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Abstract: The integration of mixed ionic—electronic conducting separation membranes in catalytic
membrane reactors can yield more environmentally safe and economically efficient processes. Con-
centration polarization effects are observed in these types of membranes when O, permeating fluxes
are significantly high. These undesired effects can be overcome by the development of new mem-
brane reactors where mass transport and heat transfer are enhanced by adopting state-of-the-art
microfabrication. In addition, careful control over the fluid dynamics regime by employing compact
metallic reactors equipped with microchannels could allow the rapid extraction of the products, min-
imizing undesired secondary reactions. Moreover, a high membrane surface area to catalyst volume
ratio can be achieved. In this work, a compact metallic reactor was developed for the integration of
mixed ionic—electronic conducting ceramic membranes. An asymmetric all-Lag 6Srp 4Cog 2Fep sO5-s
membrane was sealed to the metallic reactor by the reactive air brazing technique. O, permeation
was evaluated as a proof of concept, and the influence of different parameters, such as temperature,
sweep gas flow rates and oxygen partial pressure in the feed gas, were evaluated.

Keywords: metallic compact reactors; MIEC membranes; catalytic membrane reactors; O, separation

1. Introduction

Process intensification aims to increase the production capacity, to decrease the en-
ergy consumption and to reduce waste with the subsequent reduction of the production
costs. The development of new processes and equipment is a key factor to reach these
goals. In this context, the integration of catalytic membrane reactors employing mixed
ionic—electronic conductors (MIEC) based separation membranes could yield more envi-
ronmentally safe and economically efficient processes. These membrane reactors allow for
the controlled removal or feeding of O, and consequently, enable to surpass equilibrium
conversion or increase product selectivity in reactions, such as oxidative dehydrogenation
of hydrocarbons, oxidative coupling of methane or partial oxidation of methane [1-8].
MIEC materials allow the transport of oxygen ions and electrons through their crystal
structure. The O, separation is then driven by the O, partial pressure gradient across the
membrane. Some of the needed targets for these types of membranes are listed: (a) high
permeation fluxes; (b) low cost and (c) stability and durability.

Amongst the different MIEC materials, perovskites (ABO3_5) and fluorites (AO; where
A is a cation such as Zr** or Ce**) based compounds are the most promising as oxygen
permeable membranes [9,10]. The most studied perovskites are based on Sr(Co,Fe)Os_s
(SCFO) and Bag 5510 5Cop gFep203-5 (BSCF) materials. In order to improve their O, per-
meation and stability, they can be tailored by substituting the metal cations [11-14]. In
addition, O, transport can also be improved by decreasing the membrane thickness, giving
rise to important oxygen permeation fluxes [15-17]. These thin membranes are normally
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deposited on a porous substrate for ensuring the mechanical stability. This support results
in an additional mass transport resistance, giving rise to a reduction of the expected O, flux
because of a decrease in the O, partial pressure difference over the actual membrane. This
limitation has been partially overcome by using supports with engineered porosity [18-20].
The highest O, flows by using MIEC-based membranes have been achieved with thin
membranes made of BSCF with a thickness of around 30 pum [15]. Lower but important
O; fluxes and improved stability were obtained for LSCF (Lag 6Srg.4Cop2FepgO3_5) thin
film membranes [15]. Another possible limitation is a slow catalytic surface exchange
that becomes the limiting step for O, permeation at temperatures below 700 °C. This can
be overcome by the deposition of porous activation layers on the membrane faces [3,21].
However, concentration polarization can also occur when O, permeating fluxes are high
due to the gas phase mass transport resistance. This causes an increase in the oxygen con-
centration on the membrane surface in the permeate side, which subsequently decreases the
driving force. This last drawback could be alleviated by the development of new membrane
reactors where mass transport and heat transfer are enhanced by adopting state-of-the-art
microfabrication. In addition, careful control over the fluid dynamics regime in the reactor
could also allow for a more rapid extraction of the products in a catalytic membrane reactor,
minimizing secondary reactions [22]. The integration of microchannels in these metallic
compact reactors provides a high membrane surface area to catalyst volume ratio [23].

On the other hand, tested ceramic membranes are mostly placed in ceramic or quartz
housings, which are prone to damage because they are brittle and breakable. The use of
compact metallic reactors could help to overcome the abovementioned drawbacks and to
enable high-pressure operation. Furthermore, this membrane reactor concept could enable
an easier use and scale-up of ceramic membranes in a stable housing [24]. One of the major
challenges of the integration of ceramic membranes in metallic reactors is the sealing of the
membrane to the metal parts due to the difference of the thermal expansion coefficients.
Brazing techniques seem to be the most promising option to get a high temperature sealing
of ceramic and metals [25]. Several successful attempts have been obtained in the last years
by using Ag-CuO based pastes, allowing for a robust sealing [21,22].

