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Industry decarbonization requires the development of highly efficient and flexible technologies relying
on renewable energy resources, especially biomass and solar/wind electricity. In the case of pure oxygen
production, oxygen transport membranes (OTMs) appear as an alternative technology for the cryogenic
distillation of air, the industrially-established process of producing oxygen. Moreover, OTMs could pro-
vide oxygen from different sources (air, water, CO2, etc.), and they are more flexible in adapting to current
processes, producing oxygen at 700–1000 �C. Furthermore, OTMs can be integrated into catalytic mem-
brane reactors, providing new pathways for different processes. The first part of this study was focused on
electrification on a traditional OTM material (Ba0.5Sr0.5Co0.8Fe0.2O3�d), imposing different electric cur-
rents/voltages along a capillary membrane. Thanks to the emerging Joule effect, the membrane-surface
temperature and the associated O2 permeation flux could be adjusted. Here, the OTM is electrically
and locally heated and reaches 900 �C on the surface, whereas the surrounding of the membrane was
maintained at 650 �C. The O2 permeation flux reached for the electrified membranes was
�3.7 NmL min�1 cm�2, corresponding to the flux obtained with an OTM non-electrified at 900 �C. The
influence of depositing a porous Ce0.8Tb0.2O2�d catalytic/protective layer on the outer membrane surface
revealed that lower surface temperatures (830 �C) were detected at the same imposed electric power.
Finally, the electrification concept was demonstrated in a catalytic membrane reactor (CMR) where the
oxidative dehydrogenation of ethane (ODHE) was carried out. ODHE reaction is very sensitive to temper-
ature, and here, we demonstrate an improvement of the ethylene yield by reaching moderate tempera-
tures in the reaction chamber while the O2 injection into the reaction can be easily fine-tuned.
� 2023 Science Press and Dalian Institute of Chemical Physics, Chinese Academy of Sciences. Published
by ELSEVIER B.V. and Science Press This is an open access article under the CC BY license (http://creative-

commons.org/licenses/by/4.0/).
1. Introduction

The decarbonization of the industry has become an important
strategy to transition to a safe climatic future [1,2]. Developing
highly efficient and sustainable new chemical production routes
is essential to decrease the carbon footprint of actual processes.
Oxidative and selective reactions using pure oxygen, like CO2-
capture-enabling oxycombustion or oxidative dehydrogenation of
paraffins, have been extensively studied [3–7]. In this matter, oxy-
gen production will take an important role, and it is essential to
develop new technologies that are more efficient and flexible to
achieve these new challenges [3,8–11].
The current and most mature technology that provides pure
oxygen (with production rates of up to 30,000 Nm3 h�1 with 99%
purity) is the cryogenic distillation of air. The economic sustain-
ability of this technology relies on using large equipment and cryo-
genic conditions entailing high pressures [11]. Oxygen transport
membrane (OTM) emerges as an alternative technology to produce
pure oxygen, with more than 99.99% purity, more flexibility, and
reduced costs [4,12]. In addition, this technology typically works
at 700–1000 �C, allowing it to be integrated into current industrial
processes presenting residual heat streams [13,14]. From a techno-
economic point of view, the OTM must permeate 10 NmL min�1-
cm�2 of oxygen to be competitive with actual technologies [14].
However, the membranes that could achieve these permeability
values are usually unstable or lose much activity when exposed
to CO2 environments [4,12]. Ba0.5Sr0.5Co0.8Fe0.2O3�d (BSCF)-based
membranes could achieve high oxygen permeation values,
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reaching more than 60 NmL min�1 cm�2 of O2 [15–19]. This could
lead to the use of this technology to produce pure oxygen [17].
However, in order to achieve that oxygen permeation, the mem-
brane temperature must be around 900 �C, whereas these operat-
ing temperatures imply high equipment and operational costs.

BSCF membranes have been studied as catalytic membrane
reactors for several relevant reactions to produce hydrocarbon
fuels and chemicals [6,20–24], such as oxygen coupling of methane
(OCM), partial oxidation of methane (POM), water splitting, oxida-
tive dehydrogenation of ethane (ODHE), etc. ODHE technology has
gained industrial interest, driven by the increasing global ethylene
demand (precursor of polyethylene, ethylene oxide, and ethylben-
zene), with expectations of ethylene production reaching almost
200 megatons by 2026 [25]. Currently, worldwide ethylene pro-
duction comes from other sources like methane, naphtha, liquefied
petroleum gas, etc. In fact, the steam cracking of naphtha repre-
sents more than 40% of the ethylene production [26]. From ethane
feedstock, the main ethylene production route is the thermal
cracking of ethane, achieving yields close to 60% and 70% [5]. Even
so, thermal cracking has several issues regarding the deactivation
through coke formation and the necessity of high operation tem-
peratures (800–900 �C) [25]. Nevertheless, new technologies like
protonic ceramic cells are being studied for the thermal cracking
of ethane, displacing the equilibrium at lower temperatures [27–
29]. Another approach is ODHE, which could be an alternative to
this process, Eq. (1). In the ODHE process, the coke formation is
reduced thanks to the presence of oxygen, and it can be realized
in a broad temperature range (300–900 �C) [6,7,25,30–33]. These
advantages make this technology a more efficient and sustainable
process with potential for industrial deployment. However, several
secondary reactions can occur in the presence of oxygen and at
higher temperatures, decreasing the ethylene yield in the global
process, Eqs. (2)–(6) [34].

