a tubular,
low cost porous magnesium oxide (MgO) substrate. Up-scalable laboratory fabrication processes, such as

extrusion, dip-coating and co-firing of the ceramic layers were used for the preparation and demonstration

Chapter 1: Introduction Page | 2



=

>

=

of asymmetric oxygen transport membranes, based on MgO supports, catalytic layers and a CGO
membrane.
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2. Background

Pure-oxygen conducting membranes and mixed ionic—electronic conducting (MIEC) membranes are the
two types of ceramic membranes that can transport oxygen ions through the structure. For oxygen-ion
conducting membranes, an external electric circuit needs to be connected to the membrane in order to
transport oxygen ions across the membrane. In MIEC membranes the charge compensating electron
transfer is done internally through the membrane layer. For both cases a chemical potential gradient is
required as driving force for the flow of oxygen ions across the membrane. In other words, an oxygen partial
pressure gradient across the oxide ceramic membrane at elevated temperatures causes the oxygen ion
transport from one side to another side (high pO:2 to low pO3) by diffusion through oxygen vacancies,

maintaining the overall electrical charge neutrality [1,10-25].
2.1. Membrane materials

Fluorite and perovskite type oxides have been most widely used and investigated for MIEC membranes in
different oxygen separation applications [7,11]. The perovskite structure (ABO3) consists of the A-cation
placed at the body center position (%2, ¥, ¥2) and the B-cation placed at cube corner position (0, 0, 0) and
the anion is located in the face centered positions (¥2, ¥2, 0). An example for ideal perovskite structure is
SrTiOs. The transport of oxygen ions occurs by diffusion through oxygen vacancies in this crystal structure.
The fluorite structure (ABO2) comprises a face-centered cubic (fcc) packing, in which all cations are placed
at the body center positions and only half of the anion sites are filled at the cubic corner, which leads to a
high oxygen deficiency in the fluorite structure [7,11]. Fig. 2 schematically presents the ideal crystal
structure and diffusion paths of an oxygen ion for the fluorite structured material in (a) and (b), and the
perovskite structured material in (c) and (d). More recently, dual-phase ceramic membrane materials have
been investigated consisting of one phase which is responsible for oxygen ion transport and the other
phase for electronic transport [26]. In some cases, dual-phase ceramic membranes can also be considered
in order to improve the mechanical and chemical stability of membrane, which is difficult to achieve by one

single-phase membrane [27].
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the fluorite structure

{d) Oxygen transport path in
the perovskite structure
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Fig. 2: Crystal structure and oxygen ion diffusion path in the fluorite structure (a and b), and in the

perovskite structure (c and d), [28].
2.1.1. Asymmetric MIEC membranes

An asymmetric membrane configuration consists of a multilayer system in which a thin membrane layer is
mechanically supported by a macro-porous layer. In order to have a successful asymmetric membrane, the

support layer has to fulfill the following requirements, regardless of which fabrication technique is used [9].

e Mechanically stable at membrane application temperature;

e Thermally compatible, i.e. comparable thermal expansion coefficient (TEC) to membrane
layer materials;

e Chemically stable during fabrication (sintering) and membrane application temperature
and atmosphere;

e High gas permeability (sufficient gas supply to membrane reaction site)

In the asymmetric configuration, the high membrane performance (oxygen flux) can easily be achieved by
reducing the thickness below the characteristic thickness [24,29], such that bulk diffusion never becomes
the rate limiting step. As stated earlier, the oxygen permeation flux is inversely proportional to the
membrane thickness when the oxygen transfer is limited by bulk diffusion, as demonstrated by the following

equation:

Chapter 2: Background Page | 5



J RTci.oe PO, ,high
16 F“L(ci+oe) PO, ,low

(M

where Jo: is the oxygen permeation flux; R, the gas constant; T, the temperature; oi and ce are the ionic

and electronic conductivity respectively; F, the Faraday constant; L, the membrane thickness and pO2high

and pOz,low are oxygen partial pressures at oxygen feed side and sweep side, respectively.

Oxygen transport membranes (OTMs) are an interesting new technology for the separation of oxygen from

atmospheric air. The performance, efficiency and potential for market entry of an OTM is depending on

several factors as sketched in Fig. 3.
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Fig. 3: The requirements for designing of an asymmetric membrane

Some of these factors, such as typical state of the art materials for membrane, support layers, catalytic

layers, designs and performance parameters, are briefly reviewed in the next sections with focus on ceria

based asymmetric OTMs most relevant for this work.
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2.1.2. Oxygen transport mechanism in asymmetric membrane

Oxygen transport through asymmetric oxygen membrane involves five distinct steps which are tabulated in

Table 1. The very first step is the mass transfer of oxygen/air molecules to the membrane surface for further

electro-catalytic activity. The oxidation reaction will occur at the catalytic interface, resulting in dissociation

of oxygen molecules into oxygen ions (0% on the feed side. Once dissociated, the oxygen ions diffuse

across the bulk membrane layer. The rate of oxygen transport can be accelerated by reducing the thickness

or selecting a membrane material (composition) which has high oxygen vacancy concentration.

Subsequently, the association of oxygen ions into oxygen molecules occurs at the permeate side of the

membrane. Finally, the oxygen molecules will be transported across the think porous layer. The oxygen

transport through the porous layers highly depends on the microstructure (porosity, pore size, pore

connectivity) of the porous layer.

Table 1: List of steps involved in oxygen transport in porous supported asymmetric oxygen membrane

Step Transport Controlling factor
i.  Oxygen supply to the Mass transfer of oxygen molecules to | Oxygen partial pressure
membrane the membrane catalytic surface
i.  Surface exchange Dissociation of oxygen molecules into | Rate of dissociation of
kinetics oxygen ions by electro-catalytic oxygen ions from Oz
activity
iii. Bulk diffusion Transport of oxygen ions through Membrane thickness and
membrane material composition
iv. Surface exchange Association of oxygen ions into Rate of association of
kinetics oxygen molecules by electro-catalytic oxygen ions into Oz
activity
v.  Transport of oxygen Mass transfer of oxygen from the Supports gas permeability
through macro-porous | membrane catalytic surface through .
Oxygen partial pressure
layer macro-porous layer
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The diffusion of oxygen ions across the bulk membrane would be the rate-limiting step if the membrane
thickness is above a characteristic thickness (presented schematically in Fig. 4, black line (2)). It is reported
that most of MIEC materials have a characteristic thickness between 200-300 um [15,16]. If the membrane
thickness is reduced below the characteristic thickness, then the surface exchange becomes the rate-limiting
step (shown in Fig. 4, red line (1)). However, the oxygen flux can be further increased by improving the
surface exchange kinetics by integrating a highly permeable porous support and a highly efficient-catalytic
layer prepared from nano sized particles [11]. It should be noted that the porous layer should have sufficient
porosity and open structures so that oxygen molecules can be tranpsorted across the support very easily.
Otherwise, the oxygen flux of the membrane will be controlled by the oxygen diffusion rate in the porous

layer rather bulk diffusion in the membrane (schematically is shown in Fig. 4, white line (3)).
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Fig. 4: Steps involved during oxygen transportin an asymmetric membrane, 1) oxygen transport controlled

by surface exchange kinetics, 2) oxygen transport controlled by bulk diffusion, 3) oxygen transport

controlled by gas diffusion through porous layer.

In order to improve the oxygen flux further, the kinetics of the catalytic layers (dissociation and association
of oxygen molecules) has to be improved by using high performance electro-catalytic materials. It was
widely researched and reported in the area of catalytic material development for SOFC application in order
to improve very significantly electro-chemical oxidation/reduction activity at elevated temperature and also

reduce the operation temperature [30-33]. It was found in the literature that the electro-catalytic layer can
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be prepared with enhanced catalytic activity by infiltration of nano particles of these materials into porous
backbone structures, since only small of amounts of material used will not diminish the total porosity of the
structure. Hence, this novel route can be used to prepare high performance catalytic layers if integrated
with high oxygen flux membranes [31]. F. Zhao et al. have reported that LSC catalytic layers prepared by
this route shows remarkable performance in term of high resistance to thermal cycling and thermal shock,

due to the use of impregnated nano catalytic particles rather than bulk particles [34].
2.1.3. Factors influencing the membrane performance

The membrane performance (oxygen flux) is not only related to membrane materials but it also depends
on the membrane design & configurations and membrane operating conditions. In an asymmetric
configuration, the porous support structure might have a considerable thickness (compared to the active
membrane layer) and might therefore limit the gas transport. Hence, the support layer should have a
microstructure that results in high gas permeabilities and sufficiently high gas transport. Furthermore, the
support needs to have high mechanical strength. Another parameter which influences of membrane
performance is the sintering conditions adapted during membrane preparation. In one study, C. Fan et al.
reported that LSCF (Lao.sSro.4Coo.2Fe0s803-5) membranes sintered at 1250 °C and 1300 °C displayed different
oxygen flux performance, due to the presence of impurities in the perovskite phase after sintering at 1250
°C. Hence, the optimization of the sintering cycle is an essential activity to ensure higher performance by
reaching the desired microstructural development [17]. Another influential parameter on the membrane
performance is the operating conditions in which the membrane has been tested. The temperature
dependence of the oxygen flux through the membrane was studied between 700 and 925 °C for an alumina
doped SCF (SrCoo.sFe0.203-5) membrane by C. Zhang et al. It was noticed that the oxygen permeation flux
increases sharply with temperature from 0.04 to 1.06 mL (STP)/cm? from 700 to 925 °C which mainly due to
acceleration in surface reaction kinetics and bulk diffusion [12]. This study reveals that the operating
temperature plays a vital role in the oxygen permeation of the perovskite structured SCF membrane. It is
also obvious that different flow rates of feed and sweep gas will influence the membrane performance. By
varying the flow rate of the sweep gas, the oxygen flux can be decreased or increased in the effect of
changes in oxygen partial pressure on the permeate side. [18]. Stability over the period at elevated
operational condition is another important factor to be considered and studied when evaluating the
membrane degradation. In the literature, it is reported that the oxygen permeation flux and membrane

reactor performance has been reduced as function of time [19,20]. It is stated that the stability of a
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Bao.5Sro.5Coo.8Fe0.203 (BSCF) membrane deteriorated over the period and the membrane performance of CH4
conversion decreases to 93 %, because BSCF membranes are unstable in CO2 enriched atmospheres [19].
Moreover, BSCF materials are known to be susceptible to reduction of the cobalt ions into metallic cobalt
under very low oxygen conditions [15,17]. Recently, it was reported that a thin CGO membrane exhibits
good stability towards harsh operating conditions such as low pO2 and COz atmospheres, resulting in a high

oxygen flux of 16 N ml min~" cm~2 at 900 °C [1].

2.2. Membrane architecture of an asymmetric membrane

There have been some studies which are focused on designing favorable membrane architectures by using
different geometries, i.e. planar, tubular, hollow fibers, and honeycomb structures, as shown in Fig. 5.
However, each design has own merits and demerits. Various process/ fabrication methods have been
employed to design asymmetric thin membranes on porous substrates. The selection of such technique
also depends on the desired product shapes, complexity in structure and mechanical and chemical integrity.
Planar membrane configurations can be prepared very easily using conventional fabrication techniques, i.e.
hydraulic pressing or tape casting. However, membrane sealing is one of the critical tasks that existed in
planar devices. Air Products USA has developed a refined planar configuration of asymmetric membrane
through tape casting process. The advantages of their configuration is its ability to withstand the mechanical
stresses caused by the compressed air, as it consists of central supported porous structures. Moreover, these
modules can easily be scaled up [6]. Other designs such as tubular and hollow fibre designs can be
manufactured using either extrusion processes or phase inversion methods. The high surface areato volume
ratio of these configurations will provide high membrane performance and make them superior over planar

devices. The sealing can also be done very easily in this case [35].
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Fig. 5: Different type of configurations used for designing oxygen transport membranes, (1) a planar CGO
asymmetric membrane [1], (2) refined Planar design for OTM [35], (3) asymmetric LSCF hollow fiber [36],
and, (4) a tubular asymmetric CGO membrane supported by porous MgO [37].

2.3. Fabrication and performance of asymmetric OTMs

Fabrication of successful asymmetric membranes requires a very detailed understanding of physical,
chemical, thermal and electronic properties of the material (porous and membrane layer) in order to
overcome the challenges during multilayer fabrication and sintering. Matching the thermal expansion of
the membrane and the support layer is one important aspect that need to be considered in order to avoid

stress development during the sintering process.
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2.3.1. Performance of single phase CGO membranes

Perovskite-structured compounds (i.e. BSCF) are interesting membrane materials which provide high
oxygen flux. However, they have poor chemical stability at reducing atmospheres and very low oxygen
partial pressure conditions [11]. Fluorite-structured gadolinium doped ceria (CGO) is another promising
candidate material for oxygen transport membrane applications due to its high phase stability under both
oxidizing and reducing atmospheres and its high ionic conductivity [1,18,38,39]. Choosing the appropriate
shaping method is essential to influence the properties of the membrane materials through the
microstructural development. Some of the techniques i.e. dry pressing, dip-coating and tape casting [17-
19] are still used to fabricate thin and thick membrane layers. Much of the conventional techniques can be
described as ceramic powder processing methods, which utilize prepared powders with a variety of binders
and pressing techniques to form pellets [31]. The list of CGO membranes prepared using different
fabrication techniques, including their sample thickness and membrane performance are presented in Table
2. As stated in section 2.2.2, the membrane performance is not only dependent on the membrane material,
but also the membrane configurations (thickness, shape) and operating conditions (temperature, pO:

difference) etc.

From Table 2, it can be seen that different configurations of CGO membranes have been prepared with a
wide range of thicknesses (10-1350 um) and tested at different operation conditions. For CGO membranes
in a self-supporting configuration (disk), thicknesses of only up to 500 pm can be achieved due to shaping
and mechanical strength constrains. The highest flux of 5.95 x10"%” mol s”' cm?was achieved for a 500 pm
thick disk-shaped membrane with an oxygen partial pressure gradient of 21 kPa/0.5 kPa. In the asymmetric
planar configuration, an oxygen flux of 3.72 x10°% mol s”" cm? was achieved at 820 °C for a sample thickness
of 30 um. The same performance was achieved with a membrane of similar thickness at 1000 °C, although
the two membranes had slightly different type of porous layer material and the sweep gas used (which may
develop differences in the pO2 across the membrane). Another studies by A. Kaiser et al [1], reported oxygen
fluxes of more than 16 Nml min"" cm™ (equal to 1.19 x10°% mol s' cm™) at 850 °C, using 30 pm planar
asymmetric CGO membranes prepared by tape casting of different layers and subsequent lamination [1] by
placing the membrane between air and humidified hydrogen with a pO: difference of 20 times. The
membrane developed by A. Kaiser et al. showed high thermal and chemical stability at reducing syngas
operation conditions [38]. The oxygen flux of 16 Nml min! cm is considered to be the highest value

achieved in term of asymmetric CGO membrane reported in the literature as per the author’s knowledge.
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These results motivated the author to consider further research on the fabrication and performance of CGO
asymmetric membrane on tubular configuration.
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Table 2 : Oxygen permeation flux of CGO based membranes

J '/pO2” Thick
Membrane | Temperature 0: pO2'/p0: lckness Support
. . Shape . Process Year Reference
material (°C) (mol s em?) ( material
um)
Air/--- Self-
CGO20 850 6.00 x10°"1 i/ Disk 1350 e Pressing 2003 [36]
supporting
CGO10 850 5.00 x10°%° Air/--- Disk 1250 Self- Pressing 2003 [36]
supporting
Air/H If-
CGO20 950 5.95 x10°%7 Ir/He Disk 500 Self- Pressing 2008 37]
supporting
CGO10 Tubular | 270-420 Self- Thermoplastic 2004 38]
supporting extrusion
CGO10 600 Air/Ha-N2 Planar 210 NiO/CGO10 |  Tape casting 2006 [40]
CGO10 820 37 x1006 | ArHesteam | 30 Ni-YSZ Tape casting/ 2011 35]
Pressing
CGO10 900 119 x1005 | Alr/Hesteam | oy o 30 Ni-YSZ Tape casting + 2011 [14]
Lamination
CGO10 1000 3.72 x107 Air/Argon- planar 27 CGO Tape casting + 2011 [12]
CHas Lamination
) Pressing/
R h fuel
CGO10 600 ‘22”"‘;:0 dze Planar 10 Ni/CGO10 | Electrophoretic 2005 [39]
infiltration

CG020 (Ce0.80Gd0.202-5), CGO10 (Ce0.9Gdo.101.95-6) JO2 (mol s cm2=1.35 x108 Nml min' cm™)
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2.3.2. Fabrication of porous support layers for asymmetric membranes

The microstructure (porosity and pore size distribution) of the porous layer of the membranes are highly
dependent on the chemical nature of the starting powders, the particle size and distributions, the weight
ratio of the ceramic powder to polymer binder, sintering conditions and densification behavior. To attain
the desired microstructure, the right amount of pore former has to be included along with the ceramic. A
data compilation of porous layers for asymmetric oxygen transport membranes prepared using different
techniques with different thicknesses is presented in Table 3. The table lists membrane and support
fabrication methods, materials used for both components, as well as thickness, pore-forming agent and
pore size of the support. It should be noted that disk-based membranes, in which dry pressing technique is
extensively used, have been widely researched to evaluate material performance (ref Table 3). However, the
membrane thickness can only be reduced down to 150 um by dry pressing method [40], where as other
fabrication methods such as spin or spray coating are capable of producing thickness under 20 pm. Chang
et al. produced crack-free dense MIEC membranes on porous supports via dry pressing, showing the O
flux to be ten times higher in the supported MIEC membrane than in the self-supported membrane, due to
reduction of the thicknesses from 1000 um to 200 um (about 5 times) [41]. It was also reported in Table 3
that different types of organic pore formers have been widely used in order to enhance the porosity (26 to

46 %) of the support layer.

Tape casting and extrusion processes are efficient fabrication techniques to prepare porous supports in an
industrial scale. The tape casting processes have been extensively researched to design Planar membrane
and SOFC devices [8,42-44]. However, a very limited research on tubular oxygen membrane with
asymmetric configuration using extrusion have been reported [12,45]. The advantage of such a tubular
geometry is that it provides higher surface area/volume and easier high-temperature sealing than Planar
devices [12]. A number of other benefits include ease of manufacturing using extrusion and dimensional
stability under temperature and oxygen activity gradients [46]. A study by W. Hsieh et al. [47] demonstrated
that an electrolyte-supported tubular SOFC can be prepared using extrusion and dip-coating and
thicknesses of 210 and 28-34 um can be achieved for electrolyte and catalytic layers, respectively, with
good adhesion between the layers. Another study by Z. Liu et al. [48] reported that a crack-free asymmetric
tubular perovskite membrane with a thickness of 20 um could be prepared using extrusion and spraydrying.

With the asymmetric design the oxygen flux performance was almost 1.35 times higher than with the
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symmetric configuration, and the membrane was stable under low pO: conditions over 200 h. It is therefore

evident that the membrane performance and stability could be improved by an asymmetric configuration.

In order to prepare such tubular membranes, high green strength and dimensional accuracy of the
components is essential during shaping process and, the thermoplastic ceramic route is a suitable route to
process such ceramic components. By this route, Defne et al. [13] have prepared a self-supporting tubular
LaFeOs3 membrane with thickness of 250-470 pum. However, the fabrication method can be also used to
design and fabricate thin planar, tubular and honeycomb structures with a high dimensional accuracy. The

main disadvantage of the technique is the very critical and time consuming de-bindering process [49,50].
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Table 3. Data compilation of the porous supports used in asymmetric membranes

Membrane / Porosity | Pore size
Membrane / Membrane / Support Support
Type . . Pore former Year Reference
Support material process thickness
(%) (um)

(pm/mm)
Planar LSCF/ LSCF Slip casting / Dry pressing 200/1.5 Inorganic pore former 0.5 2001 [51]
Planar La>NiO4+5/ AlO3 Coating 40/xxx 40 2003 [52]
Planar SFC/ SFC Dry pressing 190/0.9 Carbon fiber 26 2005 [53]

Micro
tubular BCFC/ BCFC Phase inversion process 175 2005 [54]
Micro
tubular LSCF/ LSCF Phase inversion process 220 2005 [36]
Planar YSZ/ NiO-YSZ Coating/ Dry pressing 7/1.5 2006 [55]
SCFZ-0.4MgO /
Planar MgO-0.4SCFZ Dry pressing 200/1.0 Active carbon 0.8 2006 [41]
Planar LSFG/ LSFG Tape casting 120/0.82 Cornstarch 28 1.9 2006 [42]
Planar LSF-SFA/ LSF Dry pressing 500/1.4 Graphite 2006 [56]
Planar BSCF/ BSCF Dry pressing 25/1.1 2007 [57]
Tubular SCFA Extrusion 900 2007 [12]
Tubular LFC-LSFT Extrusion 250-470 2007 [13]
Planar GDC-LSFN/ Ni Slip casting / Dry pressing 10/1.0 20-40 2010 [58]
Tubular | LSFN/ LSFN Dry pressing 700 2010 [59]
Planar BSCF/ BSCF Tape casting 70/0.83 Cornstarch 34 2011 [8]
Tubular | SCFZ/ SCFZ Spray coating /Extrusion 20/0.7 Inorganic pore former 2012 [48]
Planar SDC-SDC/ SSAF Dry pressing 800 2013 [60]
Planar BSCF/ BSCF Tape casting 800 Cornstarch 34 2013 [43]
Planar CGO/ CGO Tape casting 200/0.3 Graphite 43-46 2013
Planar BSCF/ BSCF Tape casting 20/0.9 Cornstarch 40-41 1.6 2014 [44]
Planar BSCF/ BSCF Dry pressing 150-500/0.9 Organics 30 2014
Planar BCFN/ BCFN Dip-coating/ dry pressing 20/0.98 Graphite 33 3.3 2014 [61]
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From Table 3, it can be seen that most of the membrane configurations consist of the same material for
both the membrane and porous support layer, in order to avoid stress induced from differences in the
thermal expansion coefficient (TEC) [35]. Other than a TEC match, the support layer materials for asymmetric
membranes should have a low material cost, high thermal and chemical stability in the harsh operating
environment, and good mechanical properties at elevated temperatures [37]. Cheng Li et al. have reported
the preparation of disk-shaped membranes supported on a low-cost support material such as aluminium
oxide (Al203) [52]. However, alumina has too low thermal expansion of 8 x10°® °C™' [62], which makes it
unsuitable as a potential support material for perovskite and ceria based composite membranes, which
have high TEC value over 12 x10° °C". It is reported that another potential material such as magnesium
oxide (MgO) satisfies these requirements [63,64] since it has a relatively high TEC), closer to the values for
perovskite or ceria-based composites, and can thus be easily integrated with these membrane materials
in multi-layered structures without failure during processing as a result of expansion mismatches [65].
Previously F. Valdivieso et al. demonstrated that MgO supports with large and stable pores can be obtained
for application in long life fission products in which the porous supports should have thermal stability of
porosity to avoid densification the temperature < 1600 °C [66]. H. Middleton et al. investigated the
possibility using of porous MgO supports for membranes prepared via co-casting and co-sintering
processes [67]. It was stated that the MgO support's porosity can be tailored to between 26 and 42 %
porosity by altering the pre-calcination temperature of MgO powder from 1000 °C to 1200 °C. Moreover, it
was given an indication that MgO supports show high structural stability even atvery high temperature and
that a wide range of porosity can be obtained by pre-treating the starting MgO powder. These are some
reasons which motivated us to consider MgO as possible candidate material for the porous support layer
in this PhD work on asymmetric CGO membrane preparation and testing. Moreover, to the author’s
knowledge studies are not available that deal with the preparation and testing of asymmetric tubular CGO
membranes for use in syngas reactors or in similar applications. Hence, this work may fill the research gap

in this area.
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3. Objectives of work and outline of thesis

This thesis deals with the fabrication and characterization of asymmetric ceramic oxygen transport
membranes (OTMs), based on a cheap porous support material (magnesium oxide, MgO) and a thin film
ceria based oxygen membrane (cerium gadolinium oxide). Fabrication processes were chosen that are up -
scalable and that allow cost effective fabrication of mechanically robust tubular multi-layers for use as
oxygen transport membranes (dimensions of tubes: length 30-40 mm, diameter 10-11 mm and wall

thickness 0.8 to 0.9 mm).

The thesis addresses several aspects in ceramic processing of such asymmetric oxygen transport

membranes (OTM) which are discussed in different sections in the result section, and include:

(a) Fabrication of thin-walled tubes of a cheap, suitable and available support material by thermoplastic

extrusion.

(b) Tailoring of the microstructure of the support structure, including the understanding of the relations
between microstructure and gas permeability (to eliminate gas transport limitations), and to improve

mechanical properties.

(c) Challenges that arise due to the simultaneous firing of porous (support) layer and dense membrane,

such as stress development due to differences in densification rates.

(d) Preparation of fully functional tubular asymmetric oxygen transport membranes by dip-coating of
catalytic and membrane layers on MgO support tubes for performance characterization (oxygen permeation

tests).

A primary aim of this thesis was to establish a manufacturing method for producing porous MgO tubes by
thermoplastic extrusion which would allow the fabrication of thin-walled (0.5 to 1 mm), form-stable
structures with open porosities of 30 to 48 %. Section 5.1 (publication I) summarizes the studies on the
influence of the extrusion mass composition (feedstock) and sintering conditions on the resulting
microstructure and properties of the MgO structure for the use as support in OTMs. Major parameters that

are investigated are the concentration of thermoplastic binder, ceramic and pore former.

In section 5.2 (publication Il), the microstructure, densification behavior, gas permeability and mechanical
properties of the porous MgO support material was discussed as a function of pore former, pore former
type and sintering temperature. Special emphasis was given to the characterization of the pore structure

(e.g. pore size distribution) in the MgO support, using different techniques such as scanning electron
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microscopy and Hg porosimetry. Additionally, the improvement in the permeability of MgO support from
combining two fugitive pore formers (spherical graphite and PMMA) and economic analysis of MgO support

were discussed in section 5.3 (publication IlI).

Dip-coating experiments of green (unfired) MgO tubes with a thin membrane layer of CGO (Ce0.9Gd0.101.95-5)
were carried out to support the modeling of stress development during constrained sintering of such a
typical bi-layered oxygen membrane structure. Validating these models were then possible by analyzing
the data from the constrained sintering experiment of the two layers. The experimental part and some brief
conclusions on the modeling results (from the thesis of TT Molla) are summarized in Section 5.4 (a joint

publication IV).

The final goal of this thesis (Section 5.5, publication V) was the preparation and testing of a full
asymmetric, tubular MgO-supported CGO membrane under syngas operation conditions. For this purpose
the CGO membrane and the suitable catalytic layers were applied on the MgO supports by dip-coating,
followed by a co-sintering procedure. The challenge was to establish a homogenous coating on the outer
tube surface for the different functional layers and to produce defect free gas-tight membrane samples

after co-sintering.
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4. Experimental methods

4.1. Raw materials processing
4.1.1. Raw materials

For preparation of porous MgO tubes by thermoplastic extrusion, MgO powder (Product #12R-0801,
Inframat Advanced Materials, USA), pore former, a thermoplastic binder (Elvax 250, Du Pont, USA), paraffin
wax (Sigma-Aldrich, USA) as a plasticizer, and stearic acid (Sigma-Aldrich, USA) as a dispersant were used.
Three type of pore formers were used in the feedstock composition, namely: a graphite powder, flaky type
(V-UF1 99.9, Graphit Kropfmuhl AG, Germany) referred to as (FL), another graphite spherical type (TIMREX®
KS6, TIMCAL, Switzerland) referred to as (SP) and PMMA (Poly methyl methacrylate, MR 10G, Exprix
technologies, USA) referred as (PM). For preparation of the membrane and catalytic layers CGO (GDC-10
TC, 10 % Gadolium doped Ceria, Fuel Cell Materials), Nickel oxide (NiO-11316GNO, Novamet products,
USA) was used.

4.1.2. Raw Materials Characterization (PSD, BET and SEM)

It is very important to characterize the properties of the starting raw materials, since powder properties will
influence the following processing steps; i.e. powder dispersion/mixing, flow behavior (rheology) and
especially sintering and the final microstructure. For measuring the particle size distribution (PSD) and the
specific surface area, the powders were mixed with ethanol and de-agglomerated for 24 h using a ball mill.
The dried raw and calcined powders of MgO, CGO and the graphite were dispersed with ethanol to measure
the PSD with a particle size analyzer (LS 13320, Beckman coulter, Inc, USA). The Brunauer, Emmet and Teller
(BET) specific surface area of the powders was determined using an Autosorb-1 analyzer (Quantachrome
Instruments, USA). The morphology of the powders were investigated using a scanning electron microscope
(SUPRA35, Carl Zeiss, Germany). A thermo-gravimetric balance (STA 409 CD, Netzsch GmbH, Germany) was
used to study the decomposition behavior of the thermoplastic binder system (EVA, paraffin, stearic acid)
and the graphite pore former in the MgO feedstock during de-bindering in air. The instrument was
equipped with programmable temperature and gas change sequences. All experiments were conducted

with a heating rate of 1 °C min™" and an air flow of 100 ml min™".
4.1.3. Raw powder pre-conditioning

The uncalcined MgO powder had a very large surface area of 78 m?/g (BET) and consisted of extremely fine

(nanometric) primary particles that could not be fully de-agglomerated by kneading or pre-dispersion in

Chapter 4: Experimental methods Page | 21


http://www.quantachrome.com/aboutus.html
http://www.quantachrome.com/aboutus.html

stearic acid. For better dispersion (easier de-agglomeration), the raw ceramic powders (MgO) were pre-

calcined at 1000 °C with a heating rate of 100°C/h for 10 h to reduce the surface area of the powder from
78 m?/g to 10.8 m?/g. Further de-agglomeration of the pre-calcined MgO powder could then be achieved
by milling and pre-coating with stearic acid. Stearic acid (37 ml) was dissolved in 1-propanol (1500 ml) and
ball milled for 2 h to obtain complete mixing. Approximately 585 g of MgO was added to this mixture. The
solvent was removed from the MgO slurry by drying on a hot plate for 24 hat 90 °C. This stearic acid coating
helped to reduce the tendency of the fine MgO raw powder to adsorb water and agglomerate, and further

improved the powder handling (e.g. significantly reduced dust formation during the kneading process).