This study is based on the manufacturing and testing of a metallic membrane module
for the integration of ceramic membranes. This work is divided into several steps: (a)
development of a compact metallic membrane reactor that allows it to work at high pressure
and high flow velocity; (b) development of the sealing process by a brazing technique; and
(c) Oy permeation measurements with an asymmetric all-Lag Srp 4Cog 2Fep §O3-5 (LSCF)
membrane as a proof of concept.

2. Materials and Methods
2.1. Membrane Reactor

A compact metallic membrane reactor was designed to integrate ceramic oxygen
permeable membranes (Figure 1). The reactor consisted of a housing with two separated
parts that provided inlets and outlets for sweep gas (permeating chamber) and feed gas
(feed chamber) (Figure 1a). The housing was made of high temperature resistant metal alloy
(Nicrofer® 3220H/ Alloy 800 (1.4876), ThyssenKrupp, Essen, Germany). The membrane
module consisted of a rectangular plate made of Inconel alloy 625 with a disk holder
as shown in Figure 1b. The module separated both chambers of the reactor (sweep and
feed) and allocated the membrane. Inconel alloy 625 was selected due to the similar
thermal expansion coefficient (TEC) compared to Lag ¢Srg4Cog2FepgOs_5 (LSCF) as shown
in Figure 2 where TEC of LSCF, Inconel 625 alloy and Ag (used in the brazing) are plotted.
The disk holder used in this work had an external diameter of 13 mm and an internal
diameter of 7 mm, which was the effective area of the membrane. In addition, modules
with different holder geometry were also developed. The membrane module was leak-tight
integrated in the housing by using phlogopite mica sealings, which can be observed in the
schematic of the membrane reactor.
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Figure 1. Housing (a), membrane module (b) and schematic of the membrane reactor (c).

The membrane reactor worked in two different configurations: (a) co-current: where
inlets of the sweep and feed sides were located in the same extreme of the reactor and (b)
counter-current: inlets were in opposite extremes. These two different configurations can
play an important role in the heat transfer and mass transport during the different reactions
of interest where MIEC membranes can be integrated [26-29].
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Figure 2. TEC of LSCFE, Ag and Inconel 625 alloy [27,30-32].

2.2. Membrane Manufacture

An asymmetric all-Lag ¢Srp 4Cog 2 Feg §O03-s5 (LSCF) membrane was employed in this
study. The LSCF membrane consisted of a dense layer of 22 & 1.6 um thickness and a
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support of 810-840 um thickness with a porosity of 38 £ 1.6%. It was manufactured by
tape casting, following the procedure described in a previous study [15]. A porous LSCF
layer with a thickness of 13 £ 5 um and a porosity of 37 £ 1 was also applied on the free
surface of the dense membrane, aiming to improve the surface exchange kinetics of the
membrane [3].

2.3. Membrane Sealing

Sealing of the LSCF membrane to the membrane module was made by reactive air
brazing (RAB) using an Ag-based paste with a composition of 91.5 wt% Ag, 8 wt% CuO
and 0.5 wt% Ti(H) (Innobraze GmbH, Esslingen am Neckar Germany). The paste was
applied to the cavity of the membrane module by brushing, and the asymmetric membrane
was placed and loaded with 20 g weight. It was heated to 750 °C (heating rate of 6 K/min),
and then to 950 °C (heating rate of 10 K/min) where brazing took place for 1 h. Afterward,
it was cooled to room temperature with a cooling rate of 100 K/h.

Before the sealing, the membrane module made of Inconel was annealed at 800 °C for
5 h in air to generate a Cr-oxide protective layer in order to prevent diffusion of the metal
cations into the braze and evaporation.

2.4. Oxygen Permeation Measurements

Oxygen permeation studies were conducted in the metallic membrane reactor as
described above. Argon was used as sweep gas on the dense membrane layer side (per-
meate side), and oxygen containing atmospheres were fed on the support side (feed side).
The choice of this configuration was based on previous works on self-supported thin
membranes [15,16]. The absolute pressure on the sweep side of the reactor was 2 bars,
while it was 1.6 bars in the feed. A thermocouple was attached to the membrane in order
to control the temperature. The O, flux (J(O;)) was studied for various sweep gas flow
rates and different oxygen partial pressures (pO;) in the feed. The O, concentration in the
permeate was analyzed by using a micro-GC Agilent 490 equipped with Molsieve 5A and
Pora-Plot-Q glass capillary modules. Membrane gas leak-free conditions were ensured by
continuously monitoring the nitrogen concentration in the sweep gas stream (permeate
side). The detected N, was always lower than 5% of the O, detected in the sweep gas
stream. Measurements were performed after 1 h of stabilization, and the GC analysis for
each condition was repeated three times to minimize the analytical error. The standard
deviation observed in the measurements ranged between 0.0005 and 0.014. Oxygen perme-
ation was measured from 750 °C to 650 °C. The membrane was under operation for a total
of 450 h. SEM and EDX analyses of the membrane cross-sections (as produced and after
permeation measurements) were performed using a Zeiss Ultra 55 instrument (Zeiss, Jena,
Germany). The samples were embedded at 300 mbar in a resin and subsequently polished
to mirror finish.