C2H6 þ 0:5O2¢C2H4 þH2O DH0 ¼ �105:50 kJ=mol ð1Þ

C2H4 þ 2O2 ! 2COþ 2H2O DH0 ¼ �757:21 kJ=mol ð2Þ

C2H6 ¢ C2H4 þH2 DH0 ¼ 136:33 kJ=mol ð3Þ

C2H4 þ 2H2O ¢ 2COþ 4H2 DH0 ¼ 210:07 kJ=mol ð4Þ
(b)(a)
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Fig. 1. Oxidative dehydrogenation of ethane reactors by using different modes of O2 add
through the reduction of the catalyst in a chemical looping reactor; (c) feeding oxygen
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COþH2O ¢ CO2 þH2 DH0 ¼ �41:16 kJ=mol ð5Þ
COþ 0:5O2 ! CO2 DH0 ¼ �282:98 kJ=mol ð6Þ
When oxygen is supplied to the ethane dehydrogenation reac-

tion, controlling the O2/C2H6 ratio is essential to avoid a secondary
reaction [6,25]. For fixed bed reactors, the oxygen is co-fed with
the ethane, leading to several secondary reactions, reducing the
ethylene selectivity (Fig. 1a) while the inlet O2/C2H6 ratio is main-
tained out of flammability/explosion limits. Several chemical-
looping technologies have been developed to reduce the inlet O2/
C2H6 ratio, where the redox catalyst in situ releases the oxygen
(Fig. 1b) [25,30,35]. Here, a promising alternative to control the
O2/C2H6 is an integrated membrane reactor based on mixed ionic
and electronic conductors (MIEC) to control oxygen injection along
the reaction chamber (Fig. 1c) [6,36–38]. In both catalytic mem-
brane reactors (CMRs) based on OTM and chemical looping reactor,
the addition of oxygen is highly distributed, achieving low ratios of
O2/C2H6. OTMs are made of ceramic MIEC materials, and the oxy-
gen permeation increases exponentially with temperature, reach-
ing optimal permeation values at high temperatures, around 800
and 900 �C [6,37,38]. As mentioned before, ODHE reaction
improves the selectivity of ethylene at low temperatures, so
decreasing the reactor temperature in CMRs could be the key to
enhancing the selectivity of ethylene for OTM as catalytic mem-
brane reactors in ODHE reaction.

This study focuses on the electrification of OTMs to heat the
membrane surface locally and maintain an intermediate tempera-
ture in the reactor chamber. As mentioned before, the main prop-
erty of OTMs is their mixed ionic and electronic conductivity
[4,15]. BSCF (MIEC material selected for this study) shows a total
conductivity of 30 S cm�1 in air at 650 �C [39–41]. Applying a volt-
age difference on a BSCF sample leads to the appearance of an elec-
tric current that dissipates energy in the form of heat, commonly
known as the Joule effect. This increase in the membrane temper-
ature gives rise to the increased oxygen permeation while main-
taining the reactor chamber at lower temperatures. Here, the
surface-membrane temperature was controlled (up to 900 �C) by
applying different voltages, regulating the oxygen permeation flux,
while the reactor chamber was preserved at a lower temperature,
e.g., 650 �C. Further, the study shows that the new operation
regime enabled by the developed electrified-BSCF membrane reac-
(c)
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ition. (a) Co-feeding of oxygen and C2H6 in a fixed bed reactor; (b) feeding oxygen
through an OTM in a catalytic membrane reactor.
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tor ameliorates the catalytic ODHE performance, reaching higher
ethylene yield than the non-electrified CMR.
2. Experimental

2.1. Material synthesis and membrane fabrication

For this study, commercial Ba0.5Sr0.5Co0.8Fe0.2O3�d (BSCF) capil-
laries from IKTS (Fraunhofer, Germany) were used with a length of
20 cm, an external diameter of 3 mm, and a thickness of 0.3 mm.