The as-received CGO powder showed some level of agglomeration (small peaks on the sides of the main
peak in the PSD graphs), but did generally have a smooth distribution centered on 1.46 um (d50). After
calcination at 1000 °C, the primary particle size had increased as expected, resulting in a broadened single
particle size distribution with a d50 value of 2.14 pum. Another reason for the pre-calcining at 1000 °C was

to closely match the shrinkage behavior to that of the MgO layer during co-sintering process.
4.2. Preparation of porous MgO support structures

In this study, the term "feedstock” refers to the mixture of thermoplastic and ceramic compounds used to
prepare warm-pressed planar structures or extruded tubes. Previous studies [68] have shown that
thermoplastic compositions designed for injection molding or thermoplastic extrusion can be shaped by
warm pressing and give similar microstructures to extruded samples (when the process was carefully
controlled). In material development and optimization of feedstock compositions it is therefore possible,
and often convenient, to warm press samples for principal investigations instead of extruding the

feedstocks, since this requires relatively large batch sizes (of 200 to 500 g).
4.2.1. MgO feedstock preparation

Two differently sized kneaders have been used to prepare the feedstock for two different shaping process
i.e. warm pressing and extrusion. The Brabender N50 kneader (operating volume 55 ml) was used to prepare
smaller batch size for warm pressing. The big kneader (Linden, Type BK20-Vol 500 ml, Germany) was used

for preparing the feedstock for extrusion process.

After powder pre-treatment, all three types of ingredients (treated MgO powder, the graphite and the
polymers, compositions as shown in Table 4) were weighed and added to kneader in the following order

to achieve homogeneous mixing.
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First, the kneader was heated to an operation temperature of 100 °C, filled with half of the amount of the
MgO powder and allowed to run at low speed (10 RPM) to transfer heat to the MgO powder and break
down larger aggregates. The typical curve of torque and temperature plotted against mixing time reveals a
sharp decrease in stock temperature whenever cold material is added to the kneader. In the 2™ step, the
polymers (Elvax 250 and Parafin wax) and the remaining MgO powder were added stepwise. After a
homogeneous mixing of the mixture was achieved, the graphite powder was added.Table 4 shows

thermoplastic extrusion feedstock compositions prepared using the three different pore formers.

Table 4: Thermoplastic feedstock composition using different pore formers.

Code Kneader MgO content Polymer & Pore former Type of pore
Temperature additives former
(°Q) (Vol.%) (Vol.%) (Vol.%)
MP-FL 100 39 42 19 Flaky graphite
MP-SP 100 34 46 20 Spherical graphite
MP-PM 65 34 46 20 PMMA

Normally, the process of filling will take minimum 15 to 20 mins and varies based on the feedstock
composition. If the recipe contains more polymers, it consumes less time for filling, vice versa more time in
case of a higher solid loading. After filling, the mixture is kneaded for 30 mins at 30 rpm until a constant
torque value of about >20 Nm is achieved. The typical torque curve is shown in Fig. 6. In phase 1, the
torque started to increase due to addition of polymer in the kneader, in phase 2 the torque further increases
due to addition of ceramic and graphite powder and decreases further when the polymer is thoroughly
covering the ceramic particle, and in phase 3 the torque reaches a constant level indicating a homogenous

mixture.
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Fig. 6: Typical torque curve of a thermoplastic feedstock system.
4.2.2. Methods of feedstock characterization

The green densities of the warm-pressed and extruded samples were measured by the geometrical method
and Helium pycnometry. The packing density of green (as-prepared) samples was calculated from the ratio
between the measured green density and the expected green density (calculated by the density and volume
fraction of each feedstock component) and compared to how well the particles are packed together. This

was performed in order to verify the reproducibility of feedstock preparation.

A thermo-gravimetric balance (STA 409 CD, Netzsch GmbH, Germany) was used to study the decomposition
behavior of different thermoplastic feedstocks (various combination of MgO, polymer and pore formers)
during de-bindering in air. The instrument was equipped with programmable temperature and gas change

sequences. All experiments were conducted with a heating rate of 1 °C min"! and an air flow of 100 ml min-

1
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4.2.3. Warm pressing of porous MgO structures

For fast screening and characterization of the influence of the feedstock composition on the final properties,
especially densification behavior and porosity, the different feedstocks were prepared in small quantities of
about 50 ml in the mixer (as described above) and warm pressed into a rectangular shape with dimensions
35mm x 50 mm x 1-2 mm (width, length and height) using a Fortune Isostatic press (Model TP600) by
applying a load of 100 KN at 100 °C. It was assumed that the final properties of the thermoplastic
compositions were independent on the used shaping method (pressing or extrusion at 100 °C).
Furthermore, extrusion of feedstocks requires batch sizes that are about 10 times larger than those for warm
pressing, increasing the efforts (processing time and amount of material) beyond the scope of this study.
Selected compositions were also extruded into tubular shape to investigate and compare the properties of

pressed and extruded samples during processing and with respect to the final properties.
4.2.4. Extrusion of porous MgO tubes

Thermoplastic extrusion was used to shape support tubes asthe process is capable of producing thin walled,
form-stable substrates suitable for further membrane processing by dip-coating process. The extruder
(Model 19/20DN Brabender, Germany) used dedicated oil baths to achieve the desired temperatures of 100
°C and 90 °C for the extruder chamber and die head, respectively. The feedstocks were shaped into tubes
using a die assembly with inner and outer diameters of 12 mm and 14 mm, respectively. The die head
temperature was always kept 10 °C lower than the chamber temperature to ensure form stability of the tube
at the exit of the die. An extruder speed of 10 rpm was used for all experiments. Some of the polymeric
pore former (PMMA) has a low melting point and it was necessary to optimize the extruder temperature to
ensure a stable structure. l.e Feedstock (MP-PM) was extruded using lower temperatures (extruder chamber:
75 °C, die head: 70 °C) as the addition of a polymeric pore former produced a feedstock with lower viscosity.
MgO, thermoplastic binders and graphite were used to develop thermoplastic feedstocks. These feedstock
were designed to attain a desirable plasticity which make them easily extrudable at 100 °C due to high
concentration of low melting polymers. Then, the MgO feedstocks were extruded into tubes (14 mm outer
diameter and 1 mm wall thickness) using a Brabender extruder 19/20DN to prepare a porous form-stable
structure with a uniform layer thickness. Fig. 7 shows the image taken during thermoplastic extrusion

process.
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Fig. 7: Extrusion of a tubular device using a thermoplastic feedstock.

4.2.5. De-bindering and sintering of the porous MgO support

For the preliminary studies on feedstock development, the warm pressed/extruded tubes were de-bindered
at different temperatures and heating rates as presented in Fig. 8. Additionally, selected compositions of
warm-pressed and extruded samples were sintered at various temperatures between 1250 °C and 1400 °C
in order to investigate the influence of the sintering temperature on the final properties. The de-bindering

cycle was chosen based on the feedstock composition (type and quantity of pore former).
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Fig. 8: De-bindering cycle derived from thermo gravimetric experiments for all three supports; MP-FL

(Flaky graphite), MP-SP (Spherical graphite) and MP-PM (PMMA).
4.2.6. Characterization of MgO support structures

The properties of the different sintered MgO layers were characterized by Mercury Intrusion Porosimetry
(MIP), Electron microscopy, Image analysis, Gas permeation and Mechanical testing, as will be described in

detail in this section.

Porosimetry measurements were conducted using a Pore Master (PR-60 GT, Micromeritics, USA). Samples
with weights of 0.9 to 1.1 g were measured in a penetrometer with a 5 cm? bulb volume and a usable Hg
volume in the penetrometer stem of 0.392 cm?, allowing for a maximum measureable pore volume of 0.366
cm?. All measurements were run between 5 Pa and 420 MPa, translating into a measurement range of pore

diameters between 240 ym and 0.003 um [69].
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The microstructure of the samples was studied using scanning electron microscopy (SEM) (SUPRA35, Carl
Zeiss, Germany). The samples for the microstructural characterization were prepared using lap polishing
with decreasing coarseness of sandpaper/polishing solution, where the last stage of polishing was with a

0.25 um diamond paste.

For image analysis, the MAT LAB software was used to analyse the phase distribution of polished cross
sections. It allows setting a simple threshold, applying limited pre- and post-processing steps and analysing
the particle size distribution and interface area of the segmentation. The ultimate aim of this study is to

compare the obtained result with mercury porosimetry experiment results [70].

Gas permeation measurements were carried out using an in-house built system. The setup consists of a gas
supply unit, a testing chamber and a unit for measuring the flow of the gas that permeates the sample to
be measured. The typical specimen size is a tubular supports with an area of approximately 10 to 20 cm?.
The thickness of the different porous MgO support samples varies from 0.85 to 0.90 mm. A pressure
difference across the samples was created using an electropneumatic pressure controller (Tescom, ER3000,
USA). The flow of permeated gas was measured using a flow meter (Agilent, USA). The measurements were
made with a pressure difference ranging from 50 to 400 kPa at room temperature and with nitrogen as the

permeate gas.

VS§ V7

h

V6 Gas outlet

Gas inlet V3
Sample
PI1-PI3 =» Pressure indicators
PI1 V1 PI2 V2 V4 V1-V7 =»Controlling valves

FI1 =»Flow indicator

Ly

Pressurized chamber

Fig. 9: Schematic diagram of gas permeation setup.
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MgO tubes (MPG) sintered at different temperatures (1250 °C, 1300 °C, 1350 °C and 1400 °C) were glued
at one end to a steel fixture and to a polymer composite enclosure at the other. Then gas permeation

measurements were carried out in order to quantify the gas permeability using the Darcy equation:
J=-kiu. vP 2)

where, k is the permeability (m?), j is the flux (m3/m?.s), W is the viscosity of the gas (Pa.s), and VP is the

pressure gradient (pressure (Pa)/sample thickness (m)).

The mechanical strength was measured by a 4-point bending test of sectored specimens, which is a variant
of the method developed in [46]. Sectored specimens were prepared by cutting the extruded tubes on the
long axis into 4 quarters, each subtending an angle of 90°. The cut surfaces of the specimens were ground
flat and then tested under four-point bending. A schematic of the specimen geometry and loading
configuration is shown in Fig. 10. A large tensile stress zone is created in the middle bottom region of the
specimen. The highest tensile stress is located away from the cut surfaces and therefore the measured

strength data were not influenced by defects introduced by the machining.

All experiments were conducted using specially designed test equipment for continuous testing of multiple
specimens under controlled environments. A schematic of the facility is shown in the literature [46]. The
loading fixture is composed of a specimen holder, a rocking lever, and a T-stand. The specimen holder is
controlled by an actuator (Parker, Model ET32) to move vertically through a connecting rod. The rocking
lever sits on the T-stand which is placed on top of two Model 41/00005 load cells manufactured by RDPE.
The entire fixture is housed inside a chamber with a furnace section that can be heated to high temperatures.
All specimens were tested at room temperature and 850 °C in atmospheric air. The rate of downward
movement of the actuator was 0.1 mm/s. The vertical displacement of the loading pins and the forces acting

on the support pins were measured continuously.
The elastic modulus E was obtained from the load-displacement curve based on the Euler-Bernoulli beam
theory,

3La? +2a°
6l

P
=7 3)

where d is the vertical displacement of the loading pins, P is the applied force, and | is the second moment

of area of the specimen cross section.
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To obtain the strength of each specimen, the maximum stress corresponding to the applied force at fracture
was computed by the finite element method using the commercial software Abaqus [71]. The measured
strength distribution was evaluated according to the conventional Weibull theory [72]. The probability of
fracture Pt is given by

Pr=1-—exp (— (Gml )m) 4

0o
where g,,,, is the maximum tensile stress in the specimen. The linear regression method was used to

compute the two Weibull parameters, namely the flexural strength ¢, and the Weibull modulus m.

Since the stress distribution in the specimen is multi-axial, the principle of independent action [73] was
employed in calculating the effective volume. This principle assumes that the principal stresses act

independently on fracture, which leads to an effective volume expression given by

we= | G )+ Gs) ) ®

amax Gmax Oma X

where a;, g,, o; are the three principal stresses, and V is the specimen volume. The effective volume was

determined numerically from the computed stress distributions from finite element analysis.

Owing to the statistical nature of the strength of ceramic materials, the Weibull parameters determined
from a finite number of specimens invariably deviate from that of the parent population. The uncertainty in
the measured Weibull parameters can be assessed by means of Monte Carlo simulations [74]. The
confidence intervals for the measured flexural strength and Weibull modulus were determined after carrying

out 10000 Monte Carlo runs for each set of tests.

!

Tensile stress zone

Fig. 10: Specimen geometry and loading configuration for strength testing.
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4.3. Preparation and testing of asymmetric tubular membranes

This section describes the preparation of slurries for the active oxygen membrane layer (functional layer)
and its application on MgO tubes by a specifically designed dip-coating process. Fig. 11 ((a) shows a
schematic of the prepared asymmetric tubular membrane architecture in which the porous MgO support
was fabricated using thermoplastic extrusion and the membrane and catalytic layers were prepared through
a dip-coating process from stabilized ceramic suspensions. This was followed by impregnation of catalytic
material into the porous backbone on the outside of the membrane. Fig. 11 (b)-(e) shows photographs of
tubular membranes after each progressing steps. The process starts from the extrusion of tubes, followed

by dip-coating and sintering of the catalytic layer (NiO-CGO), membrane layer (CGO) and porous CGO

(c)NiO-CGO, 1250 °C | (d) dense CGO,1300 °C |(e) porous CGO,1250 °C

Fig. 11: (a) Schematic of the manufactured asymmetric tubular membrane including the used materials, (b)
MgO tubes after thermoplastic extrusion, (c) Catalytic layer of NiO-CGO after coating and pre-sintering, d)
Dense CGO membrane layer after coating and sintering, €) Membrane after coating and sintering of porous
CGO layer with infiltration of LSC nano particles.

backbone layer for impregnation of nano particles of LSC.

(a)

— Membrane layer

. Porous CGO with (
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4.3.1. Slurry preparation for the dip-coating process

Three different slurries have been prepared:i) a CGO slurry for the dense membrane layer (CGO-M) ii) a
CGO slurry for the porous infiltration layer on the feed side (CGO-P) iii) a NiO-CGO slurry for the activation
layer on the permeate side. The slurry compositions are listed in Table 5. For the rheology measurement of
dip-coating ceramic suspensions, a rheometer (MCR302, Anton Paar, Sweden) was used. For the dense CGO
membrane preparation, a pre-calcined CGO powder (high solid loading -10 vol.% for better densification)
was dispersed in an ethanol based suspension with polyvinylpyrrolidone (PVP) as dispersant and
polyvinylbutyral (PVB) as binder. The resulting slurry for the dip- coating was homogenized by ball milling
for 72 h. For the preparation of the catalytic layer on the permeate side, a NiO-CGO (60:40 wt.%) based
cermet was used and the porosity will be introduced in the structure due to reduction of NiO to Ni. This
NiO-CGO suspension (total solid loading 5-6 vol.%) was prepared with low viscosity in order to cover the
MgO tube surface properly and to produce a very thin layer of coating. For the preparation of the catalytic
layer on the feed side, a porous CGO backbone has been established from the porous CGO suspension
using dip-coating process. This slurry contains about 20 wt.% of graphite pore former in order to create
porosity. Later a LSC (Lao.6Sro.4Co0O3-s) solution for the impregnation process has been prepared from the
respective nitrate solution of lanthanum (La), strontium (Sr) and cobalt (Co). The reason for using this
technique is that the catalytic activity can be enhanced by infiltration of nano particles of these materials
into porous backbone structure, since the small of amount material used will not diminish the total porosity
of the structure. For the rheology measurement of dip-coating ceramic suspensions, a rheometer (MCR302,

Anton Paar, Sweden) was used.

Table 5. Composition of NiO-CGO, dense (CGO-M) and porous (CGO-P) ethanol based suspensions.

Components NiO-CGO (60:40) CGO-M CGO-P
Nickel oxide --- ---
CGO (Low surface area) 2-6 vol-%

pre-calcined at 1000°C 10 vol.% 4-5 vol.%
Surfactant, PVP K10 3 vol.% 4 vol.% 5 vol.%
Graphite --- --- 20 vol.%
Binder, PVB K90 3 vol.% 5-6 vol.% 5-6 vol.%
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4.3.2. Coating and co-sintering of the functional layers

For the dip-coating of the three functional layers, an in-house constructed dip-coater has been used. The
dip-coating speed can be controlled accurately by a step engine, thereby allowing a very precise control of
the thickness and evenness of the coatings. The coating speed of 2.5 mm/s was employed all the
experiments. As shown in Fig. 11, the catalytic layer of NiO-CGO was coated on the green MgO tube and
pre-sintered at 1250 °C, followed by dip-coating and sintering of the second functional layer of dense CGO

and finally the porous CGO layer.

The porous MgO layer was prepared by thermoplastic extrusion of the feedstock containing ~66 vol.% of
binder organics and fugitive pore former. In order to remove the organic media, a de-bindering and
sintering cycle has been developed. Fig. 12 shows the sintering steps for the MgO substrate and the co-
sintering of the three functional layers such as the NiO-CGO layer, the dense CGO layer and the porous
CGO layer. Optimized heating rates of 0.25 °C min™" and 0.5 °C min"" were used in the 1t cycle for the de-
bindering and the sintering regime, respectively. A holding time of one hour at 300 °C, 400 °C and 670 °C
was implemented during the de-bindering cycle to ensure complete removal of organic matter. The
temperature was further raised to 1250 °C in order to initiate the partial sintering with the NiO-CGO layer,
and to improve the mechanical strength for safe handling during subsequent dip-coating of membrane

layers.
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Fig. 12: De-bindering and sintering cycles used for co-sintering of tubular membrane.

Before coating of the membrane CGO layer, the pre-sintered sample was coated again with a single coating
of the NiO-CGO suspensions in order to close any pores that may have developed during the pre-sintering
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of the NiO-CGO layer. The CGO membrane suspension was coated on the outside with NiO-CGO layer two
times to improve the chances of gas tightness of the dense membrane layer and to obtain a final sintered
thickness of approx. 20 to 30 um. After the coating, a heating rate of 0.5 °C min™! has been employed for
2" cycle, and a dwelling period of 1 h at 600 °C was applied to binder removal and later elevated to 1300
°C for 2 h (as shown in Fig. 12).

Finally, the outer (porous) CGO layer is dip-coated on the already sintered CGO dense layer. The component
was sintered at 1250 °C for 2 h. Subsequently, an aqueous solution (1 M) of the nitrates corresponding to
the nominal composition (Lao.sSro.4CoO3-s) was impregnated into the porous CGO layer 3 to 4 times and it
was thermally treated at 200 °C after each impregnation. Finally, the infiltrated component was de-bindered
at 400 °C to remove the polymer (surfactant, pluronic P-123) from the impregnated solution prior to the

membrane testing.
4.3.3. Testing of asymmetric tubular membranes

An illustration of the oxygen permeation test setup is shown in Fig. 13. The tubular membrane is connected
to alumina tubes via specially designed alumina transition pieces. The transition pieces and the sample are
mounted at room temperature using a glass ceramic paste consisting of Na20: 17.8 mol.%, Al203: 9.4 mol.%,
and SiO2: 72.8 mol.% and an organic solvent. Upon heating to approximately 900 °C this glass ceramic paste
can flow and seals the transition piece to both the membrane and the alumina tubes. The temperature near
both ends of the tubular sample is monitored by two thermocouples located inside the transition pieces.
Due to the length of the sample and the transition pieces, a temperature difference of approximately 10 °C
was measured at high temperature (900 °C). The alumina tubes connecting the tubular membrane sample
is connected to the gas supply system of the rig. The lower alumina tube connects to the gas supply system
where a variety of gasses can be prepared/supplied. When there is a difference in the chemical potential of
oxygen between the two sides, oxide ions will be transported through the membrane, resulting in a net flux
of oxygen through the membrane. The difference in chemical potential is typically realized by flowing air to
one side of the membrane (the feed side) and a sweep gas such as nitrogen or hydrogen to the other side

of the membrane (the permeate side).

The upper alumina tube, in which the permeate gas flows, is connected to an oxygen partial pressure sensor
and a mass flow meter. On the feed side of the membrane (outer side of the membrane) 30 NL/h (NL =
Normal liters) air was flowed at all times. On the permeate side of the membrane different flows of nitrogen

where utilized in order to characterize the membrane performance as a function of the flow rate. The oxygen
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flux through the membrane was calculated using the mass balance from the flow of the sweep gas and the
inlet and outlet oxygen partial pressures of the sweep gas from the equation 1 [39]. It should be noted that
there is a slight overpressure inside the tube, therefore it is known that the quantity of gaseous oxygen that

is transferred to the permeate stream via leaks/pinholes in the membrane is very limited.

(6)
(9)
Membrane+
Transition pieces
(8)

)
1. Membrane 6. pO, sensor -outlet
2. Glass sealent 7. Feed inlet
3. TC membrane inlet 8. Gas mixing panel
4. TC membrane outlet 9. Furance
5. pO, sensor -inlet 10. Insulation

Fig. 13: Schematic of the membrane rig setup.
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5. Results and discussion

This section will highlight the results on the development of an asymmetric thin film ceria membrane
supported by a porous magnesium oxide support. Section 5.1 describes the considerations for the design
of a thermoplastic feedstock composition that can result in MgO support tubes with required properties for
use in the asymmetric membrane. Section 5.2 deals with the fabrication and characterization of MgO
support structures and the effect of feedstock composition and sintering temperature. Section 5.3 describes
how the use of two different fugitive pore formers can improve the gas permeability of the MgO support
and also includes a cost analysis of the MgO support for further commercialization. Section 5.4 summarizes
the fabrication and sintering of a full asymmetric membrane by application of dip-coated catalytic layers
and the CGO membrane. Section 5.5 describes the results of oxygen permeation measurements on the

asymmetric membrane.

5.1. Design of thermoplastic feedstocks for porous MgO supports

MgO feedstocks were prepared with different combinations of ceramic, polymer and pore former content
in order to achieve form-stable components with the desired functional properties. Fig. 14 shows a ternary
compositional diagram used to visualize the feedstock development, where the fractions of ceramic (MgO),
polymer and pore former are shown. For compositions with very high solids loading (MgO and graphite) of
more than 65 vol.%, the feedstock could not be homogenized due to incomplete wetting of the polymer
and a very high viscosity (referred to as the “unmixable region”). At very high polymer contents above 65
vol.%, especially at high ratios of polymer to ceramic, the MgO structure deformed or collapsed during the
shaping or heat treatment; this region is labeled “"form instabilities”. In the region in the center of the ternary
diagram (where the polymer and graphite content exceeded 65 vol.%) the prepared feedstocks were form-
stable during extrusion, but the MgO structures were not mechanically stable after sintering. Hence, only
the white area of the compositional diagram, representing successful samples, was investigated in further
detail. The data points in this region illustrate the three strategies for systematically studying the feedstock
compositions (1) varying the polymer concentration (red data points, samples MP1-5), (2) increasing the
pore former concentration with a fixed MgO content (blue data points, samples PG2-3) and (3) increasing

the pore former concentration with a fixed polymer content (black data points, samples MG2-4).
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Fig. 14: (a) Ternary compositional diagram for thermoplastic MgO feedstocks, (b) the region of

feedstocks suitable for the extrusion process.

5.2. Properties of MgO support tubes related to feedstock compositions and sintering

temperature

For the preliminary studies on feedstock development, all samples were warm-pressed and sintered at 1275
°C for 2 h with a heating rate of 30 °C/h. The shrinkage, porosity, gas permeability, mechanical properties
of the MgO support as a function of feedstock composition, sintering temperature and pore former type

were discussed in this section.
5.2.1. Role of feedstock compositions

Fig. 15 summarizes the properties of MgO supports of different feedstock compositions after sintering at
1275 °C for 2 h. In Fig. 15 (@) as expected, the shrinkage and the porosity of the sintered MgO increased
gradually from 15 % to 21 % and from 9 % to 18 %, respectively, with increasing polymer content from 40
% to 60 % (MP1-MP5). It is clear that the porosity can be adjusted by simply changing the powder/polymer
ratio, which is an advantage of using thermoplastic processing. However, even at the highest polymer
content of 60 vol.% (the limit for producing a stable ceramic structure), the observed porosity of 18 % is

considered too low for sufficient gas permeability. Hence, the addition of a pore-former was required to
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create additional porosity. In Fig. 15 (a) it can be also seen that the packing density of the green warm-

pressed samples increased gradually with increasing polymer content, clearly indicating that the flowability
of the feedstocks increased. Fig. 15 (b) shows the properties of the MgO support which is prepared with
addition of pore former. In order to achieve high porosity values, the amount of pore former was gradually
increased (replacing the polymer) at constant MgO powder concentration of 50 vol.%, as shown by the blue

line in Fig. 14.

Fig. 15 (b) shows that the porosity could be significantly increased from 13 % to 31 % by the addition of
10 % graphite in the MgO feedstock. It can be seen that feedstock PG3 (with 10 % graphite) had a low
packing density in the green state of 0.88. This indicates that (under the conditions used here for warm
pressing), a polymer content of 40 vol.% is too low to achieve a homogeneous green body without small
air inclusions. Hence, for this system, it can be concluded that the lower limit of the polymer content is

above 40 % in order to avoid air inclusions in the feedstock and subsequent processing problems.
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2Packing density is defined here as the geometrical green density compared to the expected green

density calculated from the densities and concentrations of each component.
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Fig. 15: Properties of MgO support layers with different feedstock compositions; (a) decreasing the polymer

concentration (MP1-5), (b) increasing the pore former concentration with a fixed MgO content (MP3, PG2-
3) and (c) increasing the pore former concentration with a fixed polymer content (PG2, MG2-4, MPG),

sintered at 1275 °C for 2 h.

Thus, in a further part of this study the pore former content was increased linearly at a constant polymer
content of 45 vol.%) and MgO supports properties were invested. Fig. 15 (c) shows the effect of graphite
content (5 to 20 vol.%) on the properties of the sintered MgO (constant polymer content of 45 vol.%,
sintered at 1275 °C). Meanwhile, the packing density of >90 % was achieved for all feedstocks. Also shown
in a Fig. 15 (c) are the data for MPG (19 vol.% graphite) which lie between those for MG3 and MG4 with
respect to graphite content and final porosity. This composition was selected for further study as its porosity
was within the targeted range (35-40 %) and it showed the best overall behavior during processing (of the
studied samples within the operational window shown in Fig. 14). Also, large quantities of MPG (hereafter
called as MP-FL) could be easily processed and hence this composition was considered suitable for up-

scaling of the process in the future.

The MgO supports need to be characterized to in order to evaluate their functionality as a support for
membrane application. One very important property for application is a high gas permeability (in the order
of 10" m?) to ensure transport of gasses through the relatively thick porous ceramic support layer [1].
Furthermore, the microstructure of the support (porosity, pore size distribution) which influences the above
properties is strongly depending on the fabrication [75], especially on the sintering conditions. The following
section will discusses the relationship between sintering temperature and resulting microstructure of the

MgO support.
5.2.2. Role of sintering temperature

In the case where the MgO support will be co-sintered with a membrane layer, the densification behavior
of the support during sintering must closely match that of the membrane to avoid mechanical failures e.g.
cracking or delamination. Another challenge is to select a co-sintering temperature where the membrane
can be fully densified while keeping sufficient porosity in the support. Hence, it was necessary to investigate
the effect of sintering temperatures (2 hours holding time) on the porosity of the MgO. This was done by
sintering warm-pressed samples of MPG at 1250 °C, 1300 °C, 1350 °C or 1400 °C for 2 h and analyzing the
resulting porosity by Hg porosimetry. The pore size distributions of the MgO supports measured from Hg

porosimetry are shown in Fig. 16. For sintering temperatures of 1250 °C and 1300 °C bi-modal pore size
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distributions with two distinct peaks are observed; the first peak with an average size below 0.1 ym and the

second peak including pores above 0.3 um. This second peak is present for all four sintering temperatures.
It is obvious that with increasing sintering temperature (from 1250 °C to 1350 °C) the smaller pores are
completely eliminated from the MgO skeleton. Therefore, the porosity below 0.1 um will disappear with
high sintering temperatures (1350 °C and 1400 °C). The pore size measured by Hg intrusion (Fig. 16) is
significantly smaller compared to the microstructural observations [37]; this discrepancy can be explained
by the formation of bottleneck pores (e.g. submicron pores) which connect the larger (micrometer range)
pores. In the Hg porosimetry technique the pore size is calculated from the pressure required to push the
Hg through the sample and hence the pore throat (smallest diameter of the pore) will give the measured
pore size. It can be clearly seen that the pore throat size increased with temperature because of the
densification of the MgO skeleton, and that the total porosity decreased with increasing sintering
temperature until the sintering temperature reached 1350 °C. There was no further decrease in porosity
observed at 1400 °C. The strong decrease in porosity in the temperature range 1250-1350 °C was a result
of the elimination of the small poresin the MgO skeleton (as evidenced by the disappearance of the smaller

pore size peak in Fig. 16).
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Fig. 16: Influence of the sintering temperature (T) on the pore size distribution of MgO supports (T =
1250 °C, 1300 °C, 1350 °C and 1400 °C at 2 h holding time). The corresponding open porosity is denoted
by ¢.

To conclude from this section, it can be stated that the feedstock compositions have been optimized with
respect to the porosity and sintering behavior of MgO supports. The ratio between ceramic, polymer and
graphite has been varied and investigated the influence MgO supports properties. A total porosity up to 36
% and an average pore size ~0.35 ym were achieved using a feedstock with 19 vol.% graphite pore former
(particle size ~10 um) at 1300 °C. A significant increase was also observed in the pore size through the
porous MgO supports when the sintering temperature was increased from 1300 to 1400 °C. However, the
gas permeability and mechanical properties of the supports need to be characterized in order to evaluate
the support functionality. Therefore, further experiments are being undertaken to characterize these
functional properties and also to enlarge the average pore size of the MgO supports prepared by extrusion
using different type of pore formers (spherical graphite and PMMA), which will be discussed in the following

section.
5.2.3. Role of pore former type

In this section the design and fabrication of porous MgO support structure produced by thermoplastic
feedstocks using graphite (flaky, spherical), PMMA as pore former is described. Various thermoplastic
masses (feedstocks) have been prepared (as described in section 4.2) and the composition details can be

found in section 4.2.1.