3. Results
3.1. Oxygen Permeation Results

Oxygen permeation was measured using an asymmetric LSCF membrane with a
thickness of 22 £+ 1.6 um. A porous LSCF layer was coated on the dense side of the
membrane in order to improve the catalytic activity of the surface and consequently the O,
permeation [4]. Micrographs of the cross section of the whole membrane and a detail of the
porous catalytic layer and the support are shown in Figure 3. Sealing of the membrane to
the metallic membrane module by RAB was successful, and no leaks between either side
of the membrane were detected based on GC analysis of the effluent gases.
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Figure 3. SEM micrographs of the cross-section of the membrane (a), catalytic layer (b) and support (c) after O, permeation

measurements.

An exhaustive study of the sweep flow rate and the feed side concentration influence
on the O, permeation was performed in co-current configuration. First, O, permeation
was measured between 750 °C and 650 °C by feeding 300 mL-min~! of synthetic air at the
support side and varying the sweep flow rate from 300 to 700 mL-min~!. O, fluxes obtained
as a function of the sweep flow rate at different temperatures are plotted in Figure 4a. The
O, flux remains practically constant with the increase in the sweep flow below 700 °C
because no important gas diffusion resistances are expected due to the low O, permeation
flux. On the contrary, at temperatures above 700 °C, an increase in the O, flux with the
sweep flow is observed, this improvement being around 12% for 700 mL-min~! argon
sweep at 750 °C. The improvement is related to the dilution of oxygen in the permeate
side. This gives rise to a higher oxygen driving force and an improvement of the mass
transfer from the gas phase to the external surface of the porous activation layer [15,16].
The apparent activation energy (E5) remained almost constant regardless of the sweep
flow rate, being 1.88 eV and 1.89 eV for 300 mL-min~! and 700 mL-min~?, respectively, as
observed in Figure 4b. This indicates that gas phase concentration polarization was not
rate controlling. However, the activation energy is well above than what is reported for
bulk diffusion in LSCE i.e., 1.41 eV, which indicates a significant influence of the surface
exchange kinetics. [33] For comparison, similar asymmetric LSCF membranes measured
under analogous conditions [15] at temperatures between 600 °C and 700 °C showed an
apparent activation energy of ~179 k] /mol (1.86 eV) when no catalytic layer was applied,
whereas this decreased to ~137 kJ /mol (1.42 eV) when an activation layer was coated. The
Ea of 1.88 eV, thus, indicates important surface exchange limitations. Since the surface
activation layer in our study does not change the activation energy, these surface exchange
limitations do not result from the free membrane surface, but the low surface area at the
membrane/support interface. These limitations can be alleviated by the improvement of
the support and the catalytic layer by optimizing their structural parameters, especially the
increase in the surface area and by infiltration of catalytic nanoparticles [19,20,34,35].
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The influence of the O, concentration in the feed was also evaluated. In addition, He
was used instead of N for diluting the O; in order to assess the polarization resistance
of the porous support. The O, flux variation by feeding different O, concentrations as
a function of the reciprocal temperature is plotted in Figure 5. The O, flux increases
with increasing pO, due to the increase of the oxygen partial pressure difference between
both sides of the membrane as it is postulated by the Wagner equation. However, at
pO; = 0.21 atm, the O, flux increases when He is used instead of N, ascribed to the faster
diffusion of oxygen through helium in the porous substrate compared to N, due to the
higher gas diffusivity and lower viscosity [15].
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Figure 5. O, permeation as a function of the reciprocal temperature and feed composition. Qsweep =
300 mL-min~! and Qfeeg = 300 mL-min~1.

Permeation follows an Arrhenius dependence, and the activation energies were 1.88 eV
(189.99 k]-mol~!) and 1.71 eV (164.87 kJ-mol ') in synthetic air and pure O,, respectively.
This decrease in the activation energy is attributed to the increase in the O, concentra-
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tion, improving the surface exchange coefficient kex, which is typically proportional to
pO2 [15].

Depending on the reaction being conducted in the reactor, the flow mode, i.e., co- and
counter-current configuration, can play an important role. In this work, O, permeation
was also measured in counter-current configuration. The O, fluxes obtained in this config-
uration were practically the same as in co-current configuration and follow the same trend,
as observed in Figure 6,where O, permeation as a function of the reciprocal temperature is
plotted (300 mL-min~! of Ar and 300 mL-min~! of synthetic air were used as sweep and
feed streams, respectively).