Two different catalytic layers were coated on BSCF capillaries,
BSCF and Ce0.8Tb0.2O2�d (CTO). BSCF powder was provided by IKTS
Fraunhofer (Germany), and CTO was synthesized using the Pechini
method. Stoichiometric amounts of Ce(NO3)3�6H2O (99.5% purity)
and Tb(NO3)3�6H2O (99.9% purity) provided by Sigma Aldrich were
dissolved in a homogeneous aqueous solution. Afterward, citric
acid (Sigma Aldrich) was added as a chelating agent to prevent par-
tial segregation of metal components, and ethylene glycol
(ThermoScientific) to polymerize with the chelating agent, produc-
ing an organometallic polymer (in a molar ratio 1:2:4, respec-
tively). This complexation was followed by dehydration at 220 �C
and thermal treatment at 850 �C for 5 h to form the desired fluorite
phases.

The deposition of the catalytic layer was made by the dip-
coating technique. Dip-coating inks were prepared using a three-
roll mill, mixing 1:1 ceramic powder (BSCF or CTO) and vehicle
Zvar (Zschimmer & Schwarz). Then, BSCF membranes were intro-
duced into the ink for 5 s and extracted at a controlled speed. After
each deposition, membranes were dried in two steps to ensure the
catalytic layer was completely dried: first for 3 h at room temper-
ature and finally for 2 h at 60–80 �C. After two dip-coating steps,
membranes were heat-treated at 950 �C for 2 h. This coating pro-
vides an active surface of 3.01 cm2 for the BSCF catalytic layer
and 3.23 cm2 for CTO catalytic layer, and the active length corre-
Fig. 2. (a) BSCF catalytic membrane reactor electrified device; (b) current gold wires conn
electrified BSCF capillary membrane; (d) scheme of the Joule effect through the BSCF ca

101
sponds with the isothermal length of the reactor. To prevent oxy-
gen permeation in the area without a catalytic layer, the
membranes were covered with gold paper and then calcinated at
900 �C for 2 h.

2.2. Material characterization

Crystalline phases of the studied samples were identified using
a PANalytical Cubix fast diffractometer, Cu Ka radiation (k1 = 1.54
06 Å), and an X’Celerator detector in Bragg-Brentano geometry.
X-ray diffraction (XRD) patterns recorded in the 2h range from
20� to 90� were analyzed using X’Pert Highscore Plus software.
Cross-section analyses of the sintered materials before and after
tests were conducted employing Field Emission Scanning Electron
Microscopy (FESEM) in a ZEISS ULTRA 55. In addition, a backscat-
tered electron detector (BSD) was used to provide images with
compositional contrast that differentiate grains and element
distribution.

2.3. Thermodynamic calculations

Thermodynamic simulations were performed using the soft-
ware package HSC Chemistry 6.1 from Outotec Research Oy. To
obtain the equilibrium composition of the reactions, minimization
of Gibbs free energy was employed.

2.4. Membrane reactor set-up

Fig. 2(a) represents the scheme of the electrified-BSCF catalytic
membrane reactor (e-CMR). In order to apply voltage to the capil-
lary membrane, gold wires were connected at the end of the cat-
alytic layer. To accurately control the membrane temperature
(TM), a thermocouple was attached to its surface, as indicated in
Fig. 2(b). In contrast, an additional thermocouple was located in
the middle of the reactor chamber (TR), as shown in Fig. 2(a). For
ections and the temperature measurement of the membrane; (d) scheme of the non-
pillary membrane.
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the non-electrified membrane, the oxygen permeation depends
only on the reactor temperature (Fig. 2c). In the case of the electri-
fied membrane, the application of voltage will produce local heat-
ing of the membrane, and the oxygen permeation will increase.
With this technique, a maximum temperature of 900 �C on the
membrane surface was obtained, whereas the reactor chamber
was maintained at 650 �C (Fig. 2d).