In the previous section 5.2.2 we have shown that a total open porosities of between 26 % and 36 % can be
achieved in MgO supports at sintering temperatures that might be sufficient for co-sintering of a full
asymmetric MgO-supported CGO membrane at temperature between 1300 °C and 1350 °C. However, data
of open porosity is by itself not sufficient to describe the required functionality for application in OTM. Since
three different types of pore formers were used in the feedstock formulation, a study of binder removal
(de-bindering process) was conducted to ensure form-stable and defect-free structures. A detailed
evaluation of the thermal analysis (related to this de-binding study) is presented in Publication Il. Thus,
this section will provide a detailed discussion about the pore size distribution, gas permeability, mechanical
strength and the microstructure of the porous MgO support material as a function of pore former type and

sintering temperature.
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5.2.3.1. Porosity and pore size distribution of MgO supports

The MgO supports were sintered for 2 h with different peak temperatures of 1250 °C, 1300 °C, 1350 °C and
1400 °C after implementing the de-bindering cycle shown in section 4.2.5. Furthermore, the supports were
studied by the mercury intrusion method to investigate the influence of open porosity and pore size
distribution (Fig. 17). The highest porosity of 52.5 % was achieved for MP-SP at 1250 °C as seenin Fig. 17
(b), consisting of a large volume of small and big pores. In Fig. 17, it can be seen that the small pores (<0.1
um) developed by decomposition of the low melting point polymers were eliminated with increased
sintering temperatures, indicating how the support was densified by collapsing these small pores for all
three supports. However, there is an indication of mean pore size enlargement with increasing sintering
temperature. From Fig. 17 (a) it can be seen that for MP-FL supports, the total porosity decreased with
increasing temperature, except for the sintering temperature of 1400 °C where the average pore size
increased from 0.60 to 0.68 um at constant porosity. Therefore, it is thought that the MP-FL support sintered
at 1400 °C should have better gas permeation properties than the support sintered at 1350 °C. In the case
of MP-FL, Fig. 17 (b) it shows a linear trend of decreasing porosity with increasing sintering temperature,
and also a gradually increasing average pore size from 0.2 to 0.39 um. Meanwhile, MP-PM, Fig. 17 (c),
showed very drastic changes in the pore size occurring between 1250 and 1300 °C by eliminating most of
the micro pores (0.1 pm) and doubling average pore size from 0.16 to 0.30 um while eliminating 24 % of
total pore volume (porosity decreased from 38 to 29 %). The MP-PM support also shows a same trend with
temperature like MP-SP, but the total porosity is reduced to almost half of that of MP-SP at 1400 °C and
there is no significant pore size enlargement observed after 1300 °C. It eventually confirms that it has the
least open pores and poor connectivity, which may resist gas permeation resulting in insufficient gas supply

for the final application.

Fig. 17 (d) compares the pore size distribution of three MgO supports sintered at 1300 °C. The reason for
considering this temperature is due to the possibility that suitable sintering and densification behavior can
be achieved with thin CGO membrane for the final application. Fig. 17 (d) shows the bi-model pore size
distribution for MP-FL and mono-model distribution for MP-SP and MP-PM. Considering the average pore
size and total pore volume, it can be assumed that MP- SP should have higher gas permeation value than
other two supports since it has same pore size of ~0.33 um and porosity of 5to 13 % higher than other two

supports.
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Fig. 17: The intruded volume in different pore sizes for different MgO supports, (a) MP-FL, (b) MP-SP and
(c) MP-PM as a function of sintering temperature and (d) differential intruded volume against pore size

distribution of the three supports. The corresponding open porosity is given in the brackets.

5.2.3.2. The gas permeability of MgO supports

The measured gas permeabilities and porosity of the MgO supports are presented in Fig. 18 as a function
of sintering temperature. This study indicates a strong correlation between the permeability and the open
porosity, as expected. From Fig. 18, it is seen that the permeability is highest for the sample sintered at
1250 °C for all three cases, then it decreases strongly when increasing the sintering temperature to 1300 °C.

Increasing the sintering temperature further to 1350 °C and 1400 °C increases the permeability again, such
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that for the 1400 °C sintered sample it is almost at the same level as the sample sintered at 1250 °C for MP-
FL supports. The reason for this behavior is due to the enlargement of the pores without an increase in the
total open porosity. The decrease in permeability of the sample sintered at 1300 °C compared to 1250 °C
originates from the decrease in porosity and the formation of randomly oriented larger elongated pores

that may restrict the gas transport pathway.
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Fig. 18: The measured gas permeability at a AP of 2 bar as a function of sintering temperature of the

MgO supports.

The decrease in the gas permeability of samples sintered at the higher temperatures is attributed to the
decrease in open porosity and less pore connectivity; this may increase the resistance to gas flow. However,
the MP-SP shows almost 40 % higher gas permeabilities than the MP-FL due to a high open porosity of
525 %, and it also depends critically on the microstructure (pore size, shape and interconnectivity
(tortuosity)) [37]. At 1350 °C, both supports (MP-FL and MP-SP) had similar open porosities and also almost
the same gas permeation value and pore size distribution (Fig. 17 and Fig. 18). At 1400 °C MP-FL exhibits
higher porosity and permeability than MP-SP, and also the mean pore size increases to 0.75 um compared
to 0.42 pm for MP-SP. It can be concluded that sintering the MgO support at high temperature improves
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the pore size enlargement by sacrificing some open porosities. But this behavior is more significant for MgO

supports with flaky graphite (MP-FL) than others two supports. In the case of MP-PM supports, the achieved
permeability value was almost 1.5-2 orders of magnitude lower than for the other two MgO supports for
all sintering temperatures (about4.4 x108m? to 2.4 x10""7 m?). However, the highest gas permeation value
of 4.7 x107"® m?was achieved for MP-SP at 1300 °C. Moreover, this type of MgO will be further investigated
in order to optimize the pore former content using a combination of two pore formers such as a polymer
(PMMA) and spherical graphite, which have different decomposition temperatures. We propose that this
type of sample could be easily de-bindered and sintered without any shape instability and defects. However,
the PMMA content can also compensate for some of the thermoplastic binder (Elvax), so it can be beneficial
in two aspects where it acts as both binder and pore former, which ultimately enhances the plasticity,

extrusion processability and improves the open porosity as well.
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5.2.3.3. Assessment of mechanical behavior of MgO supports

With respect to the mechanical properties of supports for OTM, the number of studies is limited. Porous
substrates made for membranes needs first to be characterized for mechanical properties in order to
evaluate its suitability. There are some studies on BSCF materials for membrane application, and the elastic
modulus and toughness of porous BSCF were reported for both room and operation temperature [46]. In
other studies, a MgO substrate was considered as the porous supportlayer for the membranes, and fracture
stresses of 36 +6 MPa were obtained for a substrate with porosity of 36 + 5 % [76] , which is similar to the
value reported for porous CGO substrate [43]. For reliability considerations, the high temperature strength
of the porous supports is the critical property to be characterized. This entails testing a large number (~30)
of samples which is extremely time-consuming. For this reason, many reported strength values were based
on a small sample size and are subjected to considerable uncertainties. Kawai et al. [46] proposed a testing

methodology for tubular ceramics to circumvent the difficulty.

The mechanical properties of three porous MgO supports have been investigated at room and elevated
temperature (850 °C) in order to analyze the mechanical stability of these components for final membrane
applications. The fracture probability distributions at 25 °C and 850 °C are plotted in Fig. 19 and Fig. 20,

respectively.
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Fig. 19: Fracture probability of MgO supports at 25 °C for all three supports sintered at 1300 °C.

As shown in Fig. 19, the measured elastic moduli for MP-FL and MP-SP agree quite well with the empirical
model. For MP-PM, the measured modulus is lower than what the empirical model predicted. The elastic
moduli for the three types of supports decrease slightly with temperature, in the order of 7 - 9 GPa. For
applications as support materials, a low elastic modulus is preferred, because a more compliant support
induces smaller stresses in the membrane [64]. The Weibull moduli for MP-SP are the highest among the
supports investigated. This suggests that the spread of flaw size distribution is the narrowest, which is

desirable for such a component.
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Fig. 20: Fracture probability of MgO supports at 850 °C for all three supports sintered at 1300 °C.

At room temperature, MP-FL and MP-SP have similar characteristic strengths with a difference within the
statistical uncertainty. The porosity difference of 6 % between the two supports has little influence on the
strength. Despite having the highest solid volume, the characteristic strength of MP-PM is lower than the

other two supports. This is attributed to the large isolated pores which act as points of crack initiation.

The Weibull moduli at 850 °C were found to be lower than those at 25 °C for all three supports. The
differences are however within the limits of uncertainty due to finite sampling. Since the Weibull modulus
is a measure of the spread of the critical flaw size, it is not expected to correlate with temperature. Overall,

the Weibull moduli for the three supports are typical for ceramics.

To correctly compare the characteristic strengths of different supports, the measured strength values at

different effective volumes need to be scaled to the same effective volume using the relation:
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where o," and oy are the characteristic strengths at the effective volumes V" and V,g".

Table 6 shows the comparison of characteristic strength of different supports scaled to the same effective
volume of 10 mm3. The characteristic strength of porous BSCFZ support reported in a previous study [46]
is also shown for comparison. All supports show a decrease in characteristic strength going from 25 °C to

850 °C. The drop in strength is primarily due to the reduction in elastic modulus with temperature.

Table 6. Characteristic strength of porous supports scaled to an effective volume of 10 mm?.

Temp (°C) MP-FL MP-SP MP-PM BSCFZ[46]
25 76.07 77.05 68.58 21.15
850 60.48 59.72 60.61 16.94

To summarize, the resultant MgO supports has decent gas permeabilities and sufficient mechanical strength
which may perform successfully when it integrated into membrane. The evaluation of shrinkage and
porosity of the membrane and support layer calculated by experimental and model will be discussed in the

section 5.4.3.
5.2.3.4. Microstructural analysis of porous MgO support structures

After mechanical testing, three types of MgO support's microstructures (polished cross sections) were
investigated by electron microscopy, as shown in Fig. 21. All three different MgO supports show different
microstructures due the different properties and particle sizes of the pore formers. Micrographs indicate
that one support (MP-SP) has a better pore connectivity than the other which ideally enhances gas
permeation value. The microstructure is an agreement with what expected from the gas permeation results
in section 5.2.3.2. In the case of MP-PM, there are some big isolated pores which can be easily visualized
in Fig. 21 (c). The weak pore network eventually deteriorates the gas permeation properties, which is the

reason why MP-PM ended up with lower gas permeation value of 1.04 x10""" m?.
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Fig. 21: SEM micrographs of polished cross sections of MgO supports sintered at 1300 °C a) MP-FL, b) MP-

SP and c¢) MP-PM.

In order to calculate the mean pore size of the MgO supports from SEM 2D images, an image analysis code
in MATLAB was used. This simply selected the right threshold point in order to distinguish two different
phases; ceramic and pore boundaries. It is also well known that the pore size determined by Hg porosimetry
indicates the pore neck size and always underestimates the real pore size which is shown in the SEM images.
Table 7 shows the mean size of pore former, pore size, pore neck size (Hg porosimetry) and neck to pore

ratio for all three supports sintered at 1300 °C.

Table 7. The pore size characteristics of three MgO support sintered at 1300 °C.

Pore former Pore size Pore neck size Size ratio
Code um (Image analysis) (Hg porosimetry) (Neck to pore)
um um %
MP-FL 11.3 10.3 0.36 3.5
MP-SP 5.5 2.8 0.34 12.0
MP-PM 10.5 7.9 0.30 3.8

As can be seen from Table 7, it is important to calculate the neck to pore ratio, as this value indicates how
well the pores are connected with each other. It was observed that a higher neck to pore ratio of about 12
% was achieved for MP-SP whereas for the other two supports this ratio was under 4 %. Ultimately, the pore
structure of MP-SP is beneficial in both ways; the smaller pore and larger neck size improves mechanical

strength and gas permeability, respectively.
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5.3. Enhancing the gas permeability of supports by different fugitive pore formers

Previous work on MgO supports with a porosity of 42 % have shown that for these structures a gas
permeability (Darcy) of about 4.2 x107'® m? can be reached [37]. This needs to be improved to avoid gas
transport limitations for membrane layers as we stated earlier. In this study, the MgO supports were
prepared with two pore formers (a combination of PMMA and spherical graphite) and characterized further
by measuring the gas permeation performance. Moreover, a detailed economic analysis on the

commercialization of MgO support was carried out.

The feedstock was prepared with vol.% ratios of 1.2:1.5: 1 for MgO power, polymer and pore former,
respectively, in which the spherical graphite to PMMA ratio is about 2:1. The kneaded feedstock was shaped
into planar substrates and sintered at 1300 °C for 2 h and later used for characterization of porosity and gas

permeability measurements.
5.3.1. Gas permeation performance

Fig. 22 shows the measured gas flux and the calculated permeability as a function of the pressure difference
(AP) across the porous substrate. The measured gas flux versus the pressure difference curve showed an
almost linear trend for all AP. Increasing the pressure from 25 kPa to 150 kPa, did not result in any changes
in permeability, and there was no influence from the pressure gradient. An increase in gas permeability was
observed when a pressure beyond 150 kPa was reached; this increase was attributed to increased gas access
to small pores in the support which enhanced the gas permeation. It is well known that the gas permeation
depends not only on the absolute percentage of porosity, but also critically on the microstructure (pore
size, shape and interconnectivity (tortuosity)). The newly developed MgO substrates exhibit gas permeation
values of about 4-4.5 x107"> m?. In any case, the achieved permeability value of the porous MgO support in
the presentstudy is almost 7 to 8 times higher than the acceptable range. The high permeability measured
on the MgO support forms the basis for further studies on integrating these substrates into high

performance perovskite and fluorite based membrane materials.
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Fig. 22: The measured gas permeability and gas flow as function of AP from 25 to 175kPa.

To summarize, the porous MgO supports with high porosity of 55 % are prepared by the warm pressing
method using pre-treated MgO powder. Spherical graphite and PMMA were chosen as pore-forming
agents. The mean pore size of the porous MgO ceramics, sintered at 1300 °C, was about 0.65 pm. The
microstructure indicates interconnected pores of a wide size range (0.1 to 10 um), resulting in a high gas
permeation value of 4-4.5 x 10" m?, which is sufficient when integrated into a high performance perovskite

and fluorite based membrane for syngas production environments.
5.3.2. Economic analysis

The cost analysis of porous MgO support was done by considering a small sized production facility located
in India with monthly production capacity ~ 3 tones (2000 m?) finished goods. To calculate the membrane
cost, all costs involved in the production processes should be assessed carefully to make a better estimate,
as presented in Table 8. The direct cost involves mainly the costs directly associated with the manufacturing

of the product such as the cost of materials and routing (operation and manpower) cost). Moreover, indirect
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costs (utilities, rent, audit and administrative staff) are included into the product cost, and is considered to
be 50 % of WIP (work in progress) cost. Finally, membrane cost is assessed to be 150 $/m? including a
pricing factor of 10. It was earlier reported that a clay based microfiltration membranes can be prepared
with 61 $/m?, in which only the raw material cost was considered to estimate the membrane cost [77]. A
systematic cost analysis should including manufacturing and logistics cost while comparing the membrane
cost to the commercially available membranes. In comparison with fluorite and perovskite materials, MgO
is 15-30 times cheaper in terms of the material cost, making it a low-cost potential support material for
asymmetric oxygen transport membranes [78]. More details on the cost analysis can be found in the

Appendix VI

Table 8. Membrane cost analysis from production of a sample size of 2000 m?

Details Total for 2000 m? (USD) Cost/m? (USD)
Raw materials cost 12500 6.25
Process wastage (20 % of RM cost) 2500 1.25
Production cost 5000 2.5
Indirect cost (50 % of WIP cost) 10000 5.0

Total cost 30000 15.0
Pricing factor (5-10 times) (75-150 $)
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5.4. Fabrication of asymmetric ceria based membranes

The aim of this study is to develop a thin tubular asymmetric CGO membrane supported on a porous MgO
structure. The porous MgO and functional layers (catalytic and membrane layers) were fabricated by
thermoplastic extrusion followed by dip-coating. Ethanol based stable ceramic suspensions were prepared
in order to achieve thin, uniform and defect free layers. The sintering regime has been tailored to completely
remove binder and organics and to attain the desired microstructure development. Recently Liu et al. [48],
demonstrated that a crack-free asymmetric tubular perovskite membrane with a thickness of 20 um could
be prepared using extrusion and a spray drying processing step and also stated that the oxygen flux
performance was almost 1.35 times higher with the asymmetric configuration than the symmetric system.
It is therefore evident that the membrane performance and stability could be improved by an asymmetric
configuration. Hence, this section briefly discusses the fabrication and sintering of asymmetric ceria based

membranes.

The fabrication of asymmetric tubular membranes consist of a number of process steps in which the porous
MgO support (MgO-S) was first fabricated using thermoplastic extrusion and the membrane (CGO-M), the
catalytic layer (NiO-CGO) and the porous backbone layer (CGO-P) were prepared through a dip-coating
process (more details can found in Publication V) from stabilized ceramic suspensions. This was followed
by impregnation of catalytic material into the porous backbone on the outside of the membrane. Since the
preparation and characterization of the porous layer was discussed in the previous section, this section will

only discuss the preparation and testing of the membrane layer.

In order to prepare a thin membrane layer, the stable ceramic suspensions for dip-coating have to be
developed and the rheological properties of such suspensions have been characterized to give information
on the expected quality of the layer thickness and the smoothness of the coated surface. The rheological
measurements show that the highest viscosity of 37 mPa (at a shear rate of 100 s™") was achieved for the
CGO slurry with high ceramic loading (CGO-M) and followed by NiO-CGO with 19 mPa s and the CGO slurry
with 14 mPa s. Due to the lower shear thinning effect of the NiO-CGO and CGO-P slurry, the quality of these
suspension is considered suitable, since the expected coating surface will smoothen the MgO support

surface and enable the application of the thin film CGO layer (CGO-M).
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5.4.1. Co-sintering of porous MgO support/dense CGO membrane layer

An important aspect in the fabrication of asymmetric multi-layers with a porous/dense structure is the co-
sintering process. In co-sintering, a good match of the shrinkage or strain rate of the main structure,
consisting of different membrane layers, needs to be achieved in order to avoid the development of
excessive stresses during sintering, which can lead to mechanical failures or warpage in the case of planar
structures [43]. For the co-sintering of a tubular support layer of MgO with a CGO membrane the differences
in the starting powders (the sintering activity depends on the material and the starting powder’s particle
size) and the targeted final densities of the layers need to be considered. A thin membrane layer needs to
be fully densified (to achieve 100 % gas tightness) on a sufficiently porous support layer (usually 25 to 40
%, depending on the support thickness and microstructure). An excellent tool to describe the shrinkage
during a co-sintering process is optical dilatometry [38,79,80]. The densification and strain rate development
of single green layers of a MgO extrusion mass and a dip-coating composition (after de-bindering) as

function of sintering temperature are shown in Fig. 23 (a) and (b), respectively
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Fig. 23: (a) Densification and (b) strain rates of CGO membrane (CGO-M) and MgO support (MgO-S) layers,
as well as strain rate difference between the two different layers for free sintering as function of sintering
temperature. Measurements were performed at two different heating rates of 0.5 °C.min"" (dotted lines):

and 3 °C.min"" (continuous lines) with an optical dilatometer TOMMI [81].

Fig. 23 (a) reveals that the MgO support structure has a significantly lower starting density (relative density)
of about 38-40 % (or 60-62 % porosity) compared to a starting density of about 70 % for the CGO membrane
layer. The low starting density of the MgO support (compared to the membrane) is desired and was
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achieved by the use of thermoplastic binder and graphite as pore formers in the extrusion mass. The
densification of the MgO support structure in a heating cycle is influenced by the heating rate (the total
time to reach the final sintering temperature) and the isothermal holding time at the final sintering
temperature. Thus, in Fig. 23 (a) the MgO sintered with the slower heating rate (0.5 °C.min"") reaches almost
10 % higher final density (56 %) compared to the same material sintered with 3 °C.min"" at a sintering
temperature of 1300 °C. Applying additional holding time at 1300 °C further densifies the structure by about
3 %. Therefore, faster heating rates would favour more porous support structures. On the other hand, the
densification curves of the CGO membrane layer reveal that the fast heating of 3 °C.min"" to 1300 °C would
only lead to a final density of about 93 %, densities of above 96 % could, however, be achieved with an

isothermal holding time of a few hours. A slower heating of the CGO layer would lead to higher density.

Fig. 23 (b) shows the strain rates of the MgO and CGO layer at the two different heating rates (0.5 and 3
°C.min’") and the calculated strain rate differences for the two layers for both heating rates. From such data
the formation of stresses between the layers can be estimated, and together with the shape change of
complete, tubular bilayer structures the formation of stresses between the layers can be calculated. The
strain rate difference between the MgO supportand the CGO membrane layer in Fig. 23 (b) is significantly
increasing if the samples are heated faster (heating rate of 3 °C.min"" compared to 0.5 °C.min"). A larger
strain rate difference may drastically increase the risk of the formation of stress-induced defects and
delamination. Especially, the larger strain rate difference between the layersin the low temperature sintering
regime (900 to 1100 °C) would be critical in a bi-layer structure when the sample is still fragile and sintering

necks start to form.

Therefore, if the stress levels do not lead to failure in the low temperature sintering region, a co-sintering
with a fast heating rate towards a higher final sintering temperature (and shorter isothermal holding times)
could lead to a bilayer structure with a porous support structure and a dense CGO layer. Furthermore,
according to previous investigations by dilatometry, electron microscopy and mercury porosimetry [37], the
densification between 1250 and 1400 °C is governed by the elimination of smaller submicron sized pores.
This leads to shrinkage of the overall structure, but simultaneously also a growth and improved
interconnectivity of larger macro pores (introduced by the addition of graphite pore former) which

surprisingly resulted in improved pore connectivity and gas permeability of the support structure.
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5.4.2. Microstructure of asymmetric MgO supported CGO membranes

After the successful completion of the co-sintering of the membrane, gas-leakage was tested to ensure that
the membrane is free from processing defects. The test verified that the membranes were gas tight (for
details on the gas leakage measurements refer to section 2.3). Fig. 24 shows SEM images of thermally
etched cross sections of the (a) full membrane, (b) interface of Ni-CGO and MgO porous layer after
reduction, (c) dense CGO layer, (d) porous NiO-CGO layer and (e) porous MgO layer. Marco-defects or
cracks have not been observed in the sample. Fig. 24 (c) shows a cross section of the CGO layer thermally
etched, showing well-densified CGO with grain sizes in the range of 0.5 to 1.5 um. Fig. 24 (d) shows the
porous Ni-CGO layer. The grains in this layer are well interconnected with high open porosity and an average
grain size of 1-1.5 um. The MgO support layer did not show any evidence of anisotropy in the porosity
distribution (see Fig. 24 (e)). The measured porosity of the MgO layer was 42 % and the observed mean
grain size was 2-3 um. From Fig. 24 (b), it can be seen that some densification has occurred at the interface
due to strong interaction between NiO and MgO. It is reported in the literature that the Ni/MgO phase
exhibits high catalytic activity in POM operation, since elemental nickel can be dispersed uniformly in the
interface and eventually enhance the catalytic reaction [82]. Hence, the occurrence of densification in the
interface will not affect the membrane performance. On the other hand it also improves the mechanical

stability between the interfaces of the MgO and the Ni-CGO layers.
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Full membrane

Fig. 24: SEM Micrographs of thermally etched surfaces of three different layers (a) full membrane, (b) the

interface of the Ni-CGO and MgO porous layer after reduction, (c) dense CGO layer, (d) porous NiO-CGO

layer and (e) porous MgO layer.
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5.4.3. Experimental studies on sintering of bi-layered tubular membranes for model applications

Failure in asymmetric oxygen transport membranes do not necessarily origin from defects in the support
structure (e.g. due to de-bindering of porous MgO supports as discussed in Publication Il), but might also
be caused by unfavorable densification behavior of different layers in a multi-layer structure during co-
firing. Constrained sintering of tubular bi-layered structures is of general interest because it is being used
in the development of various technologies. An analytical model has been developed by TT Molla (PhD
student) to describe the densification and stress developments during constrained sintering of tubular bi-
layered samples. For validating the analytical model, model input parameters, such as the shrinkage kinetics
and viscous parameters for a bi-layered tubular supported ceramic oxygen membrane based on porous
MgO and Ceo09Gdo.1O1.95-d layers have been measured experimentally. This section discusses the

experimental results of the bi-layered system compared to the results obtained by the analytical model.

For this study, the de-bindered bi-layered sample was pre-sintered/sintered at different temperatures (650
°C, 850 °C, 1000 °C, 1100 °C and 1300 °C) followed by cooling down to room temperature. The bi-layers
were checked for defects after each respective temperature cycle and simultaneously the necessary data
were collected for comparison with the model. Fig. 25 shows a schematic cross section and a photo of the

MgO tube with a dip-coated CGO layer after heat treatment to 650 °C.

MgO Support

Z[:ip coated CGO membrane

Fig. 25: Schematics of the cross section (left) and picture of the asymmetric bi-layer tubular sample

(right) consisting of dip-coated CGO-membrane and MgO-support at 650 °C.
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5.4.3.1. Evaluation of shrinkage and porosity by experiments and model

The shrinkage in each layer was calculated from the sample thickness after each thermal treatment. The
sample thickness was measured using scanning electron microscopy, SEM (TM300, Hitachi, Japan by taking
the average values of thickness from four measurements. Similarly, the porosities in each layer were

calculated using the SEM images from the sample at each temperature.

To evaluate the shrinkage and porosity, TT Molla has established an analytical model using a Matlab
program in which some material parameters need to be given. The cross section of a porous bi-layered
tubular structure made of a support and a membrane as shown in Fig. 26. The tubular structure has the

internal and external radii of r and r, and an interfacial radius of r;in between the supportand membrane.

Fig. 26: Schematic cross section of porous bi-layered tubular structure.

In this model, it was considered that the viscous strain rate of an isotropically deforming body is directly
proportional to the stress components, which indicates a direct correspondence between linear elasticity

and linear viscous theories [83]. Therefore in this work, the analogy between linear elasticity and linear
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viscous theories, the elastic-viscoelastic correspondence principle [84], has been used to describe the
densification and stress developments during sintering of the porous bi-layered tubular structures. Further
details about the model description and stress calculation can be found in Joint publication IV (appendix

V).

5.4.3.2. Shrinkage and porosity: comparison of experimental and model results

Fig. 27 shows the analytical model prediction for the linear shrinkage across the thickness of each layer, in
comparison with the free shrinkage data and the measurements taken during the sintering of the tubular
bi-layer. Comparisons of shrinkage in the constrained CGO membrane with the free CGO tape shows that
the CGO membrane is exposed to tensile stresses, which hinder the densification during sintering of the
tubular bi-layer. The constrained shrinkage in the MgO supportis almost unaffected by the level of stresses
generated in it. The results from the model agree well with the shrinkage measurements from the SEM
images of the samples at four different temperatures. It is evident that the linear shrinkage in the CGO
membrane dominates the sintering cycle, which exposes it to tensile stress from the MgO support for most

of the time.
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Fig. 27: Comparison of linear shrinkage in free and constrained sintering together with experimental

measurements of constrained sintering.

The porosity evolutions in each layer during constrained sintering of the bi-layer tubular sample were
measured using SEM images at four different temperatures. Fig. 28 shows the examples of SEM images of
the MgO supportand the CGO membrane at 1100 °C. Fig. 29 shows the comparison between results from
the analytical model and measurement values with the standard deviation from the measurement. The
standard deviations are deduced from the variations in the thickness observed from SEM images of the
layers. Predictions from the analytical model agree well with the measured values in both the support as
well as the membrane. Porosity evolution in the case of constrained bi-layered tubular structures is size
dependent as the total stress varies with the radius of the sample during constrained sintering of tubular

samples.

Fig. 28: SEM characterization of the bi-layered tubular sample after sintering to 1100 °C (a) MgO support
and (b) CGO membrane.
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Fig. 29: Comparison of the evolution of porosity from model and experiment during constrained

sintering of tubular bi-layer sample.

To conclude, the experimental sintering studies were compared with the analytical model developed by TT
Molla to study and calculate the densification during sintering of bi-layered tubular supported ceramic

oxygen membranes based on porous MgO and Ceo.9Gdo.1O1.95-dlayers. Itwas found that results ofshrinkage

and porosity from the experiments agree well with the model. The following section 5.5 will discuss the

about performance of the thin film ceria membrane.
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5.5. Oxygen flux measurements in asymmetric MgO supported CGO membranes

Oxygen permeation measurements were conducted with the test setup illustrated in section 4.4. For sealing

T air on the

the membrane sample and the transition pieces these were first heated with 500 Nml min~
outside of the tube to a temperature of 917 °C and then cooled to 650 °C. At 652 °C nitrogen was flowed

on the inside of the tube at a rate of 100 Nml min™".

In order to avoid cracking of the membrane due to chemical expansion by subjecting it very fast to a very
reducing environment, the membrane was reduced first with humidified hydrogen (app. 3 %) diluted with
nitrogen at 650 °C. This was followed by varying the temperature and increasing the hydrogen flow and
decreasing the nitrogen flow (see Fig. 30). Fig. 30 shows the oxygen flux of the membrane as a function
of the reciprocal temperature for different flows of nitrogen and humidified hydrogen. It is clear that an
activation effect of the flux takes place at approximately 800 °C when changing from a gas mixture
consisting of 50 Nml H2:50 Nml N2 to 100 Nml H2:50 Nml N2. The activation is attributed to an increased
performance of the permeate activation layer containing Ni. There is a clear thermal dependence of the
oxygen flux, and in pure hydrogen the activation energy of the flux is 82.3 kJ mol™". It is clearly seen that for
an increasing inlet hydrogen concentration the oxygen flux also increases, which is attributed to anincrease
in driving force over the membrane resulting from the increased hydrogen concentration present in the

permeate activation layer.
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Fig. 30: Flux as function of reciprocal temperature for different hydrogen/nitrogen mixtures. The numbers

in the caption all refer to the inlet volume flow of hydrogen and nitrogen in the unit Nml min~".

The membrane was also heated to higher temperatures than 856 °C in pure hydrogen. However, this
resulted in significant condensation in the tubing leading to an unstable signal on the pO2-sensor
downstream the membrane, wherefore the flux values are highly scattered. There was, however, nothing
that indicated that the Arrhenius dependency observed for the oxygen flux (see Fig. 30) changed. The
membrane was held for approximately 80 h in pure hydrogen at 856 °C (+2 °C) without a measurable

degradation in the flux.