] % A cocurrent
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NI/\ | m.\
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= 0.1 “A
E 9,
< ‘\\
N i \\ «
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Figure 6. O, permeation flux as a function of the reciprocal temperature for co-current and counter-
current configuration. Qsweep = 300 mL-min~! and Qfeed (synthetic air) = 300 mL-min—1.

These types of membranes and their integration in catalytic membrane reactors offer
several advantages as compared with the conventional technology. The oxygen separation
by using membrane technology is less energy intensive than conventional oxygen produc-
tion, such as cryogenic distillation. In addition, catalytic membrane reactors offer lower
unit/process volume, safe operation, minimization of secondary products (reducing the
separation steps) and consequently, energy saving [3,9].

In fact, the coupling of oxygen selective membranes with high temperature reactions,
such as oxidative coupling of methane and partial oxidation of methane, can offer different
benefits when compared with conventional reactors (where O, is co-fed). In these reactions,
the distribution of oxygen allows to work at low oxygen concentration in the reactor,
maximizing the products yield, in addition to operating below the explosive limits for
CH4 /O, mixtures [9,36,37]. Furthermore, two different reactions could be performed in
the same membrane. An example of this coupling of processes was reported by Jiang et. al.
where water splitting and partial oxidation of methane were performed simultaneously by
using a MIEC hollow fiber [38].

3.2. Membrane and Sealing Characterization after Permeation Measurements

The membrane was characterized by SEM after 450 h on stream and several thermal
cycles. After the permeation measurements shown in the previous section, membrane leak
increased and consequently the measurement was stopped.
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The analysis of the joining was conducted on polished cross-sections using SEM and
EDX. An overview shows the metallic support made of Inconel, the oxide protective layer,
the Ag-Cu braze, the dense LSCF membrane layer and the porous LSCF support (Figure 7a).
The good adhesion of the Ag-Cu braze to the oxide protective layer and the dense LSCF
membrane is evident. However, microstructural changes in the protective and membrane
layer are visible in detailed images compared to non-exposed joints. Along the metal
surface (Inconel), a Cr-oxide protective layer was created in order to prevent diffusion of
the metal cations into the braze and evaporation. The BSE image of this protective layer
is shown in Figure 7b, where two phases are identified. The darker phase, which is in
contact with the metallic support, contains mainly Cr with small traces of Ni, Fe, and Mo,
as expected for the protective layer. Traces of Ag are found at the interface that could have
been introduced by the polishing process. The light phase of the protective layer, which
is in contact with the Ag-Cu solder, has Ni as main element and contains Cu and only
traces of Cr. It can be seen that the Cr-oxide protective layer has not completely stopped
the diffusion of metal cations toward the Ag-Cu solder.

b)

Ag-Cu braze

dark seéondary phase C)

LSCF membi’am_a

Figure 7. SEM image of the brazing area Inconel Alloy 625/Ag-Cu/LSCF membrane: overview (a), interface Inconel
alloy—Ag-Cu braze (b), and interface Ag-Cu braze—LSCF Membrane (c).

The Ag-Cu solder joint appears free of foreign phases. However, the contact surface
between the solder and the dense LSCF membrane shows bulge-like unevenness (Figure 7c)
compared to the previously smooth membrane surface.

The BSE detail image of a bulge shows a dark contaminant phase in the lighter LSCF
matrix (Figure 8) The grain structure is already clearly dissolved. It is also visible that
the grain boundaries below the bulge are decorated with a dark contaminant phase. The
EDX examination shows that the dark phase (pointed as 1 and 5) consists mainly of Ni,
Cr, Cu and the elements of LSCF, while in the light grey phase (pointed as 2 and 3) Mo
is the main element detected while La and Sr are present, but neither Co nor Fe. Point 4
shows a light grey grain boundary decoration, which consists mainly of Mo. The diffusion
of the metal cations, mainly Mo, from the metallic support into the LSCF seems to change
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the structure of the membrane layer. Possibly, the Mo cations lead to a change in chemical
composition of the LSCF, which could explain the dissolution of the LSCF grain structure
and the compositions in point 2 and 3.

w - ]
. - . / w —Cu braze Elements
i < ~ |Nr | exceptof
La, Sr,Co, Fe
F
1 Ni, Cr, Cu
2 Mo
(no Co, or Fe)
& g Mo
. 3 (no Co, or Fe)
4 Mo
5 Ni, Cr, Cu
2 Mo, Ni, Cu
[ B

Figure 8. BSE image of the interface Ag-Cu braze—LSCF membrane with EDX results shown in
the table.