For the oxygen permeation studies, the gas flow rate for both
chambers, sweep (Ar) and feed (synthetic air), was 150 NmLmin�1.
In the case of the ODHE reaction study, 400 NmL min�1 of a mix-
ture of 10% ethane in Ar and 150 NmL min�1 of synthetic air were
fed to the sweep and feed chamber, respectively. All the tests, per-
meation, and reaction were conducted at atmospheric pressure. In
order to electrify, i.e., locally heat, the BSCF membrane, different
electric voltages were applied for 60 min for both oxygen perme-
ation and ODHE reaction experiments. Inlet gas streams were indi-
vidually mass-flow controlled. The temperature was measured by
two attached K-type thermocouples, one close to the membrane
(TM) and the other in the sweep chamber (TR). Upon reaching the
steady state, the permeation was analyzed by online gas chro-
matography (GC) using a micro-GC Varian CP-4900 equipped with
Molsieve5A, Pora-Plot-Q glass capillary, and CP-Sil modules. Mem-
brane gas leak-free conditions were ensured by continuously mon-
itoring the N2 concentration in the permeation gas stream
(reaction chamber). Voltage was applied to the membranes by
using a Keysight E36200 Series power supply. The Micro-GC was
calibrated with a gas mixture of 11 compounds (Linde): 2% CH4,
9% H2, 9% CO, 1% CO2, 1% C2H4, 2% C2H6, 1% C3H8, 1% C3H6, 1%
C3H4, and 1% C4H6 in N2. To calculate the conversion and the differ-
ent selectivity obtained, the carbon balance was calculated.

2nC2H6;in
¼ 2 nC2H6;out þ nC2H4 Þ þ nCO2 þ nCO þ 3ðnC3H8

þ nC3H6 þ nC3H4

� �
þ 4nC4þ þ nCoke

ð7Þ
Where nCi is the molar rate (mol min�1) for each compound

obtained at the outlet of the CMR. The initial ethane was measured
by passing the catalytic membrane reactor, and coke formation
was obtained from the carbon balance (Eq. (7)). Ethane conversion
(XC2H6), product selectivity (SCi), and ethylene yield (YC2H4) were
calculated by using the Eqs. (8)–(10).

XC2H6 ¼ 1� 2nC2H6;out

2nC2H6;in

 !
� 100 ð8Þ
Fig. 3. (a) XRD patterns for the commercial BSCF capillary membrane, BSCF pattern from
BSCF and (c) with CTO catalytic layers.
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SCi ¼
i � nCi

2 nC2H6;in
� nC2H6;out

� �
0
@

1
A � 100 ð9Þ

YC2H4 ¼ XC2H6 � SC2H4=100 ð10Þ
The oxygen permeation under ODHE reaction was calculated by

using the hydrogen (Eq. (11)) and the oxygen balances (Eq. (12)).
Water formation could be obtained from the hydrogen balance
that, in addition, allows to get the oxygen balance and subse-
quently to calculate the oxygen permeation during the ODHE
reaction.

Hydrogen balance

6nC2H6;in
¼ 6nC2H6;out þ 4nC2H4 þ 8nC3H8 þ 6nC3H6 þ 4nC3H4

þ 4nCH4 þ 6nC4H6 þ 2nH2 þ 2nH2O ð11Þ
Oxygen balance

2nO2;perm ¼ 2nO2;out þ 2nCO2 þ nCO þ nH2O ð12Þ
3. Results and discussion

3.1. Microstructural study

The XRD analysis of BSCF capillary membranes (Fig. 3a) showed
a single cubic perovskite phase; no secondary phases were detect-
able [42,43]. The microstructure of the catalytic layers was studied
by SEM analysis of the cross-section. The BSCF catalytic layer has a
thickness of around 20–30 lm and presents an adequate porosity,
as shown in Fig. 3(b). The CTO catalytic layer presented a lower
thickness, about 10–15 lm, and a lower particle size than the BSCF
catalytic layer (Fig. 3c).

3.2. Influence of Joule effect on the oxygen permeation

First, the influence of the measurement configuration, sweep
inside or outside the BSCF-activated capillary membrane, on the
O2 permeation flux was evaluated. 150 NmL min�1 of Ar and syn-
thetic air were fed in the sweep and feed chamber. Fig. 4 shows the
oxygen flux as a function of the temperature. At temperatures
above 750 �C, lightly lower oxygen flows were obtained when
the sweep was fed inside of the capillary, achieving 3.6 NmLmin�1-
cm�2 at 900 �C whereas 3.9 NmL min�1 cm�2 was reached when
the sweep side was fed in the outer chamber. These oxygen perme-
ICSD- I257399; cross-section SEM images of the BSCF membrane coated (b) with



Fig. 4. Oxygen permeation through the surface-activated BSCF capillary membrane
as a function of temperature for two different configurations of sweep fed inside
(blue points) and outside (black points).
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ation values were similar to other BSCF tubular membranes
[44,45]. This behavior could be ascribed to the absence of a cat-
alytic layer inside the membrane, as the surface exchange reactions
on the sweep side are more affected than on the feed side [16,46].
At lower temperatures, the surface exchange reactions are not lim-
iting, and both configurations present similar values [16,46].