Heating from 856 °C to 920 °C also resulted in a significantly higher flux, however, this was followed by a
rapid deterioration of the flux, to a level below the 856 °C level. This large decrease is tentatively assigned
to a coarsening effect of the Ni-CGO layer on the permeate side of the membrane. As it has previously been
shown [85] that a redox-cycling of the anode of a solid oxide fuel cell can lead to an improved performance,
this was also tried here. The sample was cooled to 650 °C and the anode was oxidized with air (approximately
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24 h) and subsequently reduced again with hydrogen. Fig. 31 shows the flux as a function of reciprocal

absolute temperature prior to the high temperature treatment, after the high temperature treatment and
after the redox-cycle. The permeate gas is in all cases 3 % humidified hydrogen. It is clear that the redox-
cycling of the permeate Ni-CGO layer improves the oxygen flux through the membrane dramatically from
0.5 Nml min™" cmto 1.4 Nml min"" cm™ at 660 °C. Interestingly the activation energy changes from 68.6 kJ
mol™" (after the high temperature treatment) to 53.3 kJ mol™' (after the redox-cycle). The flux reported in

Fig. 30 is thus to a large extend limited by the Ni-activation layer on the permeate side of the membrane.
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Fig. 31: Flux as a function of reciprocal temperature for three measurement series. Before a high
temperature heat treatment at 920 °C, after a high temperature treatment at 930 °C and finally after the

high temperature treatment but after a redox-cycling (air for 24 h) of the membrane component at 650 °C.

After the hydrogen tests the membrane was subjected to a mixture of methane (50 ml min-") and humidified
hydrogen (3 % steam) (50 ml min"') even though this is well within a carbon forming regime, however, the
flow from the membrane terminated after approximately 30 min of operation indicating a failure of the
membrane.
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An asymmetric tubular CGO membrane has been successfully prepared by an extrusion and dip -coating
process. A gas-tight CGO membrane with a thickness of 31 um was obtained. The optimized de-bindering

Tand 0.5 °C min"" was used to achieve gas

and sintering regime with a very slow heating rate 0.25 °C min-
tight thin membranes and desired porosity with catalytic and porous support layer. The MgO supported
asymmetric CGO membrane exhibits gas permeation flux of 3.5 ml.min-".cm? at temperature of 856 °C with
sweep gas (Hz) flow rate of 200 Nml min"". A redox-cycle of the Ni-CGO catalytic layer, did improve the

permeation flux of the membrane, reaching 4 Nml min~' cm?at 850 °C.
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6. Summary and conclusion

Carbon dioxide (CO2) is a greenhouse gas which is largely emitted from chemical, power generation and
cement industries and pollutes the environment. Carbon capture and storage (CCS) is one approach for
reducing CO2 emissions in an attempt to overcome current global warming issues. Oxy-fuel power plants
can be made more efficient and cleaner by combusting the coal using pure oxygen instead of air. Practically,
pure oxygen is conventionally produced by cryogenic distillation in large scale or by pressure swing
adsorption in small scale [1]. Oxygen transport membranes (OTMs) are promising as an alternative to the
conventional processes of supplying oxygen into high temperature combustion processes and integrating
them with higher efficiencies. By using pure oxygen, the NOx emissions in exhaust gas can be eliminated,
and remaining CO2 and H20 can be then more easily separated for CCS. Furthermore, OTM can be used as
chemical reactors for gas reactions such as syngas production or oxidative coupling of methane (OCM).
Especially, in chemical reactors, the OTMs need to withstand quite harsh conditions (high temperature,

chemical reactions and corrosion).

Addressing some of these challenges related to the use of OTM in such demanding applications, it is the
main aim of this thesis to develop a high performance asymmetric OTM based on ceria on a cheap support
An asymmetric OTM consists of different functional layers; a porous support, a catalytic and a dense
membrane layer. The design and fabrication of all these layers should be done in a way such that they are
chemically, structurally and thermally compatible. The support layer provides the mechanical stability to the
thin membranes and should allow sufficient gas access to the catalysts close to the membrane surface. The
porous support layer should have a high level of open porosity and low resistance to gas flow to support

high membrane performance.

Hence, this work addresses the following objectives in fabrication and testing of the asymmetric ceria based
OTM a) the optimization of thermoplastic feedstock that allows extrusion of porous MgO supports with low
cost, suitable TEC and inertness, b) characterization of the extruded MgO membrane tube structures in
respect to gas permeability and mechanical strength, c) full assembly of an asymmetric multi-layer

membrane by dip-coating and co-sintering and its characterization by oxygen flux measurements.

A thermoplastic extrusion process was chosen for the fabrication of the MgO tubes (14 mm diameter and
a thickness of 1 mm at green stage) to achieve the required thin walled structure with great dimensional

accuracy and the required properties after co-sintering. In the first step different thermoplastic feedstock
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compositions, consisting of a fine MgO powder, stearic acid as dispersant, pore former and thermoplastic
binders were designed. They were analyzed by thermo gravimetry (TGA/DTA) to allow a smooth removal of
organics during debindering and to avoid defect formation in the MgO tubes. Different critical temperature
ranges for debindering were identified: 100-300 °C (removal of stearic acid, paraffin and PMMA), 300-500
°C (removal of Elvax polymer) and 500-800 °C (removal of graphite), a and slow heating rate of between 10
to 15 °C/h and isothermal holds were implemented at these temperatures to ensure structural integrity

during the thermal treatment.

In the next step, the influence of feedstock composition (ratio between pore former, polymer and ceramic
content) on the microstructure and the relevant properties of the MgO support structures for membrane
applications was investigated, using kneading and warm pressing and subsequent sintering at 1275 °C for

2 h.

When the polymer content (Elvax, stearic acid) in the feedstock compositions was increased from 40 to 60
vol.%, only a small increase of porosity from 9to 18 % was achieved. It was thus obvious that an increase in
thermoplastic polymer would not result in sufficient porosity and higher polymer concentrations were

detrimental for the form stability of the thin walled tubes during extrusion.

An increase of the pore-former content from 0 to 20 % created additional porosity from 14 to 47 %. Form-
stable supports with a total porosity of 36 % and an average pore size ~0.33 ym could be prepared using

a feedstock with 19 vol.% flaky graphite pore former, sintered at 1300 °C.

To understand the influence of the sintering temperature on the development of MgO support
microstructure (porosity, pore size distribution, particle size), the gas permeability and mechanical
properties, a thermoplastic compositions with flaky graphite as pore former was prepared and sintered at
different temperatures between 1250 to 1400 °C. A significant, unexpected increase in gas permeation
through the porous MgO supports was observed when the sintering temperature was increased from 1300
to 1400 °C, despite a significant decrease in the total porosity. This was explained by the growth and
homogenization of the larger pores introduced by the pore former and by improved interconnectivity of

the pores (broadening of the pore channels) due to densification.

Gas permeabilities of 1.4 to 3.1 x10°"® m? at a AP of 2 bar were achieved for the temperatures 1300 and

1400 °C, respectively. However, these gas permeabilities of the support structure are still relatively low and
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may limit the oxygen permeation flux if used in an asymmetric membrane structure with a high performance

membrane layer.

Further investigations were carried out to improve the MgO support microstructure by introducing larger
pores and reduce the number of bottle neck pores. This was achieved by introducing pore formers with
larger particle size and different shape and particle size distribution. To characterize the supports’ functional
properties (gas permeability, mechanical strength and microstructure), porous tubular MgO supports (~11.4
mm diameter and a thickness of 800 um) were prepared through thermoplastic extrusion using three

different types of pore former i.e. flaky graphite, spherical graphite and PMMA (poly methyl methacrylate).

Supports prepared with the spherical type graphite as a pore former showed open interconnected pore
structures, which resulted in high open porosities of about 42.5 % (5-13 % higher than other two supports)
at 1300 °C.

The mechanical strength was characterized using 4-point bending of tubes cut in the axial direction. The
Weibull moduli for MgO with spherical type graphite were the highest among the supports investigated.
This suggests that the spread of flaw size distribution is the narrowest, which is desirable for a ceramic under
application. The characteristic strength of the MgO support is 60 MPa at 850 °C, which is most likely
sufficient for a mechanically robust support. Comparing the gas permeation values at the sintering
temperature of 1300 °C (which was considered a suitable temperature for co-sintering with the membrane
layer), the highest gas permeation value of 4.7 x107'® m? was achieved for MgO supports with spherical
graphite. This is almost 40 % higher than MgO supports (19 % flaky graphite) with similar mechanical
strength. In order to improve gas permeation values, further research was undertaken by choosing
combinations of two pore formers (spherical graphite and PMMA) which resulted in high porosity of 55 %
and high gas permeability of 4-4.5 x10"> m?.

Finally, a full asymmetric tubular membrane has been successfully prepared. First, MgO tubes with
optimized support properties were extruded, then dip-coating was used to apply a catalytic NiO-CGO layer
(syngas catalyst), a CGO-LSC catalytic layer (air catalyst) and a CGO membrane layer, and finally the
complete asymmetric tubular membranes were co-sintered. The catalytic layers were required to enhance
the reduction kinetics of oxygen and the oxidation of hydrogen/methane, thereby allowing high oxygen
permeation fluxes. Oxygen permeation measurements were conducted by flowing air on the feed side

(outer side of the membrane) and hydrogen on the permeate side of the membrane.
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The MgO supported asymmetric CGO membrane with a thickness of 30 um revealed an oxygen permeation

flux of 3.5 ml min"! cm-? at a temperature of 856 °C with a sweep gas (H2) flow rate of 200 Nml min™".

After redox-cycling (reduction and oxidation) of the Ni-CGO catalytic layer, the permeation flux of the
membrane was improved, reaching 4 Nml min"' cm? at 850 °C. It is observed that activation energy for the
reaction decreases from 68.6 k) mol™" (after high temperature treatment) to 53.3 kJ mol™' (after redox cycle),
which suggest that the improved performance is due to an improved catalytic activity of the Ni-CGO

structure after the redox-cycle.

Finally, when the membrane was subjected to methane and humidified hydrogen mixtures, the membrane
failed after 30 minutes of operation, most likely due to formation of carbon in the catalytic layer close to

the CGO membrane surface, which eventually resulted in the detachment of the anode layer.
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7. Outlook

In this work materials for an asymmetric ceramic membrane have been investigated for use in oxygen
transport membranes (OTM). Magnesium oxide has been proposed as the porous membrane support for

these asymmetric ceria based membranes due to its low cost and relatively high thermal expansion.

This study confirmed that the fabrication of a tubular, asymmetric membrane structure can be done using
thermoplastic extrusion of the MgO support, followed by dip-coting of catalytic and membrane layers and

subsequent co-sintering. Preliminary membrane tests showed promising performance.

This study provides a good basis for further R&D on such oxygen membranes. Suggestions for future

studies are described below:

e Deeper investigations in the relationship between processing parameters, the MgO support
microstructure (pore size, neck sizes, tortuosity) and the properties of the final support (gas
permeability and mechanical strength) by advanced methods, such X-ray tomography or high
resolution 3D electron microscopy and relevant microstructure modeling.

e Testing of the tubular MgO supported CGO membranes under more realistic conditions, such as

real syngas production environments, on larger membrane area and in long -term tests.
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Abstract

Porous magnesium oxide (MgO) structures were prepared by thermoplastic processing for use as supports in asymmetric thin film oxygen
transport membranes (OTMs). The open porosity, pore size distribution, and resulting gas permeability of the MgO structures were measured for
different feedstock compositions and sintering temperatures. For a composition with 19 vol% graphite as a pore-former, sintering temperatures
of 1300 °C and 1400 °C, resulted in support porosities of 36% and 26%, respectively, and gas permeabilities of 1.4 x 10~ '®m? and
3.1 x 107 '® m?. Electron microscopy showed that the unexpected increase in gas permeability at temperatures above 1300 °C was a result of the
growth of macro-pores and the opening of bottle-neck pores which resulted in improved pore connectivity. Mercury intrusion porosimetry
experiments confirmed an increase in average pore size for samples sintered above 1300 °C, despite a significant decrease in total porosity.

© 2014 Elsevier Ltd and Techna Group S.r.1. All rights reserved.

Keywords: Oxygen transport membranes (OTM); Magnesium oxide; Thermoplastic feedstock; Porous support; Microstructure

1. Introduction

Inorganic oxygen transport membranes (OTM) are of
interest for high purity oxygen production and for integration
into membrane reactors where high temperature oxygen is
required [1]. Pure oxygen is used as a reactant/component
in many industrial processes. Combustion of coal using
oxygen instead of air removes nitrogen from the flue gas and
makes subsequent CO, capture and sequestration significantly
cheaper and more efficient. OTM technology has the potential
to improve the process efficiency of a number of systems e.g.,
syngas production from methane [2—4]. In large-scale indus-
trial syngas production, reactors operate in the temperature
range of 700-1050 °C with a pressure between 2 MPa and
4 MPa to achieve significant conversion efficiencies, and
have very reducing atmospheres containing aggressive gases
such as CO, CO, and H,S. Hence, the ceramic oxygen

*Corresponding author. Tel.: +45 4677 4800; fax: +45 4677 5858.
E-mail address: dhra@dtu.dk (D.K. Ramachandran).

http://dx.doi.org/10.1016/j.ceramint.2014.03.017
0272-8842/© 2014 Elsevier Ltd and Techna Group S.r.l. All rights reserved.

membrane materials and their auxiliary parts have to be both
chemically and structurally stable in order to withstand these
harsh conditions for long periods of time. Dense mixed oxide
ion- and electron-conducting (MIEC) ceramics based on
Ce9Gdy.101.95_5 (CGO10) are promising materials for this
application and have recently demonstrated high oxygen fluxes
of 16 N-ml min~"'ecm~? at 900 °C under syngas production
conditions [5], using a 30 pm planar CGO10 membrane
supported on a Ni-YSZ support typically used for solid oxide
fuel cells [6,7].

There have been significant efforts devoted to fabricating
strong and highly-permeable porous support materials for
oxygen transport membranes. Both planar and tubular config-
urations have been investigated along with various methods for
fabricating these structures [8—12] in order to achieve high
quality components. Thermoplastic processing [13] followed
by extrusion is a good method for producing tubular structures,
thin walled parts with a thickness below 1 mm and with close
dimensional tolerances can be achieved [14]. Also, it is
possible to recycle the feedstock from defective parts and
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reshape them. Using thermoplastic masses instead of water-
based extrusion is advantageous as abrasion of the processing
equipment (i.e., extruder, chamber, and die head parts) is
significantly reduced due to the high polymer content.

A support material for the use in asymmetric oxygen
transport membranes should have a low cost, high thermal
and chemical stability in the harsh operating environment,
and good mechanical properties at elevated temperatures.
MgO satisfies these requirements [15,16] and is also non-
toxic (unlike previously-reported perovskite and ceria-based
materials) and is hence considered a good candidate for this
application. MgO has relatively high thermal expansion coeffi-
cient (TEC) than other potential supports material such as YSZ
or alumina [17]. However, the TEC of MgO is closer to the
values for perovskites or ceria-based composites and it can be
easily integrated with these membrane materials in order to
prepare multi-layered structures without failures during proces-
sing as a result of expansion mismatches [18].

In addition, other factors relating to the processing, final micro-
structure, and use of the porous support need to be fulfilled:

(a) A total open porosity of 35-40% after sintering to achieve
sufficient gas permeation (at a support thickness of 0.5 to
1 mm).

(b) For co-sintering of the support and the membrane layer it is
important that the support layer has a similar sintering activity
to the membrane layer to avoid cracking and defect formation
during processing. This can be achieved by tailoring the
particle size distribution of the raw ceramic powders.

(c) For the final application, a membrane layer and thin cataly-
tic layers (with thicknesses between 10 and 50 pm) need to
be deposited on the MgO support by dip-coating, a
thermoplastic coating process or infiltration and the sup-
port needs to be compatible with these processing steps
(not discussed in detail in this paper).

In this study we describe the preparation and characterization of
porous magnesium oxide supports made by thermoplastic proces-
sing. The thermoplastic feedstock composition and sintering
conditions were varied to investigate their effects on the micro-
structure and gas permeability of the final porous structure. The
processing conditions were further optimized with respect to
co-sintering of the MgO with a ceria-based membrane layer.

2. Experimental
2.1. Raw materials

MgO powder (Product # 12 R-0801, Inframat Advanced
Materials, USA) was used for the preparation of the porous
support along with a graphite powder (V-UF1 99.9, Graphit
Kropfmiihl AG, Germany) as a pore former. The raw MgO
powder was calcined at 1000 °C to reduce the surface area of
the powder. Then the powder was coated with stearic acid
dispersed in 1-proponal and mixed for 24 h using a ball mill
before drying at 90 °C. This stearic acid coating reduced the

D.K. Ramachandran et al. / Ceramics International 40 (2014) 1046510473

tendency of the fine MgO raw powder to adsorb water and
agglomerate, and improved powder handling (e.g., signifi-
cantly reduced dust formation during the kneading process).
Heiber et al. also showed that feedstock properties could be
improved using pre-coated powders [19]. Measurements of
the particle size distribution (PSD) were undertaken using a
particle size analyzer (LS 13320, Beckman colter, Inc., USA).
BET surface areas of the powders were determined using an
Autosorb-1 analyzer (Quantachrome Instruments, USA).

2.2. Feedstock preparation

In this study, the term “feedstock™ refers to the mixture of
thermoplastic and ceramic compounds used to prepare warm-
pressed planar structures or extruded tubes. Previous studies [13]
have shown that thermoplastic compositions designed for
injection molding or thermoplastic extrusion can be shaped
by warm-pressing and give similar microstructures to extruded
samples (when the process was carefully controlled). Warm-
pressed samples were used here to investigate the microstruc-
tural and permeation properties as they are a simple geometry
suitable for most of the characterization methods and only a
small amount of feedstock was required (unlike extrusion; the
proposed method for preparing OTMs in the future).

Feedstocks of MgO were prepared from MgO powder,
graphite, a thermoplastic binder (Elvax 250, Du Pont; USA),
paraffin wax (Sigma-Aldrich, USA) as a plasticizer, and stearic
acid (Sigma-Aldrich, USA) as a dispersant. This system was
developed for injection molding by Trunec et al. [20] and later
also applied for thermoplastic extrusion. A Plastograph N50
(Brabender, Germany) was used to prepare the thermoplastic
feedstocks with an operating temperature of 100 °C. The composi-
tions of the prepared feedstocks are summarized in Table 1.

2.3. Preparation of porous MgO samples

The various feedstocks with different composition were
warm-pressed into rectangular planar structures (35 mm x 50
mm) with a thickness of 1-2 mm using a uniaxial press (Model
TP600, Fortune). A load of 100 kN was applied for 2 min at
100 °C. After warm-pressing the samples were heat treated
(“‘debindered”) to remove the organic components and then
sintered. These samples were used for thermogravimetry, dilato-
metry, and porosimetry experiments. The feedstock composition
which was considered to have an optimized microstructure
(MPG) was also extruded into tubes (14 mm outer diameter
and 1 mm wall thickness) using a Brabender extruder 19/20DN
in order to validate that the warm-pressing and extrusion of an
identical feedstock did indeed produce MgO components with the
same properties. The ability to achieve identical properties via
different processing will of course depend on the type of binder
system, pore former, and plasticizer used.

For the preliminary studies on feedstock development, all
samples were warm-pressed and sintered at 1275 °C for 2 h with
a heating rate of 30 °C/h. Additionally, the warm-pressed feed-
stocks were sintered at various temperatures between 1250 °C
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and 1400 °C in order to investigate the influence of the sintering
temperature on the final properties.

2.4. Characterization of the porous MgO samples

The properties of the different MgO feedstock compositions
were characterized by dilatometry, density measurements, mer-
cury intrusion porosimetry, permeability measurements, and
electron microscopy, as described in detail in this section.

The geometrical densities of the warm-pressed samples were
measured. The packing density of green (as-prepared) samples
was calculated from the ratio between the measured green density
and the expected green density (calculated by the density and
volume fraction of each feedstock component).

Table 1

Feedstocks: (MP1-MP5) with various ceramic to polymer ratios and no pore
former; (PG2-3) two different pore former contents with a constant ceramic
concentration of 50 vol%; (MG1-4) different pore former contents with a
constant polymer content of 45 vol%; and (MPG) final feedstock composition
that was optimized for up-scaling.

Code MgO content Polymer and additives Graphite
(vol%) (vol%) (vol%)

Various ceramic contents (no pore former)

MP1 60 40 -

MP2 55 45 -

MP3 50 50 -

MP4 45 55 -

MP5 40 60 -

Various pore former contents, constant MgO content 50 vol%

MP3 50 50 0

PG2 50 45

PG3 50 40 10

Various pore former contents, constant polymer content 45 vol%

MGl 50 45 5

MG2 45 45 10
MG3 40 45 15
MG4 35 45 20

Optimized feedstock composition
MPG 39 42 19

A Tubular, extruded
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The microstructure of the samples was studied using
scanning electron microscopy (SEM) (SUPRA35, Carl Zeiss,
Germany). The samples for the microstructural characteriza-
tion were prepared using lap polishing with decreasing
coarseness of sandpaper/polishing solution, where the last
stage of polishing used 0.25 pm diamond paste.

A differential contact dilatometer (DIL 402 CD, Netzsch
GmbH, Germany) was used to measure the sintering behavior
and to characterize the densification behavior of the thermoplastic
feedstocks. The samples were pellets cut from the warm-pressed
sheets of MgO. An ALO; reference sample was measured
simultaneously with the sample. The heating rate was 3 °C
min ' to a final temperature of 1450 °C. All experiments were
conducted in air with a flow rate of 100 ml min~".

Porosimetry measurements were conducted using a mercury
intrusion porosimeter (AutoPore IV 9510, Micromeritics,
Norcross/GA, USA).

Gas permeation measurements were carried out using a system
developed in-house. The setup consisted of a gas supply unit, a
testing chamber and a unit for measuring the flow of the gas that
permeates through the sample. A pressure difference across the
sample was created using an electro-pneumatic pressure controller
(Tescom, ER3000, USA). The flow of permeated gas was
measured using an electronic flow meter (Agilent 5314, USA).
The measurements were made with a pressure difference of
200 kPa at room temperature and with nitrogen as the permeate
gas. Nitrogen was used for the experiments as it is safe and easy to
work with and considered to give similar permeation data to
oxygen (the gas of interest for OTM).

MgO supports (MPG) sintered at 1250 °C, 1300 °C,
1350 °C, and 1400 °C were used for the gas permeation meas-
urements in order to quantify the gas permeability using the
Darcy equation

j=—k/uvp )

where, k is the permeability (m?), j is the flux (m*/m?s), u is
the viscosity of the gas (Pa s), and VP is the pressure gradient
(pressure (Pa)/sample thickness (m)).

Fig. 1 shows that the microstructure of MgO supports
prepared by warm-pressing is comparable to that of an extruded
tube made from the same feedstock MPG (sintering at 1300 °C
for 2 h). Additionally, the properties of the warm-pressed and

b Planar, warm pressed

-

250 pm

Fig. 1. SEM images of cross-sections of MgO supports (MPG) prepared by extrusion (tubular) and warm-pressing (planar), showing comparable microstructures.
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extruded parts were identical with respect to gas permeability
(134+0.1 x 107 "*m? and total open porosity (36 + 1%),
validating that the warm-pressing method is suitable for prepar-
ing samples for studying feedstock compositions for thermo-
plastic extrusion, as observed previously [13].

3. Result and discussion
3.1. Raw materials and feedstock composition

Table 2 summarizes the results of BET gas adsorption,
particle size distribution (PSD), powder density and agglom-
eration factor (AF) for the raw powders. The agglomeration
factor (AF) was calculated from the following equation [21].

AFZSBET x d50 x p/6 (2)

where, SggT, d50 and p are specific surface area, median particle
size, and powder density, respectively.

The uncalcined MgO powder had a very large surface area,
(78 m*/g as measured by BET), and consisted of extremely
fine (nanometric) primary particles that could not be fully
de-agglomerated by kneading or dispersion in stearic acid, as
indicated by a very high agglomeration factor of 140. Calcin-
ing the MgO powder at 1000 °C for 10 h reduced the specific
surface area by almost a factor of eight and the agglomeration
factor by a factor of 14. Further de-agglomeration of the pre-
calcined MgO powder was then achieved by coating with
stearic acid and ball milling [13].

Another advantage of calcining the MgO powder was a
reduction of the particle size distribution; both the D10 and the
D90 were significantly reduced compared to the uncalcined
powder. The selected graphite pore former had an average
particle size (d50 above 11 um) a factor of ~7 larger than that
of the calcined MgO powder (see Table 2) in order to
introduce large stable pores in the microstructure to increase
gas permeation in the support.

Fig. 2 shows a ternary compositional diagram for the
thermoplastic feedstocks. The white area represents recipes that
were able to be processed whereas the compositions in the gray
regions could not be prepared due to problems with the
kneading, warm-pressing/extrusion or thermal treatment process.

For compositions with very high solids loading (MgO and
graphite) of more than 65 vol% the feedstock could not be
homogenized due to incomplete wetting of the polymer and
a very high viscosity (referred to as the “unmixable region”).

Table 2
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At very high polymer contents above 65 vol%, especially at high
ratios of polymer to ceramic, the MgO structure deformed or
collapsed during the shaping or heat treatment; this region is
labeled “form instabilities”. In the region in the center of the
ternary diagram (where the polymer and graphite content
exceeded 65 vol%) the prepared feedstocks were form-stable
during extrusion but the MgO structures were not mechanically
stable after sintering. Hence, only the white area of the composi-
tional diagram, representing successful samples, was investigated
in further detail. The data points in this region illustrate the three
strategies for systematically studying the feedstock compositions
(1) varying the polymer concentration (red data points, samples
MP1-5), (2) increasing the pore former concentration with a fixed
MgO content (blue data points, samples PG2-3) and (3) increas-
ing the pore former concentration with a fixed polymer content
(black data points, samples MG1-4).

Machanically

unstable after
AVANEN A

sintering -
/' ®
/ \\

0.0

ST 7 7 ST T 7T 7T

00 01 02 03 04 05 06 0.7 08 09 1.0
Ceramic ( Magnesium oxide)

Fig. 2. Ternary compositional diagram for thermoplastic MgO feedstocks. The
data points in the white operational window represent different studies where
the following parameters were changed: (a) ceramic to polymer ratio (red
squares: no graphite pore former), (b) graphite to polymer ratio (blue squares,
50 vol% ceramic) and pore former to ceramic ratio (black squares, 45 vol%
polymer). A feedstock with optimized composition was then selected for
further studies (circled square). (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)

BET specific surface area, particle-size distribution (PSD), and the calculated agglomeration factor (AF) for MgO powder (uncalcined and calcined at 1000 °C) and

graphite powder.

Powder Specific surface area (mzlg) “PSD (um) Agglomeration factor (AF)
D10 D50 D90

MgO, uncalcined 78.0 0.510 2.99 40.8 140.0

MgO, 1000 °C, 10 h 10.8 0.187 1.53 6.07 10.0

Graphite 10.5 6.53 11.3 19.9 -

*PSD measured by laser diffraction after ball milling in ethanol for 24 h (see Section 2.1).
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3.2. Influence of polymer content on the porosity

Feedstocks with different ratios of polymer to ceramic were
prepared to investigate the influence of the polymer content on the
formation of open porosity after sintering. Table 3 summarizes the
compositions and properties of warm-pressed planar structures
before organic removal (green state), and after sintering.

As expected, the shrinkage and the porosity of the sintered
MgO increased gradually from 15% to 21% and from 9% to
18%, respectively, with increasing polymer content (40% to
60%). It is clear that the porosity can be adjusted by simply
changing the powder/polymer ratio, which is an advantage of
using thermoplastic processing. However, even at the highest
polymer content of 60 vol% (the limit for producing a stable
ceramic structure), the observed porosity of 18% is considered
too low for sufficient gas permeability. Hence, the addition of a
pore-former was required to create additional porosity. In
Table 3 it can be seen that the packing density of the green
warm-pressed samples increased gradually with increasing
polymer content, clearly indicating that the flowability of the
feedstocks increased. For MP1 with lowest polymer content of
40% the packing density of the green warm-pressed sample
could be increased to values above 90% by further optimiza-
tion of the pressing parameters (temperature and pressure) but
this was not the main purpose of this study.

3.3. Influence of pore former (50 vol% ceramic)

In order to achieve high porosity values, the amount of pore
former was gradually increased (replacing the polymer) at
constant MgO powder concentration of 50 vol%, as shown by
the blue line in Fig. 2. Table 4 shows that the porosity could be
significantly increased from 13% to 31% by the addition of

Table 3
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10% graphite in the MgO feedstock. It can be seen that
feedstock PG3 (with 10% graphite) had a low packing density
in the green state of 0.88. This indicates that (under the
conditions used here for warm-pressing), a polymer content of
40 vol% is too low to achieve a homogeneous green body
without small air inclusions. Hence, for this system, it can be
concluded that the lower limit of the polymer content is above
40% in order to avoid air inclusions in the feedstock and
subsequent processing problems.

3.4. Influence of pore former content on support properties
(constant polymer content of 45 vol%)

Table 5 shows the effect of graphite content (020 vol%) on
the properties of the sintered MgO (constant polymer content
of 45 vol%, sintered at 1275 °C). Comparing the compositions
MP2, MG1 and MG2 with 0%, 5% and 10% graphite,
respectively, the porosity increased almost linearly with the
addition of graphite. It is worthwhile noting that the pore size
distribution of the compositions changed from mono-modal to
bi-modal at graphite concentrations above 10 vol%. Further-
more, the size of the second peak representing the larger pore
sizes increased with increasing pore former content.

Also shown in Table 5 are the data for MPG (19 vol%
graphite) which lie between those for MG3 and MG4 with
respect to graphite content and final porosity. This composition
was selected for further study as it porosity was within the
targeted range (35-40%) and it showed the best overall
behavior during processing (of the studied samples within
the operational window shown in Fig. 2). Also, large quantities
of MPG could be easily processed and hence this composi-
tion was considered suitable for up-scaling of the process in
the future.

Properties of MgO support layers with different polymer contents after sintering at 1275 °C for 2 h (*measured by Hg porosimetry).

Composition Green state Sintered state

Code Polymer Density (g/cm’) Packing density" Linear shrinkage (%) *Porosity (%) Pore size (um)
MP1 40 222 0.88 +0.02 15.1 9.2 0.10

MP2 45 2.20 0.92 +0.02 15.7 13.5 0.07

MP3 50 2.12 0.94 +0.02 15.9 13.0 0.11

MP4 55 1.98 0.94 +0.02 17.9 13.5 0.12

MP5 60 1.90 0.96 +0.02 20.8 18.2 0.15

“Packing density at green state is defined here as the geometrical green density (column 3) compared to the expected green density calculated from the densities

and concentrations of each component.

Table 4

Porosity and shrinkage of MgO supports sintered at 1275 °C for 2 h (constant ceramic content of 50 vol%) as a function of the graphite to polymer ratio.

Composition Green state Sintered state

Code Polymer Graphite Density (g/cm’) Packing density Linear Shrinkage (%) Porosity (%) Pore size (pm)
MP3 50 0 2.12 0.94 +0.02 15.9 13.0 0.11

PG2 45 5 2.20 0.96 +0.02 15.1 17.1 0.14

PG3 40 10 2.08 0.88 +£0.02 15.3 30.9 0.26




10470

Table 5
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Porosity and shrinkage of MgO supports sintered at 1275 °C for 2 h (constant polymer content of 45 vol%) as a function of the graphite to MgO ratio.