Furthermore, the diffusion leads to an increase in volume in the membrane layer,
which induces compressive stresses. Those are compensated by the solder in the joining
area. Directly behind the joint, however, delamination of such a bulge occurs (see Figure 9).
The crack does not run along the interface between the dense and porous layer, as ex-
pected, but within the membrane. Here, too, the grain boundaries are occupied by the
Mo-rich second phase. Therefore, this phase seems to have a negative influence on the
mechanical strength.

Figure 9. BSE image of the dense membrane layer with EDX results.
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In summary, Ni, Cr and Mo can pass through the Cr-oxide protective layer of the
Inconel support. Mo seems to pass through the solder and damages the LSCF ceramic.
Here, the role of the Cu contained in the solder has not yet been considered. A detailed
investigation of the damage mechanisms will be the subject of further work.

4. Conclusions

The integration of MIEC ceramic membranes in compact metallic reactors allows the
operation of these types of membranes at high pressures and present the added advantage
of an enhanced mass transport and heat transfer. In addition, compact metallic reactors
can be equipped with microchannels allowing the rapid extraction of the products and
providing a high membrane surface area to catalyst volume ratio.

Because of these interesting features, a compact metallic reactor for the integration of
MIEC ceramic membranes was constructed. The reactor consisted of a housing made of
Nicrofer® 3220H/ Alloy 800 with two separated parts provided of inlets and outlets for the
permeating and feed chamber. A membrane module that separates both chambers of the
reactor was developed to allocate the MIEC ceramic membrane.

In this study, the viability of the MIEC ceramic membranes integration in the devel-
oped compact metallic reactor was demonstrated. For this purpose, O, permeation studies
were conducted using an asymmetric Lag ¢Srp 4Cog2FepgO3_5 membrane. The membrane
was leak-tight integrated in the module by reactive air brazing (RAB) using Ag-based paste.
The influence of the temperature, sweep flow rates and oxygen partial pressure in the feed
on the O; permeation flux was evaluated.

No important gas diffusion resistances were observed in the studied conditions. O,
permeation was mainly controlled by the surface exchange kinetics despite the applied
catalytic layer on the dense membrane. The low surface exchange kinetics are attributed to
the low specific surface area of the support in the proximity of the dense membrane layer.
In order to improve the surface exchange kinetics, the porous support and the catalytic
layer can be optimized by tuning the structural parameters, such as specific surface area,
porosity, tortuosity and average pore opening diameter. In addition, the infiltration of
catalytic nanoparticles can boost the surface exchange kinetics.

The MIEC membrane was continuously operating during 450 h without any detectable
leak and performance degradation. However, after this time, a leak was clearly observed.
The characterization of the membrane-metal joint by SEM evidenced a good adhesion of
the Ag-Cu braze to the oxide protective layer of the steel and the dense LSCF membrane
layer. However, microstructural changes in the protective and membrane layers were
detected. The Cr-oxide protective layer did not totally hinder the diffusion of metal cations
toward the Ag-CuO solder and the contact surface between the solder. In order to avoid the
diffusion of cations that hinders the long-term operation of the membrane, more studies are
needed. These studies should be based on the use of alternative metallic alloys, protective
layers or the development of thin membranes on porous metallic supports.

In summary, this work represents a proof of concept of the integration of ceramic
membranes in compact metallic reactors that are promising for the development of modular
catalytic membrane reactors.

Author Contributions: S.E. and ES.-K. performed the experiments and the data analysis; S.E., ES.-K,,
S.B., KH.-S. and R.D. conceived and designed the experiments; S.E., ES.-K., S.B., KH.-S. and R.D.
supervised the study and provided scientific discussions. All the authors contribute to the paper
writing. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the European Commission in the framework of the GREEN-
CC Project (Grant Agreement no. 608524).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.



Membranes 2021, 11, 541 11 of 12

Acknowledgments: The authors thank Andreas Hensel and Stefan Heinz for the technical support
provided during this study and Doris Sebold for SEM analysis. Special thanks and in memory of
Ulrich Schygulla who contributed to this work.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Lobera, M.P; Escolastico, S.; Serra, ]. M. High ethylene production through oxidative dehydrogenation of ethane membrane
reactors based on fast oxygen-ion conductors. ChemCatChem 2011, 3, 1503-1508. [CrossRef]

2. Liu, H,; Wei, Y.; Caro, J.; Wang, H. Oxidative Coupling of Methane with High C2 Yield by using Chlorinated Perovskite
Ba0.55r0.5Fe0.2C00.803—5 as Catalyst and N20O as Oxidant. ChemCatChem 2010, 2, 1539-1542. [CrossRef]