The electrification of the system had been introduced using
voltage pulses of 1 h (30 min at low voltage, from 1 to 5 V). After
these peaks, the voltage was turned off in order to evaluate possi-
ble degradations. The results in Fig. 5(a) did not show degradation
as a consequence of the electrification reaching the exact value of
the oxygen permeation than before applying any potential. Fur-
ther, the oxygen permeation and the temperature of the mem-
brane increase gradually with the applied potential. Stable
measurements could be observed when the potential is applied
(both permeation and temperature). Fig. 5(b) compares the oxygen
fluxes obtained in the conventional permeation test with the elec-
trified measurement as a function of the reactor temperature. As
voltage is applied to the membrane, it heats up, and the O2 fluxes
obtained are consistent with those obtained for the non-electrified
permeation. Then, the temperature in the membrane was
increased from 650 to 897 �C by applying 9 V (resulting in
33 W), reaching a flux of 3.7 NmL min�1 cm�2. The same protocol
was followed by changing the configuration, i.e., the sweep was fed
in the inner chamber. In this configuration, the O2 flux values
(Fig. 5c) were lower than the corresponding non-electrified process
for the samemembrane temperature, reaching3.2NmLmin�1 cm�2.
The power supply in both electrified configurations was compared
in Fig. 5(d), giving rise to the same temperatures for both configu-
rations. From this, it can be inferred that the gas configuration only
affects the oxygen permeation values due to the position of the cat-
alytic layer [16].

So far, the feasible voltage-driven control of the membrane-
surface temperature and associated O2 flux was demonstrated in
the electrified mode. This BSCF electrified membrane reached
900 �C while the outer reaction chamber remained at 650 �C. In
the following, the long-term stability of these electrified mem-
branes under working conditions was assessed.

Evaluating the membrane robustness under electrified mode is
especially relevant since the temperature gradient between the
membrane surface and the reactor chamber could cause thermo-
mechanical stress and eventually break the membrane [47]. The
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stability of the electrified membrane was studied by applying 9 V
(3.7 A) for 110 h (Fig. 6). During the stability test, the temperature
and current remained stable, resulting in a constant oxygen flux of
3.8 NmL min�1 cm�2 at 906 �C. After 110 h of operation, the appli-
cation of voltage was stopped, leading to a decrease in both the
voltage-induced membrane temperature and permeation flux.
Namely, in the first measurement when the electric current was
switched off, the oxygen flux was initially 1.2 NmL min�1 cm�2,
which, interestingly, is higher than the one reached in the previous
experiments at the same temperature, around0.76NmLmin�1 cm�2

(Table S1). From that point onwards, the oxygen permeation equi-
librated until reaching a steady value of 0.55 NmLmin�1 cm�2 after
40 h without voltage application. This effect could be related to the
hexagonal phase formation in the BSCF structure [42,48,49]. The
BSCF has two principal crystal perovskite structures, hexagonal

(Space group P63/mmc) and cubic (Pm 3
�

m) structures [48,49].
The BSCF with cubic structure presents superior transport proper-
ties than that with the hexagonal structure. The cubic structure is
formed at 850–900 �C, but when the temperature decreases (i.e.,
when the electrical voltage is switched off), the hexagonal phase
starts to grow [49]. Therefore, the oxygen flux drop was principally
caused by the progressive formation of this hexagonal phase [49].
However, B-site doping with Y and Nb in BSCF can mitigate the for-
mation of the hexagonal phase [50,51].

Despite the stable O2 separation of the electrified BSCF-coated
membrane when applying 3.7 A for 110 h, BSCF is not stable under
CO2 or reducing atmospheres such as CH4. Therefore, applying pro-
tective layers under CO2 environments, such as Ce0.8Gd0.2O2�d

(CGO), to BSCF membranes can effectively mitigate the BSCF
decomposition, as reported by Solis et al. [52]. In this work, a por-
ous coating of Ce0.8Tb0.2O2�d (CTO) was selected to minimize the
membrane degradation and increase the surface catalytic activity.
This layer can also act as a catalytic layer due to the interesting
electrochemical properties that the CTO possesses [53,54]. Then,
the electrification of a BSCF capillary membrane functionalized
with CTO was studied, and the main results are shown in Fig. 7
and Table S2.