Composition Green state Sintered state
Code Ceramic Polymer Graphite Density (g/cm®) Packing density Shrinkage (%) Porosity (%) Pore size peaks™ (um)
Pl P2

MP2 55 45 0 2.19 0.92 +£0.02 15.7 14.4 0.10 -
MGl 50 45 5 221 0.94 +£0.02 15.1 16.0 0.15 -
MG2 45 45 10 2.20 0.98 +0.02 15.2 19.4 0.20 -
MG3 40 45 15 2.18 0.96 +0.02 14.9 325 0.21 0.36
MG4 35 45 20 2.03 0.96 +0.02 12.1 475 0.08 0.42
MPG 39 42 19 2.08 0.94 + 0.02 13.42 37.0 0.06 0.40

*Bi-model pore size distribution (peaks labeled P1 and P2) was observed only when the graphite concentration was more than 10%.

Fig. 3. SEM micrographs of MgO supports with various graphite contents (a) no graphite (MP2), (b) 5% graphite (MG1), (c) 10% graphite (MG2), (d) 15%
graphite (MG3), (e) 20% graphite (MG4), and (f) 19% graphite (MPG). The samples were sintered at 1275 °C for 2 h.

Fig. 3 shows SEM images of polished cross-sections of the
MgO supports MP2 and MG1 to MG4. An increase in the
absolute porosity and the fraction of larger pores was observed
when the amount of pore former was increased from O to
20 vol% (Fig. 3a—f). The graphite pore former produced the
larger, elongated and oriented pores with sizes of several
microns. The submicron porosity is from the removal of the
polymer; these fine pores were also observed for composition
MP2 (Fig. 3a), which contained no graphite.

3.5. Influence of sintering temperature

In the case where the MgO support will be co-sintered with
a membrane layer, the densification behavior of the support
during sintering must closely match that of the membrane
to avoid mechanical failures e.g., cracking or delamination.
Another challenge is to select a co-sintering temperature where
the membrane can be fully densified while keeping sufficient
porosity in the support. Hence, the densification behavior
of the selected MgO feedstock (MPG) was investigated
by dilatometry and compared to that of a CGO membrane
sample (64 vol% CGO and 36 vol% polymer). The resulting

densification curves in Fig. 4 show that more than 1300 °C is
required for the membrane to reach a density above 85%
(without an extended time at the sintering temperature).
Further sintering experiments on CGO feedstocks showed that
an isothermal holding time of about 2 h at1300 °C achieved
a density of 95% of theoretical density, which is considered
to be sufficiently dense for the application. Hence, it was
necessary to investigate the effect of higher sintering tempera-
tures and the 2 h holding time on the porosity of the MgO.
This was done by sintering warm-pressed samples of MPG at
1250 °C, 1300 °C, 1350 °C or 1400 °C for 2 h and analyzing
the resulting porosity by SEM.

Fig. 5 shows the microstructures of the MgO samples
sintered at different temperatures. At a sintering temperature
of 1250 °C (Fig. 5a) large elongated pores from the graphite
are visible (8.7-16.6 um in length and aspect ratios between
1.5 and 4.8). When the sintering temperature was increased
these larger pores grew slightly, whereas the MgO matrix
(skeleton) densified as the finer pores from the polymer were
eliminated (Fig. 5b).

Hg porosimetry measurements were performed on the same
MgO samples as shown in Fig. 5 to quantify the development
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of the pore size distribution with sintering temperature. The pore
size distributions of the MgO supports shown in Fig. 6 confirm the
microstructural observations. For sintering temperatures of 1250 °C
and 1300 °C bi-modal pore size distributions with two distinct
peaks are observed; the first peak with an average size below
0.1 pm and the second peak including pores above 0.3 pm.
This second peak is present for all four sintering temperatures.
It is obvious that with increasing sintering temperature (from
1250 °C to 1350 °C) the smaller pores are completely elimi-
nated from the MgO skeleton. As expected from the dilato-
metry measurements (Fig. 4), the porous MgO will sinter and
densify at these temperatures and therefore the porosity below
0.1 pm will disappear. For the pores above 0.2 pm, the median
pore diameter shifts from 0.3 to 0.7 when the final sintering
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Fig. 4. Densification behavior as a function of temperature for an MgO sample
(MPG) and a CGO membrane material measured by dilatometry (heating rate:
3°Cmin~").
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temperature increased from 1250 °C to 1400 °C. The pore size
distributions measured by Hg intrusion (Fig. 6) is significantly
smaller compared to the microstructural observations (Fig. 5)
and this discrepancy can be explained by the formation of
bottleneck pores (e.g., submicron pores) which connect the
larger (micrometer range) pores. In the Hg porosimetry
technique the pore size is calculated from the pressure required
to push the Hg through the sample and hence the bottleneck
(smallest diameter of the pore) will give the measured pore
size. Hence, the average pore size of samples with many
bottleneck pores can be underestimated using this technique,
which is why it was important also to view the microstructure.

The growth of the pores above 0.2 pm can be explained by
the Oswald repining process; the bottleneck pore size increased

I 1250°C (¢ = 46.8%)
I 1300°C (¢ = 36.0%)
[ 1350°C (¢ = 25.9%)
0.5s5 I 1400°C (¢ = 26.4%)

0.5 0.315

0.4 -
0.353 0702
03

0.2

0.1

Log differencial intrusion (mL/g)

0.0
0.01 0.1 1 10

Pore size distribution(um)
Fig. 6. Influence of the sintering temperature (7) on the pore size distribution

of MgO supports (7=1250 °C, 1300 °C, 1350 °C and 1400 °C at 2 h holding
time). The corresponding open porosity is denoted by ¢.

Fig. 5. SEM micrographs showing the densification and microstructural development of an MgO sample (MPG) at sintering temperatures of (a) 1250 °C,

(b) 1300 °C, (c) 1350 °C and (d) 1400 °C (2 h isothermal holding time).
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because of the densification of the MgO skeleton. The total
porosity of the MgO samples as measured by Hg porosimetry
is plotted as a function of sintering temperature in Fig. 6. As
expected, the total porosity decreased with increasing sintering
temperature until the sintering temperature reached 1350 °C.
There was no further decrease in porosity observed at 1400 °C.
The strong decrease in porosity in the temperature range 1250-
1350 °C was a result of the elimination of the small pores in
the MgO skeleton (as evidenced by the disappearance of the
smaller pore size peak in Fig. 6).

3.6. Permeability of the MgO supports

Gas permeation measurements for the MPG samples were
conducted in order to correlate the gas flow through the porous
structure with the microstructure developed at different sinter-
ing temperatures. The permeability of the supports at AP of
200 kPa is plotted (left axis) as a function of the sintering
temperature in Fig. 7a, along with the porosity of the supports
(right axis).

The permeability was highest for the sample sintered at the
lowest temperature of 1250 °C (with the bi-modal pore size
distribution as shown in Fig. 6) and decreased by a factor of
more than 3 for a sintering temperature of 1300 °C. Increasing
the sintering temperature further to 1350 °C and 1400 °C did
not further decrease the permeability as could be expected
from the lower total porosity values. In fact the permeability of
the sample sintered at 1400 °C was a factor of 2.5 larger than
that of the sample sintered at 1350 °C. Considering the
microstructural development discussed in the previous section,
it is clear that the gas permeation depends not only on the total
porosity, but also on the microstructure (pore size, pore shape
and interconnectivity of the pores or “tortuosity”). Fig. 7b shows
a significant increase in the volume fraction of the larger pores
(above 0.5 pm) from below 20% to almost 90% when the
sintering temperature was increased from 1300 °C to 1350 °C.
Furthermore, the median pore size is more than doubled over
the same range. Despite a reduction in the total porosity with
increasing temperature, it is clear that the microstructures
developed at higher sintering temperatures are beneficial for
gas permeation (a higher fraction of large interconnected pores).
This is a positive result with respect to co-sintering the MgO
supports with CGO membranes; the evaluated sintering tem-
peratures (above 1300 °C) required for densifying the CGO are
not detrimental for gas permeability and are likely to be
beneficial for the mechanical strength of the porous supports.

4. Conclusion

Magnesium oxide has a relatively high thermal expansion
coefficient compared to other structural ceramics, which makes
it a suitable, generic support material for OTM materials such
as perovskites or ceria-based materials. Supports with a high
total porosity (up to 36%) and an average pore size ~0.5 um
were achieved using a feedstock with 19 vol% graphite pore
former (particle size ~ 10 pm) and a sintering temperature of
1300 °C. A significant, unexpected increase in gas permeation
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Fig. 7. (a) Gas permeability and total porosity in MgO supports and (b)
volume fraction of pores larger than 0.5 um and the median pore size of the
larger pore size peak as functions of sintering temperature. Porosity and pore
size distribution data are taken from the Hg porosimetry measurements.

through the porous MgO supports was observed when the
sintering temperature was increased from 1300 °C to 1400 °C,
despite a significant decrease in the total porosity. This was
explained by the growth and homogenization of the larger
pores introduced by the pore former and by improved
interconnectivity of the pores (broadening of the pore chan-
nels) due to densification. The optimization of the MgO
feedstock resulted in porous supports with suitable micro-
structures and sintering activity for co-sintering with CGO at
temperatures between 1300 °C and 1400 °C. In the case where
these MgO supports would be used with high-performance
membrane layers (delivering oxygen fluxes of 10 ml min~' cm 2
or more), these gas permeabilities of 1.4-3.1 x 10~ '°m? may
limit the performance of the membrane. Therefore further research
is being undertaken to enlarge the average pore size of the MgO
supports using alternative pore formers while optimizing the
mechanical strength (e.g., using spherical graphite to form more
homogenous pores). In addition, extrusion of these thermoplastic
feedstocks is being undertaken to produce thin-walled porous MgO
tubes onto which catalytic layers and ceria-based membrane layers
can be applied by dip-coating and then co-sintered to produce fully
functional OTMs.
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Abstract

Three different compositions of MgO compounds were investigated for use in oxygen transport membranes. Porous MgO supports were extruded
using different kind (size, morphology and chemistry) of pore formers: A flaky graphite, a spherical graphite and ideal spheres of PMMA. The
influence of the pore former on microstructure, gas permeation and the mechanical properties for various sintering temperatures were investigated.
The gas permeation behavior of the MgO supports was highly dependent on pore neck size and total open porosity. MgO substrate, with 20% spherical
graphite as a pore former, sintered at 1300 °C for 2 h, showed a total porosity of 42.5% and gas permeability of 4.7 x 10~'® m?. Subsequently, the
4-point bending strengths of this substrate, scaled to an effective volume of 10 mm?, were 77 and 60 MPa for room and operation temperature

(850°C). Both, permeation rate and mechanical strength is sufficient for using the support for further investigations in OTM.

© 2014 Elsevier Ltd. All rights reserved.

Keywords: Porous MgO; Oxygen membrane; Microstructure; Mechanical strength; Gas permeability

1. Introduction

Carbon dioxide (CO;) is one of the important greenhouse
gases which is largely emitted from chemical, power generation
and cement industries. Carbon capture and storage (CCS) is one
approach for reducing CO, emissions in an attempt to overcome
current global warming issues. Using carbon capture and storage
ahigh CO; content in the exhaust gas is favoured. One possibility
is using oxyfuel power plants in combination with pure oxygen
instead of air for combustion process. Practically, pure oxygen
is conventionally produced by cryogenic distillation in large
scale or by pressure swing adsorption in small scale.! Oxygen
transport membranes are a promising alternative for integra-
tion in high temperature combustion processes due to their high
selectivity for oxygen and significantly lower efficiency losses.”
With pure oxygen, the NO, emissions in exhaust gas can be

* Corresponding author. Tel.: +45 4677 4800; fax: +45 4677 5858.
E-mail addresses: dhra@dtu.dk, dhavaa@ gmail.com (D.K. Ramachandran).

http://dx.doi.org/10.1016/j.jeurceramsoc.2014.11.014
0955-2219/© 2014 Elsevier Ltd. All rights reserved.

eliminated, since atmospheric nitrogen is separated from the air
stream by the membrane before combustion process.’ There-
fore leaving only CO; and H>O can be easily and cost effectively
separated for CCS. In the last decade, intensive research
has been dedicated to the preparation and characterization of
monolithic oxygen transport membranes (OTM) to achieve
high oxygen fluxes through thin planar or tubular membrane
geometries.® !

In comparison to monolithic membrane asymmetric OTM
consists of different functional layers namely; porous support,
catalytic and dense membrane layer. In order to fabricate an
OTM all these layers should be tailored in a way that they
are chemically, structurally and thermally compatible with each
other. The support layer provides mechanical stability to the thin
membranes and should ideally allow unrestricted gas access to
the activation layers present on the membrane surface. Hence,
the support layer of the membrane should have a high level of
interconnected open porosity and minimal resistance to gas flow
for better membrane performance. There have been many studies
devoted to developing a porous support layer (both ceramic and
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Table 1
Thermoplastic feedstock composition using different pore formers.

Code Kneader temperature (°C) MgO content (vol.%) Polymer & additives (vol.%) Pore former (vol.%) Type of pore former
MP-FL 100 39 42 19 Flaky graphite
MP-SP 100 34 46 20 Spherical graphite
MP-PM 65 34 46 20 PMMA

metal-based materials) with planar and tubular structures'* !’

for high temperature membrane applications.

With respect to the mechanical properties, the number of
studies is limited for support structures. There are some stud-
ies on BSCF materials where elastic modulus and toughness
of porous BSCF were reported for both room and operation
temperature.'® Later, research activities include more candidate
materials such as CGO and LSCF. For those mechanical prop-
erties like subcritical crack growth'® and flexural strength'® has
been reported. Magnesium oxide (MgO) tubes were extruded
and sintered as porous support layer (porosity of 36+ 5%)
for membrane applications and the room temperature frac-
ture strength of 364 6MPa was reported.”’ Similar values
have been reported for porous CGO substrates.”! It is worth-
while to mention that high temperature strength of porous
supports is the critical issue to be characterized. K. Kwok
et al.'” proposed a high temperature testing methodology
for tubular and planar ceramics to circumvent this difficult
issue.

Beneath mechanical properties, OTM supports need to fulfill
further requirements related to the final application and their
implementation into a multi-layer structure (during ceramic
processing). One very important property for application is
a high gas permeability in the order of 10~'3 m? to ensure
transport of gasses through the relatively thick porous ceramic
support layer.”” The microstructure of the support (porosity,
pore size distribution, grain size etc.) influences above prop-
erties and is strongly depending on the fabrication,'® especially
on sintering conditions. Thus it is important for implementa-
tion of a new type of support structure in an asymmetric OTM
to have a more elaborated understanding of the relationship
between processing, resulting microstructure and final support
properties.

Considering the basic material properties, magnesium oxide
is a cheap and readily available,”*>* non-toxic raw material with
a good thermal and chemical stability and a relative high ther-
mal expansion coefficient suitable for many oxygen membrane
materials (fluorites, perovskites and composites). In this work
the development of porous magnesium oxide (MgO) supports
for the use in tubular, asymmetric OTMs using different extru-
sion compositions will be described. Thin walled tubular MgO
support structures were prepared, with a wall thickness below
1 mm after sintering, from thermoplastic feedstocks with differ-
ent type of pore former and their mechanical properties, porosity
and gas permeability as a function of pore former type, total
open porosity and sintering temperatures for use OTM were
investigated.

2. Experimental procedure
2.1. Raw powders

Feedstocks of MgO were prepared from MgO powder (Prod-
uct #12R-0801, Inframat Advanced Materials, USA), pore
former, a thermoplastic binder (Elvax 250, Du Pont; USA),
paraffin wax (Sigma-Aldrich, USA) as a plasticizer, and stearic
acid (Sigma-Aldrich, USA) as a dispersant. The MgO pow-
der was first calcined and then coated with the stearic acid
using 1-proponal as a solvent and then homogenized by ball
milling with zirconia balls for 24 h. The solvent was removed
from the MgO slurry by drying on a hot plate for 24h at
90°C. The stearic acid coating helps to interact better with
polymeric binder to reduce the tendency of the fine MgO raw
powder to adsorb water and further improved powder handling
(e.g. significantly reduced dust formation during the knead-
ing process).”>?° Three type of pore formers were used in the
feedstock composition namely; a graphite powder, flaky type
(V-UF1 99.9, Graphit Kropfmiihl AG, Germany) referred as
(FL), another graphite spherical type (TIMREX® KS6, TIM-
CAL, Switzerland) referred as (SP) and PMMA (Poly methyl
methacrylate, MR 10G, Exprix technologies, USA) referred
as (PM).

2.2. Preparation of thermoplastic feedstock

It is worthwhile to mention that the composition of the
three different feedstock vary depending on the used pore for-
mer material. Before this study, the feedstock with each pore
former had to be optimized separately to be able to achieve
a stable process (e.g. sufficient shaping capability and stable
tube structure without deformation during extrusion, debinding
and sintering). Table 1 shows thermoplastic extrusion feedstock
compositions prepared using the three different pore form-
ers. As shown in Table 1, all three types of ingredients were
weighed and mixed in the kneader (Linden, Type BK20-Vol
500cc, Germany) in the following order to achieve homoge-
neous mixing. First, the kneader was heated to the operating
temperature, filled with half of the MgO powder and allowed
to run at a low speed of 10rpm in order to transfer heat to
the MgO powder and mill any larger aggregates. Next, the
organic binder (Elvax 250 and paraffin wax) and the remaining
MgO powder were added consecutively. After a homogeneous
mixture was achieved (constant torque value), the pore former
powder was added, and mixed further until the mixture was
uniform.

Please cite this article in press as: Ramachandran DK, et al. The role of sacrificial fugitives in thermoplastic extrusion feedstocks on properties
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Fig. 1. The experimental extrusion of tubular device using thermoplastic feedstock.

2.3. Thermoplastic extrusion of thin walled support tubes

Thermoplastic extrusion was used to shape support tubes as
the process is capable of producing thin walled, form-stable sub-
strates suitable for further membrane processing by dip-coating
process. The extruder (Model 19/20DN Brabender, Germany)
in combination of oil baths were used to heat up the extruder
chamber to 100°C and the die head to 90°C. The die head
temperature was always kept 10 °C lower than the chamber tem-
perature to ensure form stability of the tube at the exit of the die.
An extruder speed of 10 rpm and a die assembly with inner and
outer diameters of 12 mm and 14 mm, respectively, was used for
all experiments. Feedstock (MP-PM) was extruded using lower
temperatures (extruder chamber: 75 °C, die head: 70 °C) as the
addition of a polymeric pore former produced a feedstock with
lower viscosity at higher temperature. PMMA typically has a
glass transition temperature at around 105 °C and it was nec-
essary to optimize the extruder temperature to ensure a stable
structure. Fig. 1 shows the image taken during thermoplastic
extrusion process.

2.4. Debinding and sintering

Based on the thermo gravimetric experiments (discussed in
Section 3.3), all three extruded feedstock compositions were
debindered at different temperatures and heating rates which is
presented in Fig. 2. After debinding, the samples were sintered
at different sintering temperatures such as 1250 °C, 1300°C,
1350 and 1400°C with a heating rate of 30°Ch~! in order
to investigate the influence of the sintering temperature on the
microstructure properties. For thermo gravimetric experiments
are described in Section 2.5.

2.5. Material characterization

The properties of the different MgO feedstock compositions
were characterized by thermal analysis, electron microscopy, Hg
porosimetry, gas permeation and mechanical testing, as will be
described in detail in this section.

A thermo-gravimetric balance (STA 409 CD, Netzsch GmbH,
Germany) was used to study the decomposition behavior of the
thermoplastic binder system (EVA, paraffin, stearic acid) and
the three different pore formers in the MgO feedstock during
debinding in air. All experiments were conducted with a heating
rate of 1 °C min~! and an air flow of 100 ml min~!.

The microstructure of the samples was studied after sintering
using scanning electron microscopy (SEM) (SUPRA35, Carl
Zeiss, Germany). The samples for the microstructural charac-
terization were prepared using lap polishing with decreasing
coarseness of sandpaper/polishing solution, where the last stage
of polishing was with a 0.25 pm diamond paste. Additionally,
porosimetry measurements were conducted using a Pore Mas-
ter (PR-60 GT, Micromeritics, USA). Samples with weights of
0.9 to 1.1 g were measured in a penetrometer with a 5 cm? bulb
volume and a usable Hg volume in the penetrometer stem of
0.392 cm?, allowing for a maximum measureable pore volume
of 0.366cm?. All measurements were run between 5Pa and
420 MPa translating into a measurement range of pore diameters
between 240 pm and 0.003 pwm.

Gas permeation measurements were carried out using an in-
house built system device. The setup consists of a gas supply

1400 °Cy

I MP-FL (Flaky graphite)
Il MP-SP (Spherical graphite)

1250 °C
AN

720 °C
Il vP-PM (PMMA) Y

670 °C «

Temperature (°C)

Debinding
0 25 50 100
Time (h)

Sintering

Fig. 2. Debinding cycle derived from thermo gravimetric experiments for all
three supports; MP-FL (Flaky graphite), MP-SP (Spherical graphite) and MP-
PM (PMMA).
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Tensile stress zone

50 mm

Fig. 3. Specimen geometry and loading configuration for strength testing.

unit, a testing chamber and a unit for measuring the flow of the
gas that permeates the sample to be measured. The typical spec-
imen size is a tubular supports with an area of approximately 10
to 20 cm?. After sintering, the thickness of the different porous
MgO support samples varies from 0.85 to 0.90 mm. A pressure
difference across the samples was created using an electropneu-
matic pressure controller (Tescom, ER3000, USA). The flow
of permeated gas was measured using a flow meter (Agilent,
USA). The measurements were made with a pressure difference
of 200 kPa at room temperature and with nitrogen as the perme-
ate gas. MgO tubes sintered at 1300 °C were glued at one end to
steel fixtures and to a polymer composite enclosure at the other.
Then gas permeation measurements were carried out in order to
quantify the gas permeability using the Darcy equation:

K

j=—-VP ey
I

where k is the permeability (m?), j is the flux (m3 (m?s)™!), u

is the viscosity of the gas (Pas), and VP is the pressure gradient

(pressure (Pa)/sample thickness (m)).

The elastic modulus and strength were measured by 4-point
bending test of sectored specimens, which is a variant of the
method developed.'” Typically a large number (~30) of sam-
ples is used to investigate mechanical properties. Often this is
time-consuming and therefore many reported strength values are
based on a small sample number and are subjected to consid-
erable uncertainties.”’->’ Sectored specimens were prepared by
cutting the extruded tubes on the long axis into 4 quarters, each
subtending an angle of 90°. The cut surfaces of the specimens
were ground flat and then tested under four-point bending. The
length of specimens is 60 mm.

A schematic of the specimen geometry and loading configu-
ration is shown in Fig. 3. The distance between the loading pins
is 25.0 mm. The support pin and the loading pin are separated
by 12.5mm. A large tensile stress zone is created in the mid-
dle bottom region of the specimen. The highest tensile stress is
located away from the cut surfaces and therefore the measured
strength data were not influenced by defects introduced by the
machining.

All experiments were conducted using specially designed test
equipment for continuous testing of multiple specimens under
controlled environments. The test facility is described in detail
in.!”

Four-point bending tests were performed at room temperature
and 850 °C in atmospheric air. The rate of downward movement
of the actuator was 0.1 mms~!. The vertical displacement of

the loading pins and the forces acting on the support pins were
measured continuously.

The elastic modulus E was obtained from the load-
displacement curve based on the Euler—Bernoulli beam theory,

_ P3Ld? + 243
T d 61

where d is the vertical displacement of the loading pins, P is
the applied force, and [/ is the second moment of area of the
specimen cross section.

To obtain the strength of each specimen, the maximum stress
corresponding to the applied force at fracture was computed
by the finite element method using the commercial software
Abaqus.”® The calculated strength distribution was evaluated
according to the conventional Weibull theory.”” The probability
of fracture Py is given by

Py =1—exp (—(U:a"> ) 3)
0

where omax 1S the maximum tensile stress in the specimen. The
linear regression method was used to compute the two Weibull
parameters, namely the characteristic strength og and Weibull
modulus m.

Since the stress distribution in the specimen is multi-axial, the
principle of independent action®” was employed in calculating
the effective volume. This principle assumes that the principal
stresses actindependently on fracture, which leads to an effective
volume expression given by

m m m
o] lop) 03
Veff=/< ) +< ) +( ) dv “)
vV \ Omax Omax Omax

E @

where o1, 07, 03 are the three principal stresses, and Vis the spec-
imen volume. The effective volume was determined numerically
from the computed stress distributions based on finite element
analysis.

Weibull parameters were determined from a finite number
of specimens invariably deviate from that of the parent popula-
tion. The uncertainty in the measured Weibull parameters can
be assessed by means of Monte Carlo simulations.®' The con-
fidence intervals for the measured characteristic strength and
Weibull modulus were determined after carrying out 10,000
Monte Carlo runs for each set of tests.

3. Result and discussion

3.1. Characterization of raw materials and feedstocks for
thermoplastic extrusion of MgO tubes

Fig. 4 shows SEM pictures of the raw materials that were
used for preparation of thermoplastic feedstocks for extrusion.
Fig. 4(a) shows the MgO powder that was pre-calcined at
1000°C in order to improve de-agglomeration during milling
and mixing and to avoid inhomogeneity in the final feedstock.*”
Three different types of pore formers, with quite different
particle size and shape are shown in Fig. 4(b) to (d): Two types
of graphite (named by the supplier as flaky graphite (b) and
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Fig. 4. SEM images of raw powders for preparation of thermoplastic feedstocks for extrusion: (a) MgO calcined at 1000 °C, (b) graphite powder, flaky (FL), (c)

graphite powder, spherical (SP), and (d) PMMA (PM).

spherical graphite (c)) and PMMA. The influence of these
different pore formers on processing, microstructure develop-
ment (pore size, shape and distribution), gas permeability and
mechanical strength are reported in the following sections.
From the particle size distribution (PSD) measurements, the
mean particle size of the MgO powder and the pore formers
were estimated using particle size analyzer (LS 13320, Beckman
colter, Inc., USA). The uncalcined (as-received) MgO powder
consisted of extremely fine (nanometric) primary particles that
were aggregated into larger, irregular agglomerates (not shown
here). Calcination of the MgO at 1000 °C resulted in reduction of
the surface area and the measured PSD; the d50 value of the pow-
der decreased from 2.99 wm to 1.53 wm after the processing.>”
A flaky graphite powder (FL) with an average particle size of
about 11 wm was selected; this particle size is at least a factor of
seven larger than the calcined MgO powder. The introduction of
such large pore former particles was done with the intention of
introducing sufficiently large pores in the sintered support, and
hence achieving high gas permeation. With the same intention,
another graphite powder (spherical, SP) with a mean particle
size of 5.5 pwm, and a PMMA pore former with 10.5 pm parti-
cle size were used to study the influence of the type and size of
pore former on different MgO support properties (porosity, gas
permeation and mechanical strength) after shaping and sintering.
In thermoplastic ceramic processing the debinding cycle is
often critical and time consuming step. Relative large amounts
of organics need to be removed before sintering step (Fig. 2).
An incomplete or to quick debinding cycle will result in blister,
cracks and voids which will negatively influence the mechani-
cal strength. Thus, in this study thermogravimetric analysis was

performed to identify decomposition temperatures of the organic
components. Subsequently, the temperature profiles for debind-
ing were optimized to ensure a very slow and smooth debinding
and avoid the formation of any cracks/defects. Flaw-free ceram-
ics are especially important for the study of the mechanical prop-
erties of the tubular membrane supports (reported in Section 3.3).

Fig. 5 shows the weight loss as a function of temperature for
(a) the single components of the thermoplastic binder system
and pore formers, as well as (b) the three MgO feedstocks (MP-
FL, MP-SP and MP-PM). All feedstocks contain MgO powder,
Elvax 250 as the main binder, paraffin wax as lubricant/binder
and stearic acid as a dispersant.

The evaporation of the pure stearic acid and the decomposi-
tion of paraffin wax start rapidly at relatively low temperatures of
around 160 °C, and 90% of the wax and stearic acid are removed
in the narrow temperature range up to 300 °C. The Elvax250
decomposition starts slowly at a slightly higher temperature of
about 250 °C, with the highest rate of weight loss occurring at
temperatures between 400 °C and 500 °C. The polymeric pore
former (PMMA) decomposes completely in the temperature
range of 250 °Cto 350 °C. This pore former is therefore removed
before the debinding of the thermoplastic binder is completed.
The mass loss curve for the pure graphite shows decomposi-
tion between 500 °C and 750 °C. In this case the pore former is
removed at higher temperatures than the thermal decomposition
temperature of the thermoplastic binder.

When the pore formers are mixed with MgO and thermo-
plastic additives (Fig. 5(b)), the decomposition peak for all
feedstocks are broadened and slightly shifted to higher temper-
atures, first reaching complete decomposition at temperatures
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around 450 °C and 800 °C for PMMA and graphite pore for-
mers, respectively. This shift can be explained by a slightly
oxygen deficient atmosphere due to the binder decomposition
in a densely packed MgO matrix that restricts the heat trans-
fer and the removal of decomposition products (gases evolving
during organic removal).*

The difference in decomposition temperature of organic
compounds in the different feedstock can be better compared
from the rate of the weight loss plotted in Fig. 6. The thermoplas-
tic feedstocks that contain graphite (MP-FL and MP-SP) show
a broader decomposition peak than the PMMA feedstock. The
three distinct peaks are shifted slightly to higher temperatures
for the graphite feedstock MP-FL which has slightly higher
ceramic content (39 vol.% ceramic) compared to the MP-SP
feedstock (34 vol.% ceramic). As discussed above, the shift in
the decomposition peaks to higher temperatures for the MP-FL
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Fig. 6. Thermogravimetric analysis (TGA) of three thermoplastic MgO feed-

stocks: MP-FL, MP-SP and MP-PM. The major decomposition ranges for the

different additives and pore formers are indicated; 100-300 °C (decomposition

of stearic acid, paraffin and PMMA), 300-500 °C (decomposition of Elvax 250)
and 500-800 °C (decomposition of graphite).

feedstock might be related to the a limited heat and air/oxygen
transport inside the green body during organic removal.’’
According to the TG experiments, three different critical
temperatures (320 °C, 420 °C, and 720 °C) where identified for
MP-FL whereas the feedstock MP-SP has peak temperatures
(300°C, 400°C, and 670 °C). Hence, a heating rate 15°C h~!
and a dwell time of 1 h with at each of these temperatures was
implemented in the debinding cycle to allow slow and complete
stepwise decomposition of the polymer components, avoiding
the formation of defects from degassing. In the case of the
MP-PM feedstock, the debinding was more challenging due to
the high polymer content (46 vol.% thermoplastic polymer and
20 vol.% PMMA) which decomposes in the temperature range
of 200 to 420°C. Fig. 6 shows distinct peaks for the MP-PM
feedstock at 270 °C (assigned to a merging of the peaks from
paraffin, stearic acid and PMMA) and at 375 °C (Elvax 250).
Since the pore former of feedstock MP-PM leaves the green
body in a very early stage of the debinding, the shape stability is
lower in comparison to feedstocks with graphite as a pore former

60
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(b) MP-SP I 0.1-1um
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Fig. 7. Total porosity and pore size of the different MgO supports: (a) MP-
FL, (b) MP-SP and (c) MP-PM sintering temperatures ranging from 1250 °C to
1400°C.
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(MP-FL and MP-SP), and a slower heating rate needed to avoid
shape deformation. Hence, a heating rate of 10°Ch~! and a
dwell of 2h at each of the indicated temperatures (270 and
380 °C) were applied to achieve a successful debinding cycle
of MP-PM.