3. Lobera, M.P; Escolastico, S.; Garcia-Fayos, J.; Serra, ]. M. Ethylene production by ODHE in catalytically modified Ba
0.5510.5Cop gFeg 2O3.,, membrane reactors. ChemSusChem 2012, 5, 1587-1596. [CrossRef] [PubMed]

4. Lobera, M.P; Valero, S.; Serra, ].M.; Escolastico, S.; Argente, E.; Botti, V. Optimization of ODHE membrane reactor based on
mixed ionic electronic conductor using soft computing techniques. Chem. Eng. Sci. 2011, 66, 6308-6317. [CrossRef]

5. Czuprat, O.; Schiestel, T.; Voss, H.; Caro, ]. Oxidative Coupling of Methane in a BCFZ Perovskite Hollow Fiber Membrane Reactor.
Ind. Eng. Chem. Res. 2010, 49, 10230-10236. [CrossRef]

6. Luo, H.; Wei, Y,; Jiang, H.; Yuan, W.; Lv, Y,; Caro, J.; Wang, H. Performance of a ceramic membrane reactor with high oxygen flux
Ta-containing perovskite for the partial oxidation of methane to syngas. J. Memb. Sci. 2010, 350, 154-160. [CrossRef]

7. Wei, Y.; Liao, Q.; Li, Z.; Wang, H.; Feldhoff, A.; Caro, ]. Partial oxidation of methane in hollow-fiber membrane reactors based on
alkaline-earth metal-free CO,-tolerant oxide. AICKE ]. 2014, 60, 3587-3595. [CrossRef]

8. Khniep, ].; Lin, Y.S. Partial Oxidation of Methane and Oxygen Permeation in SrCoFeOx Membrane Reactor with Different Catalysts.
Ind. Eng. Chem. Res. 2011, 50, 7941-7948. [CrossRef]

9.  Arratibel Plazaola, A.; Cruellas Labella, A.; Liu, Y.; Badiola Porras, N.; Pacheco Tanaka, D.A.; Van Sint Annaland, M.; Gallucci, F.
Mixed Ionic-Electronic Conducting Membranes (MIEC) for Their Application in Membrane Reactors: A Review. Processes 2019, 7,
128. [CrossRef]

10. Sunarso, J.; Baumann, S.; Serra, ]. M.; Meulenberg, W.A ; Liu, S.; Lin, Y.S.; Diniz da Costa, J.C. Mixed ionic—electronic conducting
(MIEC) ceramic-based membranes for oxygen separation. J. Memb. Sci. 2008, 320, 13—41. [CrossRef]

11. Balaguer, M.; Solis, C.; Serra, ]. M. Structural-Transport Properties Relationships on Cel-xLnxO2—5 System (Ln = Gd, La, Tb, Pr,
Eu, Er, Yb, Nd) and Effect of Cobalt Addition. . Phys. Chem. C 2012, 116, 7975-7982. [CrossRef]

12. Balaguer, M.; Escolastico, S.; Serra, ].M. Oxygen permeation and stability of CaTi0.73Fe0.18Mg0.0903—5 oxygen-transport
membrane. |. Memb. Sci. 2017, 524, 56-63. [CrossRef]

13.  Cheng, H.; Yao, W,; Lu, X,; Zhou, Z; Li, C.; Liu, J. Structural stability and oxygen permeability of BaCo0.7Fe0.2M0.103—6 (M=Ta,
Nb, Zr) ceramic membranes for producing hydrogen from coke oven gas. Fuel Process. Technol. 2015, 131, 36—44. [CrossRef]

14. Yao, W,; Cheng, H.; Zhao, H.; Lu, X,; Zou, X,; Li, S.; Li, C. Synthesis, oxygen permeability, and structural stability of
BaCo00.7Fe0.3—xZrxO3—5 ceramic membranes. J. Memb. Sci. 2016, 504, 251-262. [CrossRef]

15. Serra, ].M.; Garcia-Fayos, J.; Baumann, S.; Schulze-Kiippers, F.; Meulenberg, W.A. Oxygen permeation through tape-cast
asymmetric all-La0.65r0.4C00.2Fe0.803—6 membranes. |. Memb. Sci. 2013, 447, 297-305. [CrossRef]

16. Baumann, S.; Serra, ].M.; Lobera, M.P,; Escolastico, S.; Schulze-Kiippers, F.; Meulenberg, W.A. Ultrahigh oxygen permeation flux
through supported Ba0.55r0.5C00.8Fe0.203-5 membranes. |. Memb. Sci. 2011, 377, 198-205. [CrossRef]

17. Garcia-Fayos, J.; Serra, ].M.; Luiten-Olieman, M.W.J.; Meulenberg, W.A. 8-Gas separation ceramic membranes. In Elsevier Series on
Advanced Ceramic Materials; Guillon, O., Ed.; Elsevier: Amsterdam, The Netherlands, 2020; pp. 321-385. ISBN 978-0-08-102726-4.