Fig. 7(a) plots the oxygen permeation flux obtained with the
membrane coated with CTO as a function of the reactor tempera-
ture for electrified and non-electrified modes. When the mem-
brane is electrified, the voltage-induced membrane temperature
increases and, subsequently, the oxygen flux. In this case, the
reached maximum temperature in the membrane surface was
851 �C, and the corresponding oxygenfluxwas 3.8NmLmin�1 cm�2,
lower than the data obtained at 850 �C with the non-electrified
membrane. CTO-coated membrane presents higher O2 transport
than BSCF-coated membrane when it is electrified, as observed in
Fig. 7(b), where the oxygen flux is plotted as a function of the
voltage-induced temperature. Notably, the reached heating power
for the CTO-coated membrane is higher than that for the BSCF-
coated membrane (Fig. S1), suggesting that higher local tempera-
tures might be achieved in the BSCF bulk and the CTO catalytic por-
ous layer presents better thermal insulation properties due to
textural properties and the associated infrared radiation emissivity
[55,56].
3.3. Oxidative dehydrogenation of ethane in BSCF catalytic membrane
reactor

As mentioned above, the ODHE is a relevant chemical process
for ethylene production that has gained considerable attention in
the last few years [25,33]. Considering the thermodynamic equilib-
rium, the O2/C2H6 ratio and the reaction temperature are crucial to
boosting the ethylene selectivity and the ethane conversion. Fig. 8



Fig. 5. Sweep outside configuration; (a) oxygen permeation and membrane temperature for different power applied at 650 �C; (b) oxygen permeation for an electrified and
non-electrified BSCF membrane at different temperatures; Sweep inside configuration; (c) oxygen permeation for an electrified and non-electrified BSCF membrane at
different temperatures; (d) power supply on the membrane and the membrane temperature reached for both configurations.

Fig. 6. Oxygen permeation stability test in electrification mode for 110 h.
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Fig. 7. (a) Oxygen permeation for an electrified and non-electrified BSCF membrane with CTO layer as a function of the reactor temperature; (b) comparison of the oxygen
permeation obtained with BSCF and CTO-coated capillary membranes as a function of the membrane voltage-induced temperature when voltage is applied (sweep is fed in
the outer chamber in both membranes).

Fig. 8. (a) Ethane conversion and ethylene selectivity at the equilibrium at different O2/C2H6 ratios at 650, 750, and 850 �C; (b) Gibbs free energy at different temperatures for
the main reactions that can occur in the presence of O2 and C2H6.
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(a) shows the ethane conversion and ethylene selectivity at the
thermodynamic equilibrium, and Fig. S2 shows the predicted pro-
duct composition at different temperatures and O2/C2H6 ratios.
These thermodynamic calculations confirm that increasing the
temperatures and lowering the O2/C2H6 ratios increase ethylene
production. Fig. 8(b) displays the Gibbs free energy as a function
of the temperature for the different possible reactions in the ODHE
reactor. Partial oxidation of ethylene has the most negative energy
value, indicating that the partial oxidation contribution will
become very relevant at high oxygen concentration. Also, the oxi-
dation of CO is in the same order as the ODHE reaction, and steam
reforming of ethylene also takes importance at high temperatures
(>800 �C). To maximize ethylene yield, the O2/C2H6 ratio has to be
as low as possible, similar to pyrolysis conditions, limiting conven-
tional catalytic ODHE technologies that use O2 as a reactant to
some extent. In this line, OTM emerges as a potential technology
to improve the ODHE process [6,33–35].

ODHE reaction was performed using two different membranes
and four different experiments were carried out. BSCF-coated
membrane was heated at 650 �C (BSCF650 �C) and 850 �C (BSCF850
105
�C), respectively, and electrified BSCF- and CTO-coated membranes
reached a temperature of �850 �C on the membrane surface while
maintaining a temperature in the reactor chamber of 650 �C
(BSCFelect and CTOelect). Table 1 shows the conditions for these four
experiments and the oxygen permeation when ethane is fed into
the reaction chamber. Here, it also calculated the total ratio of

O2/C2H6 and the initial ratio of O2
C2H6ðinÞ

� �
, using the oxygen flux per-

meated and the 10% of the JO2 as the initial point of contact. The
ethane feeding increases the oxygen-diffusion driving force
between both chambers (lower PO2 than in Ar atmosphere),
increasing the oxygen flux. The O2 permeation results and the
explanation of the behavior under the different conditions are
given in Fig. S3.

The results for the ODHE reaction with the different evaluated
membranes, electrified and non-electrified, are shown in Fig. 9.
Fig. 9(a) plots the variation of the selectivity to ethylene as a func-
tion of the ethane conversion. In contrast, Fig. 9(b) shows the selec-
tivity for all the reaction products generated during the catalytic
test for the four performed experiments. The highest ethylene



Table 1
Oxygen permeation, reactor temperature, membrane temperature, and power supply for the different conditions in the ODHE test.