3.2. Effect of sintering temperature on the evolution of the
MgO support microstructures

After the optimized debinding cycle (see Section 2.4), the
MgO supports were sintered for 2h at several temperatures
(1250°C, 1300°C, 1350°C and 1400°C) in order to evaluate
the microstructural development. The porosity and the pore size
distribution, measured by Hg intrusion, are presented in Fig. 7.
This graph present porosity and four classes of poro size in
order to visualize changes in the pore structure for the different
pore formers depending on the sintering temperature. The high-
est porosity (52.5%) was achieved for MP-SP at 1250 °C that
constitutes a large volume of small pores. Pores below 0.1 pm
were eliminated by increase of sintering temperatures. As shown
previously,®” this class of pores sizes is related from the MgO
particle network (e.g. MgO skeleton). A decrease of this pore
size class can be explained by a sintering of the MgO skele-
ton through the collapse of these small pores. A sintering of the
MgO skeleton does not only result in a decrease of the poros-
ity. It also result in an increase of the lager pores as indicated
in Fig. 7. For the MP-FL supports, the total porosity decreased

with increasing sintering temperature, except between 1350 °C
and 1400 °C, where the total porosity remained constant while
the pore size increased. Furthermore these phenomena can be
explained by further sintering and densification of MgO skele-
ton. Due to the larger pore size distribution and the constant
porosity, it is thought that the MP-FL support sintered at 1400 °C
should have better gas permeation properties than the support
sintered 1350 °C. In the case of MP-SP, consistently decreasing
porosity with increasing sintering temperature is observed, as
well as a gradual increase in pore size. Meanwhile, the MP-PM
showed very drastic changes in the pore size between 1250 and
1300 °C from elimination of pores below 0.1 pwm, reducing the
total porosity from 38 to 29%. The MP-PM support also shows
similar trend MP-SP, but the total porosity is reduced to almost
half of that of MP-SP at 1400 °C and there is no significant
pore size enlargement observed after 1300 °C. This eventually
confirms that the MP-PM has the least pore volume and poor con-
nectivity, which may resist resulting in insufficient gas supply
for the final application.

Previous investigations have been shown that 1300 °C seem
to be a good compromise to achieve a dense CGO oxygen mem-
brane on a tubular porous MgO support. In Fig. 8, the pore
size distributions of the three different MgO supports sintered
at 1300 °C are reported. For later applications the sintering tem-
perature is most relevant, as it allows the densification of the
active CGO membranes on the porous MgO support at low tem-
peratures and high porosity. Fig. 8 shows a bimodal pore size
distribution for MP-FL and monomodal distribution for MP-SP
and MP-PM. It can easily be deduced that MP-SP should have
a higher gas permeation value than other two supports, since it
has similar mean pore size ~0.33 pm, but a total pore volume 5
to 13% higher than other two supports.

The microstructure (polished cross sections) as observed by
electron microscopy are shown in Fig. 9 for all three differ-
ent MgO supports sintered at 1300 °C. They all show different
microstructures due the different debinding properties and par-
ticle sizes of the pore formers. Micrographs indicate that the
support (MP-SP) has a better pore connectivity than all two sup-
ports which ideally enhances gas permeation value. This can be
confirmed by the gas permeability measurements which is max-
imum for MP-SP and which will be discussed in Section 3.3.
In the case of MP-PM, there are some big isolated pores which
can be easily visualized Fig. 9(c) and the weak pore network
eventually deteriorates the gas permeation properties.

Fig. 9. SEM micrographs of polished cross sections of MgO supports sintered at 1300 °C (a) MP-FL, (b) MP-SP and (c) MP-PM.
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Table 2
The pore size characteristics of three MgO support sintered at 1300 °C.

Code Pore former Pore size (image Pore neck size (Hg Size ratio (neck to
(pm) analysis) (wm) porosimetry) (um) pore) (%)

MP-FL 11.3 10.3 0.36 35

MP-SP 55 2.8 0.34 12.0

MP-PM 10.5 79 0.30 3.8

In order to calculate the mean pore size of MgO support from
SEM 2D image, the image analysis MAT LAB program was
used by simply selecting right threshold point in order to distin-
guish two different phases; ceramic and pore boundaries. It is
also well known that the pore size determined by Hg porosime-
try indicates pore neck size and it always underestimates the
real pore size which is shown in SEM images. Table 2 shows
the mean size of pore former, pore size, pore neck size (Hg
porosimetry) and neck to pore ratio for all three supports sintered
at 1300 °C.

Referring Table 2, it is important to calculate the neck to pore
ratio as this value indicates how well the pores are connected
with each other. It can be concluded that a higher neck to pore
ratio was achieved for MP-SP (12%) whereas the ratio for the
two other supports isunder 4%. Ultimately, the smaller pore and
larger neck size of MP-SP improves mechanical strength and
gas permeability respectively.

3.3. Mechanical and gas permeation properties of MgO
supports

The mechanical properties of the three different MgO support
tubes (MP-FL, MP-SP, and MP-PM,all sintered at 1300 °C) were
evaluated by 4-point bending strength measurements at room
temperature (25 °C) and at 850 °C which is a relevant operation
temperature for an asymmetric ceria or ceria composite oxygen
membrane.

The elastic modulus for the three different supports char-
acterized at 25°C and 850°C are shown in Table 3. All
load-displacement curves obtained from four-point bending tests
are linear and reproducible over the all tests. The elastic mod-
uli reported were determined by averaging results over all
tests.

The difference in elastic moduli between the three differ-
ent types of supports is due to the porosity difference. The

Table 3

dependence of the elastic modulus on porosity for ceramics can
typically be described by an empirical relation®*:

E=Ey exp(—bp)

where Ej is the elastic modulus at zero porosity, p is the porosity,
and b is an empirical constant. Using the reported values for Eg
and b of dense MgO at room temperature **, the empirical rela-
tion gives elastic moduli of 55.0 GPa, 41.0 GPa, and 80.0 GPa for
MP-FL, MP-SP, and MP-PM, respectively. As shown in Table 3,
the measured elastic moduli for MP-FL and MP-SP agree quite
well with the empirical model, except for MP-PM for which
the measured elastic modulus is lower than the empirical model
prediction.

The elastic moduli for the three types of supports decrease
slightly with temperature, of the order of 7-9 GPa. The measured
elastic moduli are slightly lower than the range of 50-66 GPa
given in the literature for MgO with a porosity of 36%.°
For application as support materials, a low elastic modulus is
preferred because a more compliant support induces smaller
stresses in the membrane.*>3

The fracture strength distribution at 25°C and 850 °C are
plotted in Fig. 10(a) and (b), respectively. The corresponding
Weibull moduli and characteristic strengths are summarized in
Table 3, together with the effective volume of each test series and
porosity of the supports. Limits of the 90% confidence interval
are shown for the Weibull parameters in brackets.

Similar values for Weibull moduli were obtained for the three
supports. This indicates that the spread of the critical flaw size
distributions for the three supports are comparable. The Weibull
moduli at 850 °C were found to be lower than those at 25 °C for
all three supports. The differences are however within the limits
of uncertainty due to finite sampling. Since the Weibull modulus
is a measure of the spread of the critical flaw size, it is therefore
not expected to correlate with temperature. Overall, the Weibull
moduli for the three supports are typical for ceramics.

Mechanical properties measured at 25 °C and 850 °C for MgO supports, sintered at 1300 °C. Numbers in brackets refer to limits of 90% confidence interval resulting

from finite sampling.

Parameters MP-FL MP-SP MP-PM'
25°C 850°C 25°C 850°C 25°C 850°C
Number of specimens 25 30 30 24 30 30
Elastic modulus [GPa] 49.89 42.39 42.51 34.56 51.60 43.01
Weibull modulus 7.75 (5.45-10.61)  5.12(3.70-6.83) 8.97 (6.51-11.95)  6.35 (4.44-8.77) 8.74 (6.36-11.3) 5.45 (3.99-7.26)
Effective volume [mm?] 6.91 10.82 5.53 7.67 5.68 9.06
Characteristic strength [MPa] ~ 79.79 (76.14-83.47) 59.56 (55.90-63.42) 82.31 (79.39-85.33) 62.27 (58.76-65.84) 73.17 (70.56-75.88) 61.72 (58.16-65.47)
Porosity (%) 37 42 29

* Sintering temperature for all samples was 1300°C with 2 h holding.
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Fig. 10. Fracture probability of MgO supports at (a) room temperature (25 °C) and (b) membrane operation temperature (850 °C) for the three supports MP-FL (flaky

graphite), MP-SP (spherical graphite) and MP-PM (PMMA) sintered at 1300 °C.

Fig. 11. Fracture surface and inhomogeneity in the microstructure of the tubular samples at the surface of (a) MP-FL, (b) MP-SP, and (c) MP-PM supports sintered

at 1300°C.

For each support, the effective volume at 850 °C is larger than
that at 25 °C because of the lower Weibull modulus measured
at the higher temperature. The differences in effective volumes
between the supports are due to the difference in both the Weibull
modulus and specimen dimensions.

To correctly compare the characteristic strengths of different
supports, the measured strength values at different effective vol-
umes in Table 3 need to be scaled to the same effective volume
using the relation:

7\ M 1
(@) _ Ve
1/ - /
9 eff

where oy, and o] are the characteristic strengths at the effective
volumes Vi and V.

Table 4 shows the comparison of characteristic strength of dif-
ferent supports scaled to the same effective volume of 10 mm?>.
All supports show a decrease in characteristic strength going

Table 4

from 25 °C to 850 °C. The drop in strength is primarily due to
the reduction in elastic modulus with temperature.

At room temperature, MP-FL and MP-SP have similar
characteristic strengths with a difference within the statistical
uncertainty. The total open porosity difference of 6% between
the two supports has little influence on the strength. Despite hav-
ing the lower porosity (higher solid volume) the characteristic
strength of MP-PM is lower than the other two supports. This
suggests that the critical pore/flaw size is the strength-controlling
factor in the supports.

Analysis of the fractured surfaces of the MP-FL and MP-SP
supports in Fig. 11(a) and (b) reveal that locally dense spots
(e.g. inhomogeneity in the MgO skeleton) are situated near the
outer surface of the tubular supports. Cracks of a few hundred
micrometers long surrounding the dense spots were observed.
These cracks are likely to be resulted from the local mismatch
of elastic moduli between the dense spots and the porous sur-
rounding. Since the outer surface was subjected to tensile stress
in the four-point bending tests, such dense spots were identified

Characteristic strength of porous supports scaled to an effective volume of 10 mm?.

Temperature (°C) MP-FL (MPa) MP-SP (MPa) MP-PM (MPa) BSCFZ' (MPa)
25 76.07 77.05 68.58 21.15
850 60.48 59.72 60.61 16.94
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Table 5 direction. The Weibull moduli for MgO with spherical type

The measured gas permeability of the MgO tubular supports at AP of 200 kPa. graphite (MP-SP) were the highest among the supports inves-
MP-FL MP-SP MP-PM tigated. This suggests that the spread of flaw size distribution is

Darcian gas permeability (m?) 125 x 1016 470 10-1© 1.0 107 the narrowest which is desirable for a ceramic under application.

to be the fracture initiators. As shown in Fig. 11(c), even longer
cracks were found in MP-PM than in MP-FL and MP-SP. The
cracks are straight and oriented in the radial direction of the
supports, and can extend as long as half of the support thickness.
For all supports, cracks significantly larger than the pores can be
identified. Fracture of specimens is therefore controlled by such
inhomogeneity in the microstructure, and the pore geometry
and distribution of the pore formers are expected to have only
a minor effect in the characteristic strengths measured.

The gas permeability measurements were performed on MgO
supports sintered at 1300 °C. The results of the MgO tubular sup-
ports at 200 kPa are presented in Table 5. This study indicates a
strong correlation between the permeability and the open poros-
ity, as expected. From Table 5, it is seen that the permeability is
highest for the MgO support used spherical graphite as pore for-
mer (MP-SP). The achieved permeability value of 4.70 x 10716
was almost 0.4—1.5 orders of magnitude higher than other two
MgO supports. The reason for the higher permeability of MP-SP
is due to the microstructures which contains high interconnected
open porosity (ref Fig. 9). The decrease in permeability of other
two supports originates from the decrease in porosity and the for-
mation of randomly oriented larger elongated pores and isolated
pores that may restrict the gas transport pathway.

4. Conclusion

Porous tubular MgO supports (14 mm diameter and a thick-
ness of 1 mm) were developed through thermoplastic processing
using three different types of pore former. The microstructure
(pore size distributions, open porosity etc.) was investigated
with respect to its influence on mechanical properties and the
gas permeation. Thermoplastic processing was shown to be an
easy route to produce porous structures and the level of porosity
could be optimized to obtain a suitable support for OTM
applications. Debinding studies were carried out in order to
prepare stable and defect-free components. Three temperature
regimes were identified as crucial areas where the polymers and
pore former in the feedstock predominantly decompose. Hence
dwell times of 1h at each peak of these temperature regimes
were implemented in the debinding cycle to allow slow and
step-wise decomposition of the polymers and graphite powder.
In the case of MP-PM, the temperatures 270 °C and 380°C
were observed to be critical temperatures and hence dwell
time periods of 2h were used at these temperatures to ensure
complete organic removal. In the microstructural studies it was
found that the supports prepared with spherical graphite as a
pore former (MP-SP) showed open interconnected structures
which resulted in higher open porosities about 42.5% at 1300 °C
with a moderate gas permeation value. The mechanical strength
was characterized using 4-point bending of tubes cut in the axial

The characteristic strengths of MgO support (MP-SP) were
77 MPa and 60 MPa for room and membrane operating tem-
perature which are likely sufficient for a mechanically robust
support. Moreover, MgO support it preferred because it has
no problems with high temperature redox reactions or carbon
poising and cation diffusion which is typically observed in CGO
and perovskite materials.”’*® Comparing the gas permeation
values at the same sintering temperature (1300 °C, considered
suitable temperature of co-sintering with membrane layer in
the future), the highest gas permeation value of 4.7 x 10710 m?
was achieved for MP-SP which is almost 40% higher than
MP-FL supports with similar mechanical strength.
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“Low cost porous MgO substrates for oxygen transport membranes”
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Abstract

This paper delineates the fabrication of porous magnesium oxide (MgO) ceramics with high porosity
and gas permeability by warm pressing using pre-calcined MgO powder and fugitive pore former
(combination of graphite and polymethyl methacrylate). Effect of pore former on the microstructure
development of porous MgO ceramic substrates was subjected to investigation. The resultant
microstructure consisted of large spherical and elongated pores with small interconnecting pores. The
total porosity (55%), mean pore neck size (0.65 pm), and the associated gas permeability (4-4.5 x10™"
m?) of MgO substrates were measured and correlated. Economic analysis of the MgO substrates was
performed and it was found that MgO was much cheaper compared to perovskite and fluorite

materials.

Keywords: Porous MgO ceramics; Gas permeability; Membrane; Low cost supports; Thermoplastic
system
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1. Introduction

Porous ceramic materials for high temperature engineering applications attracted significant attention
due to their excellent thermal insulation properties originating from the unique combination of low
density, low thermal conductivity, high thermal shock resistance and high refractoriness [1]. In catalytic
membrane application, the function of the porous layer is to provide mechanical stability and
unrestricted gas supply to the membrane interface for further catalytic reaction to occur. Often, in the
preparation of oxygen transport membrane, the porous support layer for the membrane was made
from the material similar to that of the membrane material in order to eliminate the thermal expansion
mismatch issues [2]. The thickness of the porous support layer can be 25 to 50 times (~500 — 1000 pm)
higher than the actual membrane layer (~20 um), making the porous support as the major component
in the membrane structure. It is thus important that a low cost material for porous support should be
identified to minimize the cost of the membrane structure significantly to make it commercially viable.
Magnesium oxide (MgO) is widely used in many industrial applications, mainly as refractory material,
fireproofing construction material and catalyst [3]. The high thermal expansion, high thermal and

chemical stability and low material cost of MgO made it attractive to use it as a support material [4,5].

There have been several methods employed to fabricate the MgO ceramic structures that included
isostatic pressing, hot pressing, tape casting and extrusion for different applications [5-10]. The
selection of shaping process depends on final application, cost-effectiveness for continuous production
and scalability. It was demonstrated that both the warm pressing and extrusion processes resulted in
similar final properties [9,11]. Extrusion process is also capable of producing stable and thin-walled
components. Using warm pressing, porous MgO ceramics with a porosity of 36 vol. % and gas
permeability of 1.4-3.1 x 10 m” were prepared. However, the permeability of the porous MgO layer

requires significant improvement to be integrated into high performance oxygen transport membrane
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[9]. The gas permeation capability of ceramic substrates can be improved by using appropriate pore

former.

In this letter, porous MgO ceramic membranes were prepared using a combination pore formers
(graphite and polymethyl methacrylate, henceforth referred to as PMMA) using warm-pressing
technique. The effect of the fugitive pore former on the microstructure, porosity, pore size distribution

and gas permeability of the porous MgO layer was investigated.

2. Experimental

2.1 Material and methods

Pre-calcined MgO powder (Inframat Advanced Materials, USA, d50 ~ 1.53 um ), graphite (Superior
graphite, USA, d50 ~ 17.7 um), Poly methyl methacrylate, PMMA (Exprix technologies, USA), a
thermoplastic binder (Du Pont, USA), paraffin wax and stearic acid (Sigma-Aldrich, Germany) were used
to prepare thermoplastic feedstock. MgO powder, polymer binder and pore former (graphite to PMMA
ratio is 2:1 by volume) were fed into a kneader (Kneader N50, Brabender, Germany) in the volume ratio
of 1.2: 1.5: 1. After kneading, the feedstock was shaped into planer substrate (dimension 35mm x50
mm x 1) by warm pressing (Fortune Isostatic Press-TP600, Frontijne Grotnes, Netherland) by applying a
load of 100 KN at 100 °C. Subsequently, the warm pressed substrates were debindered slowly by
employing a heating cycle of 15 °C/h and dwelling for 2 h at 250 °C, 400 °C and 650 °C. Further, the

MgO substrates were sintered at 1300 °C for 2h in ambient condition with a heating rate of 30 °C/h.
2.2. Characterization

The phase identification of the pre-calcined MgO powder and sintered MgO porous structures was
performed using X-ray diffraction (Bruker D8 diffractometer, Germany) with CuKa radiation over a
26 range of 10-85°. The microstructure of the samples was recorded using scanning electron
microscopy (SEM) (SUPRA3S5, Carl Zeiss, Germany). The porosity measurements were carried out using

a mercury porosimeter, (Pore Master, PR-60 GT, Micromeritics, USA). Finally, gas permeation
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measurements were carried out using an in-house built system. The flow of permeated gas across
porous substrate was measured using a flow meter (Agilent, USA) for a pressure difference ranging

from 25 kPa to 175 kPa. The gas permeability was calculated using the Darcy equation [9].

3. Results and Discussion:

Fig. 1 shows X-ray diffraction (XRD) patterns of pre-calcined, at 1000 °C for 10 h, MgO powder and
sintered, at 1300 °C for 2 h, MgO substrate. All the reflections from the diffractograms of MgO powder
and MgO sintered structure can be indexed to MgO periclase phase (JCPDS: 00-045-0946). No
secondary phases were observed for both the samples after the heat treatments and no additional
reflections were found after sintering the MgO structure compared to the pre-calcined powder. The

clear and sharp reflections indicate the good crystallinity of the material.
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(220)

(222)

Intensity (a.u.)
— (111)
(200) rL
: (311)

MgO powder pre-calined at 1000 °C

(220)

L} l L} I | J k L} I T I L} ' ‘ll_ J;l L}
20 30 40 50 60 70 80 20
20 (degree)

Fig. 1. X-ray diffraction patterns of MgO powder pre- calcined at 1000 °C and MgO substrate sintered
at 1300 °C.
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The microstructure of porous MgO substrates sintered at 1300 °C for 2 h in ambient is presented in
Fig. 2. The micrographs at two different magnification indicate the wide range of pore sizes ranging
from sub-micron to above 10 um which are connected randomly. It can be seen that there are some
spherical and elongated pores, those are originated from PMMA and graphite respectively. The small
and elongated pores joined together to create the pore channel to enable the gas transport with
minimal resistance within the structure. It is observed that there is a significant improvement in the
mean pore size (~ 0.65 pm) and porosity (55 %) which is almost increased by 200% and 50%,
respectively, compared to the values reported in our previous work [9]. Other main reason for
considering the combination of two pore formers (graphite and PMMA) is in order to avoid the
debindering defects as the each pore former has different degasification/ burnout temperatures, which
helps to increase pore former content into the thermoplastic feedstock.
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Fig. 2. SEM Micrographs of the porous MgO ceramics sintered at 1300°C for 2 h, (a) origin of the
pores and (b) type of pores and size.

Porosity and gas permeability of the MgO substrates

Fig. 3 (a) shows the mercury (Hg) intrusion and extrusion measurement of MgO substrate sintered at
1300 °C. It is seen that as the intrusion pressure increases, only 2% of pore volume filled until pore neck

size reaches 2 um and then intruded volume started to increase drastically to 50 % with pore neck size
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>0.65 um. During Hg extrusion measurements, 2% of pore volume is extracted until pore cavity size
reaches 0.3 um, and further extracted volume is reached to 50% when pore size reaches 3 pm.
Hysteresis (during intrusion and extrusion ) is often observed due to large cavities being
interconnected by smaller pore necks[12]. It can also be observed that almost one third of pore volume
occupied with a pore size of >10 um. From application point view, it is important to enlarge the pore

neck size instead of increasing the pore/cavity size for better gas permeability.
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Fig. 3. (a) the cumulative and differential intruded volume in different pore sizes for the porous MgO
sintered substrate, (b) the measured gas permeability and gas flow as function of AP from 25 to 175
kPa.

Fig. 3 (b) shows the measured gas flux and the calculated permeability as a function of pressure
difference (AP) across the porous substrate. The measured gas flux versus the pressure difference curve
showed an almost linear trend for all AP. Increasing the pressure from 25 kPa to 150 kPa, did not result
in significant changes in permeability and there was no influence from the pressure gradient. An
increase in gas permeability was observed when pressure was reached beyond 150 kPa; this increase
was attributed to the elevation of gas access to small pores in the support and this enhanced the gas
permeation. The MgO substrates exhibits a gas permeation value of about 4-4.5 x10™ m” which is

almost 7 to 8 times higher than to the acceptable range [13]. The high permeability measured on the
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MgO support forms the basis for further studies on integrating these substrates into high performance

perovskite and fluorite based membrane materials.
Cost analysis

The cost analysis of porous MgO support was done by considering a small size production facility
located in India with monthly production capacity ~ 3 tones (2000 m?) finished goods. In membrane
cost calculation, all costs involved in the production processes should be assessed carefully to make a
better estimate which is presented in Table 1. The direct cost involves mainly the costs associated with
the manufacturing of the product such as, bill of materials and routing (operation and manpower) cost.
Moreover, indirect costs (utilities, rent, audit and administrative staff) are included into the product cost
which is considered to be 50% of WIP (work in progress) cost. Finally, membrane cost is assessed to be
150$/m” including pricing factor of 10 times. In comparison with fluorite and perovskite material, MgO
is 15-30 times cheaper in term of material cost which makes MgO economic to be considered as low

cost support material for asymmetric oxygen transport membrane [14].
Table 1 about here
4. Conclusions

Porous MgO ceramic substrates with high porosity of 55% was prepared by warm pressing using pre-
treated MgO powder along with graphite and PMMA pore-formers. The mean pore neck and pore
cavity sizes of the sintered MgO substrates, was about 0.65 pm and 3 pm respectively. The
microstructure and porosimetry experiments indicate broad pore size distribution with good pore-
connectivity, resulting in high gas permeation value of about 4-4.5 x10™> m”. The estimated product
cost of porous MgO substrates was about 150$% per square meter, making them cost efficient

membrane supports for oxygen transport membranes.
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Table 1

List of Tables:

Table 1: Membrane cost analysis production of a sample size of 2000 m>

Details Total for 2000 m? (USD) Cost/m? (USD)
Raw materials cost 12500 6.25
Process wastage (20 % of RM 2500 1.25

cost)

Production cost 5000 2.5
Indirect cost (50 % of WIP cost) 10000 5.0

Total cost 30000 15.0

Pricing factor (5-10 times) (75-150 $)
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Abstract

Constrained sintering of tubular bi-layered structures is being used in the development of various technologies. Densification mismatch between
the layers making the tubular bi-layer can generate stresses, which may create processing defects. An analytical model is presented to describe the
densification and stress developments during sintering of tubular bi-layered samples. The correspondence between linear elastic and linear viscous
theories is used as a basis for derivation of the model. The developed model is first verified by finite element simulation for sintering of tubular
bi-layer system. Furthermore, the model is validated using densification results from sintering of bi-layered tubular ceramic oxygen membrane
based on porous MgO and Ce9Gdy ;0 95_4 layers. Model input parameters, such as the shrinkage kinetics and viscous parameters are obtained
experimentally using optical dilatometry and thermo-mechanical analysis. Results from the analytical model are found to agree well with finite
element simulations as well as measurements from sintering experiment.

© 2014 Elsevier Ltd. All rights reserved.

Keywords: Constrained sintering; Tubular bi-layer; Oxygen membrane; Sintering; Stress

1. Introduction

Functionally graded tubular multi-layered ceramic structures
are being used in the development of tubular type of solid oxide
fuel cells and gas separation technologies.' A tubular multi-
layer structure with thin film oxygen transport membrane layer
on a porous support offers improved performance due to reduced
thickness of the separation layer. Mechanical and dimensional
stability together with the opportunity to use cost effective shap-
ing processes for mass production such as extrusion and dip
coating are some of the other reasons to use tubular multi-
layers.'* Nevertheless, an important and critical step in the
manufacturing of such tubular multi-layers is the simultaneous
sintering of the different layers (co-sintering), which is required

* Corresponding author at: Frederiksborgvej 399, P.O. Box 49, Building 778,
4000 Roskilde, Denmark. Tel.: +45 2074 5931; fax: +45 4677 5858.
E-mail address: ttmo@dtu.dk (T.T. Molla).

http://dx.doi.org/10.1016/j.jeurceramsoc.2014.10.010
0955-2219/© 2014 Elsevier Ltd. All rights reserved.

to densify the green structure and give it higher strength.*
Processing defects like cracks, delaminations and coating peel-
offs are some of the problems associated with sintering of tubular
multi-layer samples. Such defects are believed to occur mainly
due to the transient stress development inside the structure in
response to the differential shrinkage in the constituent lay-
ers, i.e. the layer with faster shrinkage rate is constrained by
the slowly shrinking layer resulting in constrained sintering. In
order to produce defect free tubular multi-layered structures, it
is important to control and optimize the transient stress gener-
ation during the entire sintering process. Thus, it is necessary
to develop a model to understand development of stresses and
densification mechanisms.

The problem of transient stresses during sintering of pla-
nar multi-layer structures including camber development in
asymmetric multi-layers has been addressed in numerous
publications.® 2 Generally to model densification and stress
generations during co-firing of planar multi-layered samples,
the continuum theory of sintering has been used.®’ The porous

http://dx.doi.org/10.1016/j.jeurceramsoc.2014.10.010

Please cite this article in press as: Molla TT, et al. Modeling constrained sintering of bi-layered tubular structures. J Eur Ceram Soc (2014),



dx.doi.org/10.1016/j.jeurceramsoc.2014.10.010
http://www.sciencedirect.com/science/journal/09552219
dx.doi.org/10.1016/j.jeurceramsoc.2014.10.010
mailto:ttmo@dtu.dk
dx.doi.org/10.1016/j.jeurceramsoc.2014.10.010

+Model
JECS-9861; No.of Pages 10

2 T.T. Molla et al. / Journal of the European Ceramic Society xxx (2014) xxx—xxx

structure has then assumed to have a linear viscous behavior,
where the viscous strain rate is directly proportional to the
applied load.® The total deformation in the sintering body is thus
equal to the sum of the viscous strain rate and internal shrinkage
rate, which is driven by a hydrostatic potential often referred to
as the sintering stress.”!

Timoshenko and Goodier provided an analytical elastic solu-
tion for stresses in a single layered tube exposed to a gradient
in internal strain (e.g. thermal or chemical).?? In addition,
Lamé derived the stress field in a tube exposed to an external
pressure.”® Recently Kwok et al. generalized those analytical
expressions in Refs. 22,23 for elastic materials to describe stress
developments in bi-layered tubular supported oxygen mem-
branes under internal and external pressures.”* For bi-layer
structures, Kwok et al. assumed the pressure in Lamé’s model
as the interaction pressure between the two monolithic tubular
layers, which may arise due to mismatch in the internal strains
of the layers. In this work, Kwok et al. tried to analyze elastic
stress developments due to gradient and mismatch in the chemi-
cal and/or thermal strains during operations of bi-layered tubular
structures, for example, in oxygen separation applications.”*

Based on the analogy between linear elasticity and linear vis-
cous models, the methodology used by Kwok et al. to analyze
elastic stresses could be extended for linear viscous materials and
a time dependent analysis. This is made by invoking the anal-
ogy between internal strains (thermal or chemical) in the elastic
materials and free shrinkage rates in the viscous materials. The
mechanical viscous properties are then defined for a given tem-
perature and microstructure during the sintering cycle. During
sintering of porous bi-layered tubular body, mismatch in the den-
sification rate between the two layers can develop stresses. If the
sintering bodies in the tubular bi-layer system are modeled by
linear viscous materials, the mismatch in the internal shrinkage
rate between the two layers should be directly proportional to the
development of stress. By doing so, it is possible to model the
development of stresses and densification in each layer during
sintering of bi-layered tubular structures.