18. Gaudillere, C.; Garcia-Fayos, J.; Balaguer, M.; Serra, ].M. Enhanced Oxygen Separation through Robust Freeze-Cast Bilayered
Dual-Phase Membranes. ChemSusChem 2014, 7, 2554-2561. [CrossRef]

19. Gaudillere, C.; Garcia-Fayos, J.; Serra, ]. M. Enhancing oxygen permeation through hierarchically-structured perovskite mem-
branes elaborated by freeze-casting. J. Mater. Chem. A 2014, 2, 3828-3833. [CrossRef]

20. Schulze-Kiippers, F.; Unije, U.V,; Blank, H.; Balaguer, M.; Baumann, S.; Miicke, R.; Meulenberg, W.A. Comparison of freeze-dried
and tape-cast support microstructure on high-flux oxygen transport membrane performance. J. Memb. Sci. 2018, 564, 218-226.
[CrossRef]

21. Teraoka, Y.; Honbe, Y.; Ishii, J.; Furukawa, H.; Moriguchi, I. Catalytic effects in oxygen permeation through mixed-conductive
LSCF perovskite membranes. Solid State lonics 2002, 152-153, 681-687. [CrossRef]

22. Boeltken, T.; Belimov, M.; Pfeifer, P; Peters, T.A.; Bredesen, R.; Dittmeyer, R. Fabrication and testing of a planar microstructured
concept module with integrated palladium membranes. Chem. Eng. Process. Process. Intensif. 2013, 67, 136-147. [CrossRef]

23. Boeltken, T.; Wunsch, A.; Gietzelt, T.; Pfeifer, P.; Dittmeyer, R. Ultra-compact microstructured methane steam reformer with
integrated Palladium membrane for on-site production of pure hydrogen: Experimental demonstration. Int. J. Hydrog. Energy
2014, 39, 18058-18068. [CrossRef]

24. Wunsch, A.; Kant, P; Mohr, M.; Haas-Santo, K.; Pfeifer, P.; Dittmeyer, R. Recent Developments in Compact Membrane Reactors
with Hydrogen Separation. Membranes 2018, 8, 107. [CrossRef] [PubMed]

25. Pfaff, EM.; Kaletsch, A.; Broeckmann, C. Design of a Mixed Ionic/Electronic Conducting Oxygen Transport Membrane Pilot

Module. Chem. Eng. Technol. 2012, 35, 455-463. [CrossRef]


http://doi.org/10.1002/cctc.201100055
http://doi.org/10.1002/cctc.201000217
http://doi.org/10.1002/cssc.201100747
http://www.ncbi.nlm.nih.gov/pubmed/22791570
http://doi.org/10.1016/j.ces.2010.12.013
http://doi.org/10.1021/ie100282g
http://doi.org/10.1016/j.memsci.2009.12.023
http://doi.org/10.1002/aic.14540
http://doi.org/10.1021/ie2001346
http://doi.org/10.3390/pr7030128
http://doi.org/10.1016/j.memsci.2008.03.074
http://doi.org/10.1021/jp211594d
http://doi.org/10.1016/j.memsci.2016.11.005
http://doi.org/10.1016/j.fuproc.2014.11.004
http://doi.org/10.1016/j.memsci.2016.01.005
http://doi.org/10.1016/j.memsci.2013.07.030
http://doi.org/10.1016/j.memsci.2011.04.050
http://doi.org/10.1002/cssc.201402324
http://doi.org/10.1039/c3ta14069e
http://doi.org/10.1016/j.memsci.2018.07.028
http://doi.org/10.1016/S0167-2738(02)00409-5
http://doi.org/10.1016/j.cep.2012.06.009
http://doi.org/10.1016/j.ijhydene.2014.06.091
http://doi.org/10.3390/membranes8040107
http://www.ncbi.nlm.nih.gov/pubmed/30441750
http://doi.org/10.1002/ceat.201100447

Membranes 2021, 11, 541 12 of 12

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Raju, K.; Kim, S.; Song, K.; Yu, J.H.; Yoon, D.-H. Joining of metal-ceramic using reactive air brazing for oxygen transport
membrane applications. Mater. Des. 2016, 109, 233-241. [CrossRef]

Kiebach, R.; Engelbrecht, K.; Kwok, K.; Molin, S.; Segaard, M.; Niehoff, P.; Schulze-Kiippers, F.; Kriegel, R.; Kluge, J.; Hendriksen,
P.V. Joining of ceramic Ba0.55r0.5C00.8Fe0.203 membranes for oxygen production to high temperature alloys. J. Memb. Sci. 2016,
506, 11-21. [CrossRef]