Experiment TR (�C) TM (�C) Power supplied
(W)

JO2 (NmL min�1 cm�2) O2
C2H6

a O2
C2H6ðinÞ

b

BSCF650 �C 643 653 - 0.93 ± 0.08 0.07 2.4 � 10�3

BSCFelect 670 854 22.3 8.40 ± 0.06 0.65 2.2 � 10�2

BSCF850 �C 856 877 - 10.6 ± 0.2 0.83 2.8 � 10�2

CTOelect 674 871 35.9 10.9 ± 0.1 0.88 2.7 � 10�2

a O2
C2H6

¼ JO2�Area
FC2H6

b O2
C2H6ðinÞ

¼ JO2�0:01
FC2H6

Fig. 9. (a) Ethylene selectivity as a function of ethane conversion for BSCF without electrification at different temperatures, 650 and 850 �C (BSCF650 �C and BSFC850 �C) and for
BSCF electrified at 850 �C (membrane temperature) with different catalytic layers, BSCFelect and CTOelect; (b) product selectivity and ethane conversion for the different
conditions of BSCF650 �C, BSCFelect, BSFC850 �C, and CTOelect.
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selectivity was obtained for BSCF650 �C, whereas the obtained con-
version is the lowest, corresponding to low O2/C2H6 ratio and low
reaction temperature (Fig. 8b and Table 1). On the opposite,
BSCF850 �C presents the highest ethane conversion and the lowest
ethylene selectivity as predicted by the thermodynamic calcula-
tions at high reaction temperature and high O2/C2H6 ratio (whereas
an important selectivity to secondary products such as CO, CO2,
and CH4 is observed). However, the ethylene yield obtained for
both membranes did not reach more than 10%. Regarding the per-
formance of the electrified experiments with both membranes,
higher ethylene yields were obtained, reaching values of 30% and
40% for CTOelect and BSCFelect, respectively. In the case of the elec-
trified membranes, the production of CO2, CO, and CH4 was rele-
vant in contrast with the corresponding selectivity observed at
the BSCF650 �C, in which the ethylene selectivity is �100%. This dif-
ference in the selectivity was in line with the higher average O2/
C2H6 ratio (one order of magnitude higher) in the electrified mem-
branes, while the nominal temperature in the outer reactor cham-
ber remains similar for the three experiments. The superior
catalytic performance of the electrified membrane reactors could
be related to the combination of (1) the distributed oxygen dosing
along the reaction coordinates and (2) the temperature gradient
between the bulk gas stream (�670 �C) and the catalytic mem-
brane coating (850 �C), acting as ODHE catalyst and oxygen-
delivery surface.

The O2/C2H6 obtained in the electrified experiments was very
similar to the BSCF850 �C, and the difference in the performance
can not only be explained by the temperature difference. As oxy-
gen permeation is distributed along the active membrane length,
the O2/C2H6 ratio progressively increases. Thus, to obtain a more
accurate O2/C2H6 ratio in the ODHE reaction, two different ratios
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were calculated: (1) at the reactor inlet, taking into account the
C2H6 fed in the reaction chamber (O2/C2H6(in)) and (2) at the reactor
outlet considering the C2H6 concentration (O2/C2H6(out)) obtained
in the GC analysis.

Fig. 10(a) plots both O2/C2H6 ratios in the inlet and outlet of the
reactor. In the outlet of the reactor, the obtained ratio for BSCF850 �C

was almost one order of magnitude higher than that for the electri-
fied membranes, which could explain the better performance of
the latter. Fig. 10(b) compares other ratios of interest in ODHE
reaction for the different conditions, H2/C2H6, reac and H2O/C2H6,

reac. Both ratios indicate the extent of the partial oxidation of the
ethylene, the thermal cracking of ethane, and steam reforming. In
the case of BSCF650 �C, the H2O/C2H6, reac ratio was higher than 1,
indicating that ODHE was not the main reaction taking place. Also,
the presence of H2 indicates that partial oxidation and water gas
shift were produced. BSCF850 �C reached the highest H2/C2H6, reac,
indicating that thermal cracking was produced. In the case of the
electrified membranes, the BSCFelect shows a H2O/C2H6, reac ratio
closer to 1, indicating that ODHE was the main reaction. Here,
the presence of H2, CO, and CO2 suggests that other reactions, such
as partial oxidation and water gas shift, occur. On the other hand,
the CTOelect presents the highest H2O/C2H6, reac and O2/C2H6, out

ratios, suggesting an essential contribution to the partial oxidation
reaction.

In summary, Fig. 10(c) plots C2H6 conversion and C2H4 selectiv-
ity as a function of the O2/C2H6 ratio in the outlet. C2H6 conversion
increases with the O2/C2H6 ratio and reactor temperature, whereas
the opposite trend was observed for C2H4 selectivity in line with
Fig. 9(a). The electrified membrane reactor enables it to reach con-
ditions, i.e., temperature and O2/C2H6 ratio, maximizing C2H4

yields.