Therefore, an analytical model describing stress devel-
opments and densification during constrained sintering of
bi-layered tubular structures has been developed in this work.
In order to verify the analytical model, finite element simu-
lations for constrained sintering of bi-layered tubular sample
is performed. The analytical model is also validated using
constrained sintering experiment of tubular bi-layered oxy-
gen membrane based on porous magnesium oxide (MgO) and
Ce.9Gd.101.95—q (CGO) layers. Model input parameters such
as the shrinkage kinetics and viscous parameters of the indi-
vidual layers of the tubes are obtained experimentally using
optical dilatometry and a thermo-mechanical analysis (TMA)
respectively.

2. Experimental
2.1. Raw powders

Three types of powders were used for the preparation of
asymmetric tubular membrane structures: (1) MgO powder

(Product # 12R-0801, Inframat Advanced Materials, USA) and
(2) a graphite powder (V-UF1 99.9, Graphit Kropfmiihl AG,
Germany) as a pore former, both for the porous support; and
(3) CGO (GDCI10-TC, Fuel Cell Materials, USA) for the dense
membrane layer. The raw ceramic powders (MgO, CGO) were
pre-calcined at 1000 °C with a heating rate of 100 °C/h for 10h
to reduce the surface area of the powder and hence reduce
the sintering activity. The specific surface areas of the cal-
cined MgO and CGO powders were measured by the BET
method to be 10.8m?*/g and 4.3 m?/g with a particle size of
d50: ~1.5 pm (d10: ~0.2 pm, d90: ~6.0 wm) and d50: ~2.1 pm
(d10: ~0.9 pm, d90: ~7.7 wm) respectively.

2.2. Layer preparation

MgO feedstocks for thermoplastic extrusion were prepared
from MgO powder, graphite, a thermoplastic binder (Elvax 250,
Du Pont, USA), paraffin wax (Sigma—Aldrich, USA) as a plas-
ticizer, and stearic acid (Sigma—Aldrich, USA) as a dispersant.
The MgO feedstocks were extruded into tubes (14 mm outer
diameter and 1 mm wall thickness) using a Brabender extruder
19/20DN to prepare the porous membrane support layer. The
feedstock optimization with respect to the form stability, shrink-
age behavior as well as additional information on the layer
preparation can be found in our previous work.”

For the dense membrane layer, first the pre-calcined CGO
powder was dispersed in an ethanol based suspension with
polyvinylpyrrolidone (PVP, Sigma—Aldrich, USA) as dispersant
and polyvinylbutyral (PVB, Sukisui chemicals, Japan) as binder.
The resulting slurry for the dip coating was homogenized by
ball milling for 72 h. The slurry for the preparation of the dense
membrane was dip coated on the extruded MgO tubes at a con-
stant speed of 2.5 mm/s in a controlled atmosphere. The green
densities of the extruded and dip coated layers were measured
on the basis of mass and volume measurements. The relative
density of the sample was calculated from the ratio between
the measured density and the theoretical density of the powder.
The theoretical densities of MgO and CGO used are 3.6 and
7.2 g/em? respectively.”

2.3. Sintering procedures

The heat treatment procedure for the tubular asymmetric bi-
layered samples consists of (1) a constant heating rate (iso-rate)
with a ramp of 0.25 °C/min for the de-binding cycle from room
temperature to 650 °C and (2) an iso-rate ramp of 0.5 °C/min
for the sintering cycle from 650 °C to a maximum of 1300 °C.
Various bi-layers were heated with the same heating profile
to different temperatures of 250 °C, 450°C, 650°C, 850°C,
1000°C, 1100°C and 1300°C, followed by cooling down to
room temperature with the rate of 1 °C/min. The bi-layers were
checked for defects after each respective temperature cycle and
simultaneously the necessary data were collected for compari-
son with model. Fig. | shows a schematic cross section and a
photo of the MgO tube with a dip coated CGO layer after heat
treatment to 650 °C.

http://dx.doi.org/10.1016/j.jeurceramsoc.2014.10.010
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MgO Support

Z;ip coated CGO membrane

Fig. 1. Schematics of the cross section (left) and photo of a tubular asymmetric
MgO support/CGO membrane bi-layer (right) after heat treatment to 650 °C.

The shrinkage in each layer was calculated from the sample
thickness after each thermal treatment. The sample thick-
ness was measured using scanning electron microscopy, SEM
(TM3000, Hitachi, Japan). After de-binding, a fractured sur-
face of the cross section was analyzed for the microstructure
characterization and thickness measurement. The samples sin-
tered above 850 °C were imbedded in a polymer and afterwards
polished. The polished cross sections were then used for measur-
ing the shrinkage of MgO and CGO layer. The average values
of thickness were determined from four measurements. Simi-
larly, the porosities in each layer were calculated using the SEM
images from the fractured surfaces of the sample. Table 1 shows
the different dimensions and porosity values of the layers mea-
sured at the initial and final (1300 °C) stage of the sintering
cycle.

By using the raw materials of both MgO and CGO described
above, free standing tapes of each layer were prepared to mea-
sure the free shrinkage kinetics and viscosity. The heat treatment
profile used for bi-layered tubular supported membrane is also
applied while measuring the shrinkage and viscosity of each
tape. For free sintering of individual layers, optical dilatometry
(TOMMI, Fraunhofer ISC, Wiirzburg, Germany) results were
collected for each sample size with time and temperature.
Assuming isotropic shrinkage, the densification strains are
calculated from the linear shrinkage data. Details of the

Table 1
Parameters of MgO and CGO layers before and after sintering of the tubular
bi-layer at 1300 °C.

Initial Final
External diameter of CGO (mm) 14.42 + 0.10 12.61 £ 0.61
Thickness of CGO (pum) 26.80 £ 0.30 23.55 +£ 091
Thickness of MgO (pm) 1002 £ 6.10 886.76 £ 4.52
Relative porosity of CGO 0.44 + 0.01 0.20 + 0.03
Relative porosity of MgO 0.63 + 0.02 0.46 £ 0.03

Fig. 2. Schematic representation of the porous bi-layered tubular structure.

methodologies used in the sample’s processing and optical
dilatometry can be found in Ni et al.”®

The viscosities of MgO and CGO during sintering were
determined using cyclic loading dilatometry with the help of
thermo-mechanical analyzer (TMA 402 F1 Hyperion, Netzsch,
Germany). The details of the methodology used are explained in
Ref. 27. For thermo-mechanical analysis, two layers with a final
thickness of 1 mm for each material were shaped and cut into
20 mm x 5 mm bars. Specimens were fired continuously in air at
a heating rate of 0.25 °C/min from room temperature to 700 °C
and held for 2 h to ensure the burn-out of all organics. During the
measurement, the samples were heated in air from room temper-
ature at a heating rate of 0.5 °C/min applying a superimposed
8-min cyclic squared profile. The maximum load was 8 mN. The
load was applied by a trapezoidal push rod at the center of the
beam with 5 mm width and span of 1 cm. The deflection changes
were measured with an accuracy of +0.125 nm.

3. Model development

Consider the cross section of porous bi-layered tubular struc-
ture made of support and membrane as shown in Fig. 2. The
tubular structure has the internal and external radii of »; and r,
and an interfacial radius of 7y in between the support and mem-
brane. For analysis of densification and deformation of sintering
bodies, the continuum theory of sintering can be used.®’-!
According to Bordia and Scherer a constitutive equation based
on linear viscous behaviors is quite appropriate to use for porous
bodies during sintering.®” In this theory, the viscous strain
rate of isotropically deforming body is directly proportional to
the stress components. There is also a direct correspondence
between linear elasticity and linear viscous theories, where the
viscous mechanical properties of the porous body can be defined
either by bulk and shear viscosities or by uni-axial viscosity
and viscous Poisson’s ratio.® Therefore in this work, the anal-
ogy between linear elasticity and linear viscous theories, the
elastic-visco elastic correspondence principle,”® has been used
to describe the densification and stress developments during
sintering of the porous bi-layered tubular structures.

The length of the tube is assumed to be very large compared
to the thickness of each layers, and hence plane strain analysis
can be applied. Stresses develop only in the principal directions

http://dx.doi.org/10.1016/j.jeurceramsoc.2014.10.010
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i.e. tangential, rr, radial, 60, and axial, zz, axis, as all the shear
stresses vanish because of axisymmetry.

During sintering, stress in the support as well as in the mem-
brane can develop because of:

1. The gradient of the internal free shrinkage rate, ¢/, in each
layer and

2. The interfacial pressure, Py, that develop due to the mismatch
in the shrinkage rates between the two layers.

Employing the correspondence between linear elasticity and
linear viscous materials, the expressions in>* can be adapted to
linear viscous materials. In the case of a sintering tubular body,
the internal strain, €, can be replaced by the internal shrinkage
rate, &/ Table 2 summarizes how the equations for linear elastic
model have been transformed into linear viscous materials.

In the expressions given in Table 2, the subscript s and m
indicates the support and membrane, where as the superscript,
&, indicates stresses due to the internal strain in the elastic case
or free strain rate, ¢/ = de/ /dt, in the linear viscous case. As
it is shown in Table 2, the stress expressions for linear viscous
materials are found by replacing the Young’s modulus and Pois-
son’s ratio, E and v, in the elastic model by uni-axial viscosity
and viscous Poisson’s ratio,  and V'. Note that the expressions
provided here represent stress/force balance of a viscous media
at the specific geometry or radius, r, and not the time derivative
of the elastic solution.

The stresses, o, in the radial and tangential directions due to
the interfacial pressure, Py, that develops because of the mis-
match in the shrinkage rate between the two layers, can be

calculated based on expressions provided by Lame”’ as:

2 2.2
o Pfrf B Pfrfri n
s 2 2 2 2
s ry = (rf—rl-)r2
2
P Pfrf Pfrfr 5
O6s = 3 _ 2 _ 2 2)
re =y (rf r; 2
2 2.2
oP —Pfrf B —Pfrorf 3)
e — r% 3 - r%)r2
—Pfr2 —Psr?
f 7o f
U@%,m = > + 4)
o=y (r0 — rf)r

Here the superscript, P, indicates that stresses are from the
interfacial pressure, whereas the subscripts s and m are again for
the support and membrane. To calculate the stress components
in Eqgs. (1)—(4), first the interfacial pressure has to be determined
at each time during the sintering cycle based on the mismatch in
the shrinkage rate, &;,;, between the two layers. To determine
this, the continuity of tangential strain rate, égg, at the interface
between the support and membrane can be applied as suggested
by Kwok et al.”* This implies:

tog,s = bogm at r=ry (5)

The boundary condition in Eq. (5) gives the interfacial pres-
sure, Py, as:

L.r
Pr = 5 Emis (6)
where S1 and af , are given by:

S_l—’2 2+rf+1—v’2§c (I 4+ v, v,
1= 1 2_ 2 22
m 0 f TNs re—T; Nm
l / /
AL o
Ns
214v,) [ 200+ [T,
gl = % rél dr — % / rél dr 8)
o=y Jry re — ;

Note that the dot sign above the variable represents the time
derivative of the quantity i.e. X = dx/dt. For the details of the
derivations, please refer to the work by Kwok et al.”*

The total stress components, o, in the radial, rr, and tangen-
tial, 66, directions can thus be given by Eqs. (9) and (10) where
the subscript, j=s or m.

P
Orj = Grr,j + o‘;”;r,j (9)

P
0t0,j = Ogg,j + Ofp,j (10)

For derivation of the axial stress components, the axial strain
rate components are assumed to be independent of the radius in
the bi-layer structures and the stresses can be written as>*:

Ozzs = Ns(Eze — &) + V(s + 000.5) (11)

Ozzom = Nm(&zz — 53:1) + U;n(o'rr,m + 066,m) (12)

Here ¢&,; is the axial strain rate in the bi-layer, which can
be calculated from the force balance equilibrium in the axial
direction, see Eq. (13) where F_,;, represents the axial force.

axtal + F axtal =0

Ty ro (13)
/ 2nroy; odr + / 2nrog mdr =0
ri rf

Substituting Egs. (11) and (12) into Eq. (13), the axial strain
rate can be found as:

ro rf
1 J
&y = 5 [2(1;;” — )Py + 2;7,,1/ réldr + 2nc/ ré] dr] (14)
rf ri

Here the factor S5 is given by:
Sy = (g — r9) + ns(rF = 17) (15)

The equations up until now are adapted from the general
elastic solution in Ref. 24 to linear viscous materials in order
to calculate the stress levels at a given time during the sintering
cycle. The stresses at each time step are then used to calculate
the constraint related strain rates so as to update the porosity,
radii and thickness of each layer.
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Table 2

The analogy between linear elasticity and linear viscous materials for stress at a given radius, r.

Linear elastic>*

Linear viscous

2

2
e _ _Es i frf _Lf’
Ofrs = oo (sz =7 Jn resdr 2 ) resdr
£ _ E r +) f f f _
Opos = T ' = )r resdr + resdr — g
2.2
re=r
& Em f f o _ 1 f r
Orrm I—vm (rzfr2 w2 rf rsmd r2 re rsmdr
r2 +r

= )r2 j: ra,,,dr+ f rémdr — ¢ ]

& _ _Enm
T90.m = Ty,

e _ s - ff 1 f
s = T | 2 77 v ré; Lar re?3

e _ s ] f f f _
Tgos = T r = )r2 ré; Lar +3 ) res dr 85
& Nm rz*rzf
Orrm = -], (r(z)fr})rz ﬁf rsmdr - 5 J; remdr
2,,2
retre r
& — _m f
%oo.m = 1], (,g_,zf)rz r remdr-i- j: . remdr & :|

3.1. Obtaining the porosity evolution

By dividing each layer through n equal points and by using
numerical integrations, it is possible to find all the stresses
components at each point in time and hence calculate the cor-

responding viscous strain rates over the thickness, £V, in each

layer as:

v 1 ,

B = o (077, — Vi(0w0.j + 02.))] (16)
J

v ,

oo = (07 = V3O + 022.))] a17)

J

Here again the subscript, j, can be of either for the substrate,
s, or membrane, m.

The total strain rate in the radial, rr, tangential, 60, and axial,
7z, axis and the corresponding volumetric strain rate, ¢, in either
the support or membrane can be updated as:

by = & + &), (18)
Booj = &) + &by (19)
2,j = €2z (20)
€j =& j+ éop,jt+ 2z, (1)

Therefore the porosity in each layer can be updated based on
the conservation of mass that relates the volumetric strain rate,
¢, to the porosity, 0, as’':

Op.j=ej(1 =0 )) (22)

The uni-axial viscosity is obtained experimentally, see Sec-
tion 2. But the viscous Poisson’s ratio, V/, is updated based on the

instantaneous porosity of each layer at each time step using:' %!
3y — 2(1—6,)°

V = Wy where Y = 2 =00 nd
6y + ¢ 3 6,

9 =(1-6,° (23)

3.2. Obtaining the thickness evolution

The total tangential strain rate, &gy, can be described using the
expression given in Eq. (24).”” Here, V,, the radial deformational

velocity field and dV; /00 is the change in the tangential velocity
field with an angle 6, which vanishes for an axisymmetric body
in cylindrical r — 6 — z coordinate system.
) V., 13V,
£00 = r t r o0 24
By using the tangential strain rates from Eq. (19), the defor-
mational velocity field, V,, is calculated from Eq. (24) across
the thickness of the layer. The corresponding thicknesses of
the layers are updated based on the updated internal, interfa-
cial and external radii. Note that during the sintering cycle, the
above equations are solved in a time dependent manner where
the shrinkage rate, mechanical properties and the geometrical
parameters are updated for each time step.

3.3. Finite element model

To verify the analytical model described above, a two
dimensional finite element model for the constrained sinter-
ing of bi-layered tubular structure has been developed using
ABAQUS™. With the help of creep user subroutine the total
inelastic strains and porosity evolutions during sintering has
been defined based on the Skorohod Olevsky viscous sintering
model (SOVS).?! Details about the implementation of the SOVS
theory into ABAQUS™ with the help of creep user subroutines
to model sintering of multi-layers are reported in Molla et al.”’

Only one quarter of the cross sectional domain is modeled
because of symmetry of the geometry, loading and boundary
conditions. The domain was discretized using eight noded plane
strain elements (commonly referred to as CPES in the ABAQUS
element library) with an element size of 50 and 13 pm for the
support and membrane respectively. Symmetry boundary con-
ditions are imposed on the truncated ends of the finite element
model.

4. Results and discussion

The analytical model for constrained sintering of bi-layered
tubular structure explained in Section 3 is implemented using
a Matlab program. The initial values of the stresses are deter-
mined by the initial gradient of free shrinkage rate in each layer
and the differential shrinkage rate between the two layers. The
development of stresses and densification in each layer together
with geometrical parameters (the different radii in the bi-layer

http://dx.doi.org/10.1016/j.jeurceramsoc.2014.10.010
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Fig. 3. Uni-axial viscosity of MgO and CGO tapes as a function of time and
temperature during constant heating rate of 0.5 K/min.

system and thicknesses) are calculated. The stress calculations
from the analytical model are verified with the help of the finite
element model developed to simulate the constrained sintering
of bi-layered tubular sample. Furthermore, the shrinkage results
from the analytical model are compared with SEM measure-
ments made during the sintering experiment of tubular samples.
From the dilatometry data (see Fig. 7), densification starts first
in CGO layer and hence the bi-layer model simulations are
performed beginning from the temperature wherein the CGO
membrane starts to densify, i.e. the analysis starting point is at
about 850 °C, which distinguishes the pure sintering densifica-
tion stage of the processing avoiding the debinding and initial
sintering period when no essential shrinkage is present.

Fig. 3 shows results for the uni-axial viscosity of both MgO
and CGO as function of temperature obtained using the data
collected from the TMA analysis. The uni-axial viscosities of
both tapes show rapid drop at lower sintering temperatures and
remain more or less constant as the temperature increases. The
trend in the viscosity variation for the sintering temperatures is
similar with the observations reported for most porous ceramic
oxides during densification.® %>

4.1. Development of stresses

The tangential stress (often called hoop stress) evolution at the
external surfaces of each layeri.e. at » = rin the case of the MgO
support and at r =, in the case of CGO membrane is calculated
from the analytical model. Fig. 4 shows comparison of results
from the analytical and finite element simulations. As itis shown
the hoop stresses from the analytical model agree very well with
predictions from numerical simulations. The hoop stresses are
shown to be maximum at the beginning of the sintering process,
wherein the membrane and support are exposed to tensile and
compressive stresses respectively.

T T T T
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150 15 Se ' Analytical,membrane ]
T & FEA,support
TSNl FEA,membrane
— 100 N i
© o N
Q N
e \
7]
17} N\
2 50 N .
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0 N i
-50 4 X .
¥ T 4 T x T ! T % T ¥ T v T U T
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Fig. 4. The evolution of the maximum hoop stress in the support (at r=ry) and
membrane (at r=r,) during the sintering cycle.

During the sintering cycle, the hoop stresses evolve and
finally the membrane and support will be in compression and
tension respectively. The hoop stress in the membrane is quite
large compared to stresses in the support, which are usually the
main causes for hindering the densification in the CGO mem-
brane. This means that the hoop stress is also the main cause for
defects like cracks and peel-offs.

Similarly the analytical model predictions for the evolutions
of radial stresses in both layers have been compared with the
respective stress values from the numerical simulations as shown
in Fig. 5. Here also, the MgO support is initially exposed to
compressive radial stress and evolves to tensile stress in time.
Generally the magnitude of radial stresses in both layers is
very small compared to the hoop stress throughout the sintering
cycle. Such observations again show that, most of the processing
defects occur due to the hoop stresses at the beginning of the
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Fig. 5. The evolution of radial stress in the support (at 7=7ry) and membrane (at
r=r,) during the sintering cycle.
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Fig. 6. Hoop stress variation across the radius (a) MgO support and (b) CGO membrane.

sintering cycle as the magnitudes of radial stresses are almost
insignificant in both layers.

In addition to stress evolutions in time, the variation of the
hoop stress across the radius of each layer for a given time has
been invetigated using both the analytical as well as numerical
simulations. Fig. 6(a) and (b) shows the hoop stress variation
across the radius of the support and membrane around the early
stage of the sintering (t~ 4 hor T~ 970 °C). Again a good agree-
ment of the stress calculations from the analytical and numerical
models are obitained as shown in Fig. 6. The maximum devi-
ation between the analytical and finite element models, in this
case is close 1.24%. Note here that, the variations of the stresses
are plotted as a function of radius from the inner, 7;, to inter-
facial, ry, in case of the support and from the interfacial, 7y, to
outer, r,, in case of the membrane at the given time.

The analytical model and the finite element simulations are
in good agreement for all stresses during constrained sintering
of tubular bi-layered structure. The strains and displacements

c
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Fig. 7. Comparison of linear shrinkage strains during free sintering and axial
strain during constrained sintering together with experimental measurements of
axial strains in the tubular bi-layer sample.

also compare well in the two models. Therefore the analytical
model provides a very good alternative to a circumstantial finite
element analysis (FEA). In the present study, results from the
finite element simulations are observed not to vary significantly
for further refinement of the mesh. In the following, the evolu-
tions of shrinkage, porosity and shape of the bi-layered sample

Fig. 8. SEM characterization of the bi-layered tubular sample after sintering to
1100 °C (a) MgO support and (b) CGO membrane.
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Fig. 9. Comparison of the evolution of porosity from model and experiment
during constrained sintering of tubular bi-layer sample.

from experiment are compared with results from the analytical
model.

4.2. Shrinkage

Fig. 7 shows the analytical model prediction for the axial
shrinkage, ¢,;, across the length of the bi-layer in comparison
with free shrinkage data and the measurements taken during the
sintering of tubular bi-layer. Comparison of axial shrinkage in
the constrained CGO membrane with the free CGO tape shows
that the CGO membrane is exposed to tensile stresses, which
hinder the densification during sintering of the tubular bi-layer.
The constrained shrinkage in the MgO support is almost unaf-
fected by the level of stresses generated in it. Results from the
model agree well with the shrinkage measurements from SEM
images of the samples at four different temperatures. It is evident
that the linear shrinkage in the CGO membrane dominates the
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»
o
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Fig. 11. Variation of hoop stress with ratio of thickness of the layers (CGO-
membrane to MgO-support) at the beginning of the sintering cycle.

sintering cycle, which exposes it to tensile stress from the MgO
support.

4.3. Porosity evolution

The porosity evolutions in each layer during constrained sin-
tering of the bi-layer tubular sample were measured using SEM
images at four different temperatures. Fig. 8 shows the exam-
ple of SEM images of MgO support and CGO membrane at
1100 °C. From the analytical model, Eq. (22) is used to update
the porosity in time. Fig. 9 shows the comparison between results
from the analytical model and measurement values with the
standard deviation from the measurement. The standard devi-
ations are deduced from the variations in the thickness observed
from SEM images of the layers. Predictions from the analytical
model agree well with the measured values in both the support as
well as membrane. Porosity evolution in the case of constrained
bi-layered tubular structures is size dependent as the total stress
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Fig. 10. Evolution of geometrical parameters during the sintering cycle: (a) the different radii in the bi-layer and (b) thickness.
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varies with the radius of the sample during constrained sintering
of tubular samples.

4.4. Evolution of shape

In addition to densifications, the geometrical parameters of
the tubular samples were also calculated using the analytical
model. Fig. 10(a) shows the evolutions of the internal, r;, inter-
facial, 7, and external, r,, radii of the bi-layer sample during the
entire sintering cycle. Experimental values, deduced from mea-
surements of the interface diameter and thickness of the MgO
support at four temperatures, are also in good agreement with
the model. The model predictions for the thickness evolution of
each layer have also been shown in Fig. 10(b).

Processing defects such as axial cracks and peel-offs of the
coating or membrane often occur due to the transient hoop stress,
which is maximum at the beginning of the sintering process as
shown in Fig. 4. This is similar with processing flaw genera-
tions during constrained sintering of planar multi-layers.’” The
densification and stress analysis during constrained sintering of
tubular bi-layer structures would help to optimize stresses, for
example, as a function of thickness of the support or membrane.
Fig. 11 shows an example of variation of the maximum hoop
stress as function of ratio of thickness (i.e. radial thickness of
the CGO membrane to the MgO support). For the sample ana-
lyzed in this study, increasing the thickness ratio between the
two layers would not only slightly decrease the hoop stress in
the membrane but also increases the compressive hoop stress
on the support. The increase of compressive hoop stress on the
support can have an effect on the final size of the sample. Some-
times the dimensions are of course set by the application of the
tubular structure, and the possibility for tuning these parameters
might not be available.

5. Conclusion

A closed form analytical model based on the analogy between
linear elastic and linear viscous theories has been developed to
describe densification and stress development during sintering
of tubular bi-layered samples. Stresses during constrained sin-
tering of tubular bi-layered structures develop not only due to
mismatch in the shrinkage rate of the layers but also because
of the radial gradients in the internal shrinkage rate of each
layer. The developed analytical model is first verified by finite
element simulation for the constrained sintering of tubular bi-
layer system. Furthermore, the analytical model is validated
using densification results from sintering of bi-layered tubular
supported ceramic oxygen membranes based on porous MgO
and Ce( 9Gdg.1 01 95—¢ layers. Results from the analytical model
agree well with finite element simulations as well as measure-
ments from the experiment.

In general, the radial stresses in the bi-layered tubular struc-
tures are very small throughout the sintering cycle as compared
to the hoop stresses. Processing defects like axial cracks and
coating peel-offs mainly occur due to the hoop stress which is
maximum at the beginning of the sintering cycle. The model pro-
vided in this study could be used to minimize the transient stress

generations during constrained sintering of tubular bi-layered
structures.
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1. Introduction

Gadolinium doped Ceria, CGO, is widely used in high temperature electrochemical devices such as solid
oxide fuel/electrolysis cells (SOFC/SOEC), membranes and flue gas purification devices. The high phase
stability of CGO under both oxidizing and reduction atmospheres and the high ionic conductivity, makes
CGO an interesting material for an Oxygen Transport Membrane (OTM). An OTM is a gas-tight
component permeable only to oxygen, giving 100 % theoretical selectivity. The use of such membranes to
provide oxygen for different industries i.e. steel, cement and syngas production, can improve the energy
efficiency in the production cycle and further in some cases facilitate an easier CO, capture and
sequestration. Developing a high performance OTM-system is a challenging task as material

development, ceramic processing and system integration must be considered.

The oxygen permeation flux of various fluorite structured membrane materials for wide range of
membrane thickness ( 50 to 2000 pum) have been reported [1]. In order to achieve fluxes that are of
commercial interest for most of the large scale applications it is clear that thin film membranes with
thicknesses below <100 pm must be prepared. Such thin membrane are typically not mechanically stable.
In order to reduce the membrane thickness without sacrificing mechanical properties of the overall
component, an asymmetric membrane configuration can overcome the problems associated with
mechanical stability. Previously, Kaiser et al. [2], have reported oxygen fluxes of more than 10 Nml min™
cm™ at 850 °C on a 30 pm thick planar CGO membrane supported by a Ni-YSZ cermet support. The
different layers were prepared by tape casting and subsequent lamination. The CGO membrane showed

good thermal and chemical stability at syngas operation conditions.

When the membrane layer gets below a certain characteristic thickness, the catalytic processes on the
surface of the membrane might become a limiting factor of the membrane performance. In order to
improve the oxygen flux further the surface exchange kinetics have to be enhanced on both sides of the
membrane, which is typically done using electro-catalytic materials. Ni-Ce9Gd101.95 (Ni-CGO), ceramic-
metal composites (cermet) have been widely used as electro catalytic material in SOFCs [3,4] in which the
metallic form of Ni acts as catalyst for fuel oxidation and provides electronic conductivity, whereas CGO
not only acts as a matrix to support the catalyst but it also transports oxygen ions out from the structure
[5-7]. Moreover, a Ni-CGO cermet can easily be combined with a CGO membrane instead of using the
traditional yttria stabilized zirconia (YSZ) due to the thermal expansion coefficients (TEC) of YSZ (i.e.

~10.5x 107° K™) which is significantly lower than that of CGO and MgO [8,9].
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Perovskites structured materials such as (La,Sr)(Co,Fe)O; have been vastly used as oxygen reduction
catalysts in SOFC and for OTMs [10]. It has also been demonstrated that electrodes with very high
catalytic activity can be prepared by infiltration of these materials into porous ionic conducting backbone
structures [11]. Additionally, Zhao et al. [12], have reported that LSC catalytic layers prepared by this route
show remarkable performance in terms of high resistance to thermal cycling and thermal shock due to

using of impregnated nano catalytic particles rather than bulk particles.

For the preparation of asymmetric membranes, a planar structure configuration is usually chosen because
of the simple fabrication [13-15]. Changing to a tubular design has some advantages compared to a
planar design especially in terms of mechanical strength when the component is in a temperature
gradient. Additionally, the sealing of tubular components, especially if high pressure is considered much
less difficult [16-19]. Some studies on the preparation and testing of an asymmetric tubular perovskite
membrane structure have been reported earlier [20-24]. In these studies identical materials for dense
layers and porous supports were mainly used. Recently Liu et al. [24], demonstrated that a crack-free
asymmetric tubular perovskite membrane with a thickness of 20 um could be prepared using extrusion
and a spray drying processing step. With the asymmetric design the oxygen flux performance was almost
1.35 times higher than with the symmetric configuration and the membrane was stable under low pO,
conditions over 200 h. It is evident to see that the membrane performance and stability could be
improved by an asymmetric configuration. Moreover, to the author’s knowledge studies are not available
that deal with the preparation and testing of asymmetric tubular CGO membranes for use in syngas

reactors or in similar applications. Hence this work contribute to closing the research gap in this area.

This present work addresses the preparation and characterization of a gastight membrane layer of
Cep9Gdo10105-5 (CGO10), supported on a porous MgO tubular substrate. On each side of the CGO
membrane a catalytic layer is present in order to improve the electro-catalytic reaction. The optimization
of the de-bindering and sintering cycle is optimized as to allow for an effective removal of binder organics
and co-sintering of a defect free asymmetric membrane multi-layer structure. The oxygen permeation flux
for the tubular, MgO supported CGO membrane is measured in the temperature range of 750-900 °C

under conditions relevant for syngas operation.
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2. Material and methods

Fig. 1 (a) shows a schematic of the prepared asymmetric tubular membrane architecture in which the

porous MgO support was fabricated using thermoplastic extrusion and the membrane and catalytic layers

were prepared through a dip-coating process from stabilized ceramic suspensions. This was followed by

impregnation of catalytic material into the porous backbone on the outside of the membrane. Fig. 1 (b)-

(e) shows photographs of tubular membranes after each progressing steps. The process starts from the

extrusion of tubes, followed by dip coating and sintering of the catalytic layer (NiO-CGO), membrane layer

(CGO) and porous CGO backbone layer for impregnation of nano particles of LSC.