Gallucci, F; Basile, A. Co-current and counter-current modes for methanol steam reforming membrane reactor. Int. J. Hydrog.
Energy 2006, 31, 2243-2249. [CrossRef]

Piemonte, V.; De Falco, M.; Favetta, B.; Basile, A. Counter-current membrane reactor for WGS process: Membrane design. Int. |.
Hydrog. Energy 2010, 35, 12609-12617. [CrossRef]

Xing, Y.; Baumann, S.; Sebold, D.; Riittinger, M.; Venskutonis, A.; Meulenberg, W.A.; Stover, D. Chemical Compatibility
Investigation of Thin-Film Oxygen Transport Membranes on Metallic Substrates. J. Am. Ceram. Soc. 2011, 94, 861-866. [CrossRef]
VDM®Alloy 625. Available online: https://www.vdm-metals.com/fileadmin/user_upload /Downloads/Data_Sheets/Data_
Sheet_VDM_Alloy_625.pdf (accessed on 1 June 2021).

Schulze-Kiippers, F.; Niehoff, P; Guillon, O.; Baumann, S.; Meulenberg, W.A.; Kiebach, R.; Sogaard, M.; Hendriksen, P.V.; Kiesel,
L.; Ritter, K.; et al. Joining and sealing technologies for asymmetric Bag 55ry 5(Cog2Feq 8)0.97Zrg.03 O3-5 (BSCF-Zr) membranes for
Oxy Combustion processes. In Proceedings of the Euromembrane 2015, Aachen, Germany, 6-10 September 2015.

Gryaznov, D.; Baumann, S.; Kotomin, E.A.; Merkle, R. Comparison of Permeation Measurements and Hybrid Density-Functional
Calculations on Oxygen Vacancy Transport in Complex Perovskite Oxides. J. Phys. Chem. C 2014, 118, 29542-29553. [CrossRef]
Garcia-Fayos, J.; Ruhl, R.; Navarrete, L.; Bouwmeester, HJ.M.; Serra, ].M. Enhancing oxygen permeation through Fe2NiO4-
Ce0.8Tb0.202-5 composite membranes using porous layers activated with Pr6O11 nanoparticles. J. Mater. Chem. A 2018, 6,
1201-1209. [CrossRef]

Pirou, S.; Garcia-Fayos, J.; Balaguer, M.; Kiebach, R.; Serra, ]. M. Improving the performance of oxygen transport membranes in
simulated oxy-fuel power plant conditions by catalytic surface enhancement. J. Memb. Sci. 2019, 580, 307-315. [CrossRef]
Othman, N.H.; Wu, Z; Li, K. An oxygen permeable membrane microreactor with an in-situ deposited Bi1l.5Y0.35m0.203—5
catalyst for oxidative coupling of methane. . Memb. Sci. 2015, 488, 182-193. [CrossRef]

Garcia-Fayos, ]J.; Lobera, M.P,; Balaguer, M.; Serra, ].M. Catalyst Screening for Oxidative Coupling of Methane Integrated in
Membrane Reactors. Front. Mater. 2018, 5, 31. [CrossRef]

Jiang, H.; Wang, H.; Werth, S.; Schiestel, T.; Caro, J. Simultaneous Production of Hydrogen and Synthesis Gas by Combining Water
Splitting with Partial Oxidation of Methane in a Hollow-Fiber Membrane Reactor. Angew. Chem. Int. Ed. 2008, 47, 9341-9344.
[CrossRef]


http://doi.org/10.1016/j.matdes.2016.07.068
http://doi.org/10.1016/j.memsci.2016.01.050
http://doi.org/10.1016/j.ijhydene.2006.05.007
http://doi.org/10.1016/j.ijhydene.2010.07.158
http://doi.org/10.1111/j.1551-2916.2010.04171.x
https://www.vdm-metals.com/fileadmin/user_upload/Downloads/Data_Sheets/Data_Sheet_VDM_Alloy_625.pdf
https://www.vdm-metals.com/fileadmin/user_upload/Downloads/Data_Sheets/Data_Sheet_VDM_Alloy_625.pdf
http://doi.org/10.1021/jp509206k
http://doi.org/10.1039/C7TA06485C
http://doi.org/10.1016/j.memsci.2019.03.027
http://doi.org/10.1016/j.memsci.2015.04.027
http://doi.org/10.3389/fmats.2018.00031
http://doi.org/10.1002/anie.200803899

	Introduction 
	Materials and Methods 
	Membrane Reactor 
	Membrane Manufacture 
	Membrane Sealing 
	Oxygen Permeation Measurements 

	Results 
	Oxygen Permeation Results 
	Membrane and Sealing Characterization after Permeation Measurements 

	Conclusions 
	References