(a)

§ D : Porous CGO with (
T o Y v o R
impregnated LSC

— Membrane layer
- (CGO)

i, — Catalytic layer
(Ni-CGO)

a8 — Porous layer
(MgO)

(c)NiO-CGO, 1250 °C

(d) dense CGO,1300 °C

(e) porous CGO,1250 °C

Fig. 1: (a) Schematic of the manufactured asymmetric tubular membrane including the used materials, (b)

MgO tubes after thermoplastic extrusion, (c) Catalytic layer of NiO-CGO after coating and pre-sintering, d)

Dense CGO membrane layer after coating and sintering, e) Membrane after coating and sintering of

porous CGO layer with infiltration of LSC nano particles.
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2.1 Thermoplastic extrusion of MgO support tubes

The preparation of the tubular MgO support includes powder processing, kneading, thermoplastic
extrusion and finally the thermal de-bindering and sintering. First the MgO powder (Product # 12R-0801,
Inframat Advanced Materials, USA) was pre-calcined at 1000 °C for 10 h in order to reduce the surface
area of the powder. The pre-calcined MgO powder, graphite powder (TIMREX® KS6, TIMCAL,
Switzerland), thermoplastic binder (Elvax 250, Du Pont; USA), and paraffin wax (Sigma-Aldrich, USA) as a
plasticizer was mixed in a kneader (Linden, Type BK20, Germany). The graphite powder is used as a pore
former. The feedstock composition consists of 34 vol.% MgO, 46 vol.% thermoplastic binders & additives
and 20 % graphite. The feedstock optimization with respect to the form stability, shrinkage behavior
during extrusion and the sintering process as well as additional information on the preparation, can be
found in our previous work [25]. The kneaded feedstock was shaped into a tube using a die assembly of @
= 14 mm outer diameter and @ = 12 mm inner diameter by using an extruder (Model 19/20DN,
Brabender, Germany). An oil bath was used to maintain a temperature of 110 °C and 100 °C for the
extruder chamber and die head, respectively. An extruder speed of 10 RPM was used during the entire
extrusion step as this was found to be the optimal speed with respect to extruded form stability during

the processing.

2.2 Preparation of functional layers

2.2.1 Slurry preparation

Three different slurries have been prepared: i) a CGO slurry for the dense membrane layer (CGO-D) ii) a
CGO slurry for the porous infiltration layer on the feed side (CGO-P) iii) a NiO-CGO slurry for the
activation layer on the permeate side. The slurry compositions are listed in Table 1. For the rheology
measurement of dip-coating ceramic suspensions, a rheometer (MCR302, Anton Paar, Sweden) was used.
For the dense CGO membrane preparation, a pre-calcined CGO powder (high solid loading —10 vol.% for
better densification) was dispersed in an ethanol based suspension with polyvinylpyrrolidone (PVP) as
dispersant and polyvinylbutyral (PVB) as binder. The resulting slurry for the dip coating was homogenized
by ball milling for 72 h. For the preparation of the catalytic layer on the permeate side, a NiO-CGO (60:40
wt.%) based cermet was used.. This NiO-CGO suspension (total solid loading 5-6 vol.%) was prepared with
low viscosity in order to cover the MgO tube surface properly and to produce a very thin layer. For the
preparation of the catalytic layer on the feed side of the membrane, a porous CGO backbone has been

established from the porous CGO suspension using dip coating process. This slurry contains about 20
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wt.% of graphite pore former in order to create porosity. Later a water based solution of the nitrates
corresponding to a nominal composition of LageSro4Co05_s (LSC) has been prepared. The reason for
using this technique is that the catalytic activity can be enhanced by infiltration of nano particles of these
materials into porous backbone structure, since the small of amount material used will not diminish the
total porosity of the structure. For rheology measurements of the developed dip-coating ceramic

suspensions, a rheometer (MCR302, Anton Paar, Sweden) was used.

Table 1. Composition of NiO-CGO, dense (CGO-D) and porous (CGO-P) ethanol based suspensions.

Components NiO-CGO CGO-D CGO-P
(60:40)

Nickel oxide --- ---

CGO (Low surface area) 5-6 vol.%

pre-calcined at 1000°C 10 vol.% 4-5 vol.%

Surfactant, PVP K10 3 vol.% 4 vol.% 5 vol.%

Graphite --- --- 20 vol.%

Binder, PVB K90 3 vol.% 5-6 vol.% 5-6 vol.%

2.2.2 Preparation of the functional layers

For the dip coating of the three functional layers, an in-house constructed dip coater has been used. The
dip coating speed can be controlled accurately by a step engine, thereby allowing a very precise control
of the thickness and evenness of the coatings. As shown in Fig. 1, the catalytic layer of NiO-CGO was
coated on the green MgO tube and pre-sintered at 1250 °C, followed by dip coating and sintering of the
dense CGO membrane (CGO-M) and finally the porous CGO layer.

The porous MgO layer was prepared by thermoplastic extrusion of the feedstock containing ~66 vol.% of
binder organics and fugitive pore former. It is very difficult to simultaneously carry out the binder burn
out and ensure the densification of the CGO membrane in the same sintering cycle due to the amount of
gasses formed. Therefore in order to remove the organic media, a de-bindering and sintering cycle has
been developed which is followed by additional cycles. Fig. 2 shows the sintering profile for the MgO
substrate and the co-sintering of the three functional layers such as the NiO-CGO layer, the dense CGO
layer and the porous CGO layer. Optimized heating rates of 0.25 °C min™ and 0.5 C min™ were used in the

1% cycle for the de-bindering and the sintering regime, respectively. A holding time of one hour at 300 °C,
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400 °C and 670 °C was implemented during the de-bindering cycle to ensure complete removal of organic
matter. The temperature was further raised to 1250 °C in order to initiate the partial sintering with the

NiO-CGO layer and to improve the mechanical strength for safe handling for the subsequent dip coating.
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—— 1" cycle: MgO + NiO-CGO 1250°C / 2h

12004 ——2" cycle: CGO-M
—— 3" cycle: CGO-P
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Fig. 2: De-bindering and sintering cycles used for co-sintering of tubular membrane.

Before coating of the membrane CGO layer, the pre-sintered sample was coated again with a single
coating of the NiO-CGO suspensions in order to close any pores that may have developed during the pre-
sintering of the NiO-CGO layer. The CGO membrane suspension was coated twice in order to improve the
chances of gas tightness of the dense membrane layer and to obtain a final sintered thickness of approx.
20 to 30 um. After the coating, a heating rate of 0.5 °C min™ has been employed for the 2™ cycle and a
dwelling period of 1 h at 600 °C was applied to binder removal and later elevated to 1300 °C for 2 h (as

shown in Fig. 2).

Finally, the outer (porous) CGO layer is dip coated on the already sintered CGO dense layer. The
component was sintered at 1250 °C for 2 h. Subsequently, an aqueous solution (1 M) of the nitrates
corresponding to the nominal composition (LageSro4Co03_s) was impregnated into the porous CGO layer
4 times and it was thermally treated at 200 °C after each impregnation. Finally, the infiltrated component

was de-bindered at 400 °C before the membrane testing.

To analyze the shrinkage behavior of the porous and dense layers of the membrane, dilatometry
experiments were carried out. For this analysis (an optical dilatometer, TOMMI], Fraunhofer ISC, Wirzburg,
Germany), warm pressed MgO feedstocks and a pressed pellet of the CGO from dried powder of CGO-M
slurry was used after de-bindering at 900 °C. The linear shrinkage (dl/Ly) was monitored in situ

continuously during the heating and cooling cycles and the shrinkage of the sample was corrected using
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the thermal expansion coefficient (TEC) determined from the cooling part of the shrinkage curve.
Considering the warm pressed pellets isotropic, the relative densities (p) are calculated as a function of

temperature from optical dilatometry results using the following equation [26].

a)’
=p |1-—
p(T) pg( Loj @

where 0 is the relative density of green sample.

2.3. Oxygen permeation measurement

Before the oxygen permeation measurement, the membrane gas tightness has been tested using an in-
house developed equipment. In this equipment the membrane is immersed in ethanol and the inside of
the membrane is pressurized with nitrogen to 4 bar. The gas tightness of the membrane was verified as

no bubbles could be visually observed.

Oxygen permeation measurements were conducted with the test setup illustrated in Fig. 3. The tubular
membrane is connected to alumina tubes via alumina transition pieces. The transition pieces and the
sample are mounted at room temperature using a glass ceramic paste consisting of Na,O: 17.8 mol.%,
Al,03: 9.4 mol.%, and SiO,: 72.8 mol.% and an organic solvent. Upon heating to approximately 900 °C this
glass ceramic paste can flow and seals the transition piece to both the membrane and the alumina tubes.
The temperature near both ends of the tubular sample is monitored by two thermocouples located inside
the transition pieces. Due to the length of the sample and the transition pieces, a temperature difference
of approximately 10 °C was measured at high temperature (900 °C). The alumina tubes connecting the
tubular membrane sample were connected to the gas supply system of the rig. The lower alumina tube
(permeate/sweep inlet) connects to the gas supply system where a variety of gasses can be
prepared/supplied. An in-house constructed oxygen sensor (Nernst sensor) is connected to the inlet of
the sweep gas supply.

The upper alumina tube (permeate/sweep outlet), is also connected to an oxygen partial pressure sensor
and a mass flow meter. On the feed side of the membrane (outer side of the membrane) a gas flow of 30
NL/h air was present during the experiment. On the permeate side of the membrane, different flows of
nitrogen/hydrogen mixtures where utilized in order to characterize the membrane performance as a
function of the flow rate. The oxygen flux through the membrane was calculated using the mass balance

from the flow of the sweep gas and the inlet and outlet oxygen partial pressures of the sweep gas [27]. It
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should be noted that there is a slight overpressure on the permeate side of the membrane wherefore

gaseous oxygen transferred from permeate stream via leaks/pinholes is very limited.

(9)

Membrane+
Transition pieces

L (3)
1. Membrane 6. pO, sensor -outlet
2. Glass sealent 7. Feed inlet
3. TC membrane inlet 8. Gas mixing panel
4. TC membrane outlet 9. Furance
5. pO, sensor -inlet 10. Insulation

Fig. 3: Schematic of membrane rig setup.
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3. Result and discussion

3.1. Rheological behavior of CGO-M, NiO-CGO and CGO-P ceramic suspensions for dip-coating

The rheological behavior of the three suspensions: CGO slurry for the dense membrane layer (CGO-D);
CGO slurry for the porous layer (CGO-P); slurry for the catalytic layer (NiO-CGO) have been characterized
as to give information on the expected quality of the layer thickness and the smoothness of the coated
surface. The viscosity (n) was calculated from the measured value of the shear stress (T) over a range of
shear rates (y) from 0 to 100 s *. Fig. 4 shows that the CGO suspension prepared with high solid loading
(CGO-M) for preparation of the dense membrane layer has a shear thinning behavior. The other two
slurries for the porous catalytic layers (NiO-CGO and CGO-P) show a very low shear thinning behavior
indicating that the coating thickness will only be slightly influenced by the coating speed. At a shear rate
of 100 s, the CGO slurry with high ceramic loading (CGO-M) shows the highest viscosity of 37 mPa s
followed by NiO-CGO with 19 mPa s and the CGO slurry with 14 mPa s. Due to the lower shear thinning
effect of the NiO-CGO and CGO-P slurry, the quality of these suspension is considered suitable as the
expected coating surface will smoothen the MgO support surface to enable the application of the thin

film CGO layer (CGO-M).
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Fig. 4: Viscosity of various ceramic suspensions as function of shear rate.

3.2 Co-sintering of porous MgO support/dense CGO membrane layer

An important aspect in the fabrication of asymmetric multi-layers with a porous/dense structure is the co-
sintering process. In co-sintering, a good match of the shrinkage and strain rate of the membrane
structure, consisting of different layers, need to be achieved in order to avoid the development of
excessive stresses during sintering which can lead to mechanical failures or warpage in the case of planar
structures [28]. For the co-sintering of a tubular support layer of MgO with a CGO membrane the
differences in the starting powders and targeted final densities of the layers need to be considered. A thin
membrane layer needs to be fully densified (to achieve 100 % gas tightness) on a sufficiently porous

support layer (usually 25 to 40 %, depending on support thickness and microstructure).

In the present work the shrinkage, final density and potential distortion of ceramic multilayer systems
during the co-sintering process have been measured using optical dilatometry [29-31]. The densification

and strain rate development of single green layers of a MgO extrusion mass and a dip coating
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composition (after de-bindering) as function of sintering temperature are shown in Fig. 5 (a) and (b),

respectively.
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Fig. 5: (a) Densification and (b) strain rates of CGO membrane (CGO-M) and MgO support (MgO-S) layers
and, as well as strain rate difference between the two different layers for free sintering as function of
sintering temperature. Measurements were performed at two different heating rates of 0.5 °C min™

(dotted lines): and 3 °C min™ (continuous lines) with an optical dilatometer TOMMI [32].

Fig. 5 (a) reveals that the MgO support structure has a significantly lower starting density (relative
density) of about 38-40 % (or 60-62 % porosity) compared to a starting density of about 70 % for the CGO
membrane layer. The low starting density of the MgO support (compared to the membrane) is desired
and was achieved by the use of thermoplastic binder and graphite as pore formers in the extrusion mass.
The densification of the MgO support structure in a heating cycle is influenced by the heating rate (the
total time to reach the final sintering temperature) and the isothermal holding time at the final sintering
temperature. Thus, in Fig. 5(a) the MgO sintered with the slower heating rate (0.5 °C min™) reaches
almost 10% higher final density (56 %) compared to the same material sintered with 3 °C min™ at a
sintering temperature of 1300 °C. Applying additional holding time at 1300 °C further densifies the
structure by approximately 3%. Therefore, faster heating rates would favor more porous support
structures. On the other hand, the densification curves of the CGO membrane layer reveal that the fast
heating of 3 °C min™ to 1300 °C would only lead to a final density of 93 %, densities of 96 % could,
however, be achieved with an isothermal holding time of a few hours. A slower heating of the CGO layer

would lead to higher density.
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Fig. 5 (b) shows the strain rates of the MgO and CGO layer at the two different heating rates (0.5 and 3
°C min™) and the calculated strain rate differences for the two layers for both heating rates. From such
data the formation of stresses between the layers can be estimated, and together with the shape change
of complete, tubular bilayer structures the formation of stresses between the layers can be calculated.
Such modeling is reported elsewhere [33] and here we just briefly describe the strain curves and their

relevance.

The strain rate difference between the MgO support and the CGO membrane layer in Fig. 5 (b) is
significantly increasing if the samples are heated faster (heating rate of 3 °C min™ compared to 0.5 °C min’
Y. A larger strain rate difference may drastically increase the risk of the formation of stress-induced
defects and delamination. Especially, the larger strain rate difference between the layers in the low
temperature sintering regime (900 to 1100 °C) would be critical in a bi-layer structure when the sample is

still fragile and sintering necks start to form.

The strain rate curves in Fig. 5 (b) indicate that after the onset of sintering at about 900 °C the CGO
membrane layer is shrinking faster than the MgO support until temperatures of about 1300 °C when the
CGO layer is getting fully densified and the shrinkage rate of the CGO layer is declining. Above
temperatures of about 1300 °C the MgO support shrinks faster than the CGO membrane layer (crossing
points between the two strain rate curves). Interestingly, this cross over point is shifted from temperatures

of 1300 °C to 1360 °C if the heating rate is increased from 0.5 to 3 °C min™.

Therefore, if the stress levels do not lead to failure in the low temperature sintering region, a co-sintering
with a fast heating rate towards a higher final sintering temperature (and shorter isothermal holding
times) could lead to a bilayer structure with a porous support structure and a dense CGO layer.
Furthermore, according to previous investigations by dilatometry, electron microscopy and mercury
porosimetry [25], the densification between 1250 and 1400 °C is governed by the elimination of smaller
submicron sized pores. This leads to shrinkage of the overall structure, but simultaneously also a growth
and improved interconnectivity of larger macro pores (introduced by the addition of graphite pore
former) which surprisingly resulted in improved pore connectivity and gas permeability of the support

structure.

Previous work on such MgO supports with a porosity of 42 % have shown that for these structures a gas
permeability (Darcy) of about 4.2 x10™ m” can be reached [25] which need to be improved to avoid gas

transport limitations for membrane layers with high oxygen fluxes above 10 ml min cm™. With a specific
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high temperature mechanical test rig the mechanical strength of extruded MgO support tubes was
determined with 77 MPa at room temperature and 60 MPa at 850 °C [34]. These strength values are
considered to be sufficient for the membrane application. Nevertheless, these type of strength
measurements need also to be performed on fully assembled MgO supported CGO membranes to

exclude a reduction in strength due to defect formation during co-sintering.
3.3. Microstructure of asymmetric MgO supported CGO membranes

After successful completion of the co-sintering of the membrane, gas-leakage was tested to ensure that
the membrane is free from processing defects. The test verified that the membranes were gas tight (for
details on the gas leakage measurements refer to section 2.3). Fig. 6 shows SEM images of thermally
etched cross sections of the (a) full membrane, (b) interface of Ni-CGO and MgO porous layer after
reduction, (c) dense CGO layer, (d) porous NiO-CGO layer and (e) porous MgO layer. Marco-defects or
cracks have not been observed in the sample. Fig. 6 (c) shows a cross section of the CGO layer thermally
etched, showing well densified CGO with grain sizes in the range of 0.5 to 1.5 um. Fig. 6 (d) shows the
porous Ni-CGO layer. The grains in this layer are well interconnected with high open porosity and an
average grain size of 1-1.5 um. The MgO support layer did not show any evidence of anisotropy in the
porosity distribution (see Fig. 6 (e)). The measured porosity of the MgO layer was 42 % and the observed
mean grain size was 2-3 um. From Fig. 6 (b), it can be seen that some densification has occurred at the
interface due to strong interaction between NiO and MgO. It is reported in the literature that the Ni/MgO
phase exhibits high catalytic activity in POM (partial oxidation of methane) operation as elemental nickel
can be dispersed uniformly in the interface and eventually enhance the catalytic reaction [35]. Hence, the
occurrence of densification in the interface will not affect the membrane performance. On the other hand
it also improves the mechanical stability between the interfaces of the MgO and the Ni-CGO layers which
was confirmed by SEM image shown in Fig. 9 in which the crack was observed inside Ni-CGO layer and
not in the interface. Table 2 shows the mean thicknesses of the membrane functional layer measured

from SEM cross sections.

Table 2. The measured thicknesses of functional layers through SEM images

Layer MgO Ni-CGO CGO-M CGO-P
Thickness
819+11 28+0.6 31+0.5 23+1.0
(um)
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Fig. 6: SEM Micrographs of thermally etched surfaces of three different layers (a) full membrane, (b)
interface of the Ni-CGO and MgO porous layer after reduction, (c) dense CGO layer, (d) porous NiO-CGO
layer and (e) porous MgO layer.
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3.4 Oxygen flux measurements in asymmetric MgO supported CGO membranes

The performance of fully assembled, asymmetric multi-layer membranes based on MgO support and the
CGO membrane and catalytic layers was finally determined by oxygen permeation measurements, as

described in section 2.3.

For testing the quality of the sealing (between the membrane sample and the transition pieces connecting
it with the test rig), the test rig was first heated with 500 Nml min™ air on the outside of the tube to a
temperature of 917 °C and then cooled to 650 °C. At 652 °C nitrogen was flowed on the inside of the tube
with 100 Nml min™. The pO; of the inlet was 2.6 x 10™ atm and the outlet showed a pO, of 2.5 x 10™ atm,
corresponding to a flux of 2.1 x 10 Nml min™ cm™ The low oxygen flux indicates that as expected the
CGO membrane does not have high electronic conductivity at relatively oxidizing conditions at low

temperature and also shows that only small amounts of oxygen leaks into the permeate stream.

By subjecting the CGO membrane to very fast changes in the oxygen partial presseure one can risk failure
due to the chemical expansion. A slow change is therefore preferred as the membrane may relax to some
extend via creep. The membrane was therefore first reduced with humidified hydrogen (app. 3 %) diluted
with nitrogen at 650 °C. This was followed by varying the temperature and increasing the hydrogen flow
and decreasing the nitrogen flow (see Fig. 7). Fig. 7 shows the oxygen flux of the membrane as a
function of the reciprocal temperature for different flows of nitrogen and humidified hydrogen. At
approximately 800°C the gas mixture was changed from 50 Nml H,:50 Nml N, to 100 Nml H5:50 Nml Ns,.
This result in an increase in the oxygen flux and is marked on Fig. 7. as an activation of the membrane.The
activation is attributed to an increased performance of the permeate activation layer containing Ni and it
is not considered unlikely that it is first at this point the permeate activation layer is fully reduced. There is
a clear thermal dependence of the oxygen flux and in pure hydrogen the activation energy of the flux is
82.3 kJ mol™. It is clearly seen that for an increasing inlet hydrogen concentration the oxygen flux also
increases, which is attributed to an increase in driving force over the membrane resulting from the

increased hydrogen concentration present in the permeate activation layer.
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Fig. 7: Flux as function of reciprocal temperature for different hydrogen/nitrogen mixtures. The numbers

in the caption all refer to the inlet volume flow of hydrogen and nitrogen in the unit Nml min™.

The membrane was also heated to higher temperatures than 856 °C in pure hydrogen. However, this
resulted in significant condensation in the tubing leading to an unstable signal on the pO,-sensor
downstream the membrane, wherefore the flux values are highly scattered. There was, however, nothing
that indicated that the Arrhenius dependency observed for the oxygen flux (see Fig. 7) changed. The
membrane was held for approximately 80 h in pure hydrogen at 856 °C (+2 °C) without a measurable

degradation in the flux.

Heating from 856 °C to 920 °C also resulted in a significantly higher flux, however, this was followed by a
rapid deterioration of the flux, to a level below the 856 °C level. This large decrease is tentatively assigned
to a coarsening effect of the Ni-CGO layer on the permeate side of the membrane. As it has previously
been shown [36] that a redox-cycling of the anode of a solid oxide fuel cell can lead to an improved
performance, this was also tried here. The sample was cooled to 650 °C and the anode was oxidized with

air (approximately 24 h) and subsequently reduced again with hydrogen. Fig. 8 shows the flux as a
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function of reciprocal absolute temperature prior to the high temperature treatment, after the high
temperature treatment and after the redox-cycle. The permeate gas is in all cases 3 % humidified
hydrogen. It is clear that the redox-cycling of the permeate Ni-CGO layer improves the oxygen flux
through the membrane dramatically from 0.5 Nml min™ cm™ to 1.4 Nml min™ cm™ at 660 °C. Interestingly
the activation energy changes from 68.6 kJ mol™ (after the high temperature treatment) to 53.3 kJ mol™
(after the redox-cycle). The flux reported in Fig. 7 is thus to a large extend limited by the Ni-activation
layer on the permeate side of the membrane. The observed activation energy of 53.3 kJ mol™ is
significantly below that of both typical anode processes and cathode processes [11,37]. It is in the range
of theat expected for ionic conduction through the CGO membrane, however, it seems unlikely that the
flux is limited by the ionic conductivity through the membrane [38] , It is more likely that the low

activation energy is an artifact due to the Ni-electrode re-coarsening when increasing the temperature.
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Fig. 8: Flux as a function of reciprocal temperature for three measurement series. Before a high
temperature heat treatment at 920 °C, after a high temperature treatment at 930 °C and finally after the
high temperature treatment but after a redox-cycling (air for 24 h) of the membrane component at 650

°C.

After the hydrogen tests the membrane was subjected to a mixture of methane (50 ml min™) and

humidified hydrogen (3 % steam) (50 ml min!) even though this is well within a carbon forming regime,
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however, the flow from the membrane terminated after approximately 30 min of operation indicating a

failure of the membrane.

Fig. 9 shows micrographs of asymmetric tubular CGO membrane after oxygen permeation tests and
removal from the test housing. After the full treatment cycle, including tests in methane, the CGO
membrane layer has completely detached from the porous MgO support within the porous Ni-CGO layer.
The SEM analysis supports that carbon formation at the Ni-CGO activation layer could be a likely reason

for the failure observed [39].

Fig. 9: SEM micrograph of the MgO supported CGO10 membrane after testing and removal from the test
housing. After testing, a complete detachment of layers occurs in between NiO-CGO layer due to inter-

diffusion and propitiation of Ni particles on MgO layer.

Conclusion

An asymmetric tubular CGO membrane has successfully been prepared by an extrusion and dip-coating
process. A gas-tight CGO membrane with a thickness of about 30 pm was obtained. The optimized de-
bindering and sintering regime with a very slow heating rate of 0.25 °C min™ and 0.5 °C min™ was used to
achieve gas tight thin membranes and desired porosity within catalytic and porous support layers. The
MgO supported asymmetric CGO membrane resulted in an oxygen permeation flux of 3.5 Nml min™ cm’
at temperature of 856 °C with sweep gas (H,) at a flow rate of 200 Nml min™. A redox-cycle of the Ni-CGO
catalytic layer improved the permeation flux of the membrane, reaching 4 Nml min™ cm” at 850 °C. A
decrease of activation energy suggest that this improvement in performance is due to an improved

catalytic activity of the Ni-CGO structure after redox-cycle. Performance tests in methane/humidified
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hydrogen mixtures indicated the occurrence of anode layer detachment most likely due to carbon

formation.
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Product costing

“Economic analysis of the porous MgO support layer for membrane

applications”

Chapter 9: Appendix-VI



1. Organization structure

The organization is structured as a Pvt. Ltd and named Hi5Cer Pvt. Ltd, registered as a domestic company
under Income-tax Act196 in India. The company is capable of producing porous ceramics material for advanced
applications. It produces approx. 36 tones (24 kilo. m?) of finished goods annually.

1.1. Organization chart

Secratary |joums
|
Sales/mkt Stores/purchase
Powder FaC|I|ty | Office I_ Office
processing [2] management [2] Assistant [1] Assistant [1]
I— QC/QA [2]

Fig.1: Organization chart of production facility with annual production of 36 MT porous ceramic substrates.
The number in square brackets indicates number of man powers involved in a specific role.

2. Cost calculations

This document will describe how the product cost for the porous ceramics materials was calculated by
considering a small-sized production facility with a monthly production capacity of approximately 3 tones (2
k. m?) finished goods.

All costs involved in the production processes should be assessed carefully to make a better estimate on the
product cost. The associated costs for this estimate are classified into two broad categories;

1. Direct cost
2. Indirect cost
2.1. Direct cost
The direct cost involves mainly the costs directly associated with the manufacturing of the product, such as

material (bill of materials) and routing (operation and manpower) cost. The following section will describe in
more detail how these costs were calculated.




2.1.1. Bill of materials (BOM)

The purchasing price of the raw material will normally be based on the consignment size. Table 1 shows the
cost of materials based on the procurement of 5 tonnes of materials collectively.

Table: 1 List of required materials and their price.

Composition Cost /kg Total cost
BOM
Wt% (DKK) (DKK)
M1 60 20 1200
M2 10 40 400
M3 10 30 300
M4 20 30 600
100 per 100 kg 2500
per Kg 25

2.1.2. Process wastage

In the manufacturing unit, there is always some production waste relating to the processing step. It is important
to account for these kind of wastages and to be considered them while calculating the product or production
cost.

Table 2: Process wastage at each processing step.

Operation Percentage
Milling 4-5 %
In-process 8-10 %
At final inspection 5-8 %
Total 17-23 %

Table 2 shows that the process steps can be divided into 3 categories, namely: (1) milling, (2) in-process and
(3) at final inspection, and indicates the wastage for each group. The process wastage cost for each of the
groups was calculated from the raw materials (BOM) cost. Finally, 20 % of the raw materials cost is considered
as the total process wastage cost.




2.1.3. Production Estimation

Table 3 shows that the raw materials consumption for daily and monthly production. The associated raw

materials cost is 2500 DKK and 75000 DKK for daily and monthly production, respectively.

Table 3: Monthly production estimation and associated raw materials cost.

Daily production Monthly production
Weight (kg) 100 3000
Surface area (m?) 66 2000
Material cost (DKK) 2500 75000

2.1.4. Man power cost

The routing lists the operations needed to manufacture a product. It estimate the costs incurred to complete
a successful operation and includes man cost, which is one of the main element to be used to calculate
production costs. It must be kept in mind that the company is setup in India, so the salary and remuneration
will be considerably lower than at the Danish market.

Table 4: List of man power needed for each functional area and the employees’ monthly wages.

Number Monthly salary Monthly cost Annual cost
(DKK) (DKK) (DKK)

Administration
Unit Head 1 5000 5000 60000
Secretary 1 1200 1200 14400
Production

1) Highly skilled 1 3400 3400 40800

2) Semi-skilled 7 1500 10500 126000

3) Helpers 3 900 2700 32400
Sale and Marketing

1) Highly skilled 1 2800 2800 33600

2) Assistant 1 900 900 10800
Commercial

1) Highly skilled 1 2500 2500 30000

2) Assistant 1 1000 1000 12000

Total 17 30000 360000




2.3. Indirect cost

Indirect costs are grouped under fixed costs, and will usually be constant for a wide range of output and its
services that the organization delivers. It may be difficult to determine precisely how the activities of each and
every supporting people and indirect costs do not vary substantially within certain production volumes or other

indicators of activity. The following are considered to be fixed costs:
Utilities
Rent
Audit and legal services
Administrative staff
Equipment rental

Normally, manufacturing industries follow the rule of thumb of considering the contribution of indirect cost in
the product costing to about 40-50 % of the total direct costs.

2.4. Product cost estimation

Table 5 shows the economic anlysis of porous MgO supports for membrane applications. The direct costs
involves mainly the costs directly associated with the manufacturing of the product such as the cost of
materials, man power and process wastages. Moreover, indirect costs (utilities, rent, audit and administrative
staff) are included into the product cost, and are considered to be 50 % of WIP (work in progress) cost. Finally,

the membrane cost is assessed to be 150 $/m? including a pricing factor of 10.

Table 5: Porous MgO supports cost analysis from production of a sample size of 2000 m?

Details Price per 2000 m? Price per m? (DKK) Price per m?
(DKK) (USD)
Raw materials cost 75000 375 6.25
Process wastage (20 % of RM cost) 15000 7.5 1.25
Man power 30000 15 2.5
Indirect cost (50 % of WIP cost) 60000 30 5.0
Total cost 180000 90 15
Pricing factor 5-10 times 450-900 75-150
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