Fig. 10. (a) O2/C2H6 ratio at the beginning and the end of the membrane for the different conditions in ODHE reaction; (b) H2/C2H6, reac and H2O/C2H6, reac for the different
conditions in ODHE reaction; (c) C2H6 conversion and C2H4 selectivity at different O2/C2H6 ratios at the end of the membrane for the different conditions.

Fig. 11. XRD patterns after permeation and ODHE reaction tests of (a) BSCF catalytic layer and membrane and (b) CTO catalytic layer and BSCF membrane. ICSD codes:
193171 (CTO) and I257399 (BSCF).
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3.4. Post-mortem characterization

Finally, the structural and microstructural stability of the differ-
ent membranes was characterized after the oxygen permeation
and the ODHE reaction tests. It should be mentioned that the BSCF
membrane with the CTO catalytic layer was broken at the end of
the experiment. On the other hand, the BSCF membrane with the
BSCF catalytic layer was in perfect condition (Fig. S4a). The main
difference between both membranes was the power supplied to
achieve 850 �C on the membrane surface. Namely, 22.3 and
35.9 W is supplied for the BSFC-coated membrane and CTO-
coated membrane, respectively.

XRD measurements of the spent catalytic layer and the bulk
membranes were performed separately by scratching the catalytic
107
layer and measuring it and, then grinding part of the membrane
after removing the catalytic layer. In the case of the BSCF mem-
brane with a BSCF catalytic layer, no secondary phases or impuri-
ties are detected in Fig. 11(a). For the CTO-coated membrane, the
presence of a minor secondary phase was detected, which might
be attributed to the BSCF hexagonal phase according to literature
(Fig. 11b) [57,58]. Some minor quantities of CTO remain in the
BSCF membrane after scratching the catalytic layer, as observed
in Fig. 11(b).

The microstructure of the membranes was studied by SEM.
Some particle sintering and agglomeration of the catalytic layer
are observed in the BSCF-coated membrane (Fig. 12a and b). In
addition, within the occluded pores (Fig. 12c and d), some filamen-
tous morphology may correspond to the BSCF hexagonal phase



Fig. 12. Cross-section SEM image for the BSCF capillary membrane after electrification and ODHE reaction. (a) Membrane and catalytic layer; (b) BSCF catalytic layer; (c)
occluded pore inside the bulk of the BSCF membrane; (d) magnification of the occluded pore surface.
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that appears at temperatures below 900 �C [59,60]. The formation
of this secondary phase is related to the lowering of the oxygen
permeation at 650 �C after electrification in the oxygen permeation
stability test.

In the case of the CTO-coated membrane, densification and
detachment of the catalytic layer are observed (Fig. 13a and b)
and could explain the lower permeation obtained under electrified
conditions. The observed delamination could also be attributed to
the different thermal expansion coefficient (TEC) of the catalytic
CTO layer and the BSCF membrane, 11.4 and 16–20 � 10�6 K�1,
respectively [61,62]. The electrification for this membrane likely
Fig. 13. Cross-section SEM image for the CTO capillary membrane after electrification an
membrane bulk with SE2 detector; (d) BSCF membrane bulk with InLens detector; (e) C
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led to higher temperatures in the BSFC bulk, leading to more exten-
sive sintering in the catalytic layers. Also, in this case, this sec-
ondary phase was present within the occluded porosity and
throughout the membrane bulk (Fig. 13c and d). This secondary
phase is similar to the CoO phase, indicating that the membrane
temperature was locally close to 1000 �C [59,60]. These impurities
could be formed when the membrane collapsed during the ODHE
reactions (Fig. S4b). Two different phases can be observed in the
CTO layer (Fig. 13e and f) related to the high-temperature cobalt
diffusion, also observed by XRD.
d ODHE reaction. (a) Membrane and catalytic layer; (b) CTO catalytic layer; (c) BSCF
TO catalytic layer with SE2 detector; (f) CTO catalytic layer with InLens detector.
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4. Conclusions

The electrification of a Ba0.5Sr0.5Co0.8Fe0.2O3�d-based oxygen-
transport membrane enabled the in-situ heating via the Joule
effect. This method facilitates (1) the membrane temperature con-
trol independent of the temperature of the surrounding bulk gas
stream and (2) the control of the oxygen flux through the mem-
brane. For a capillary membrane coated with a porous BSCF cat-
alytic layer, 900 �C was achieved on the membrane surface while
the outer reactor chamber remained at 650 �C by applying a cur-
rent along the capillary and reaching an electric power of 33 W.
Moreover, the membrane under electrified mode showed very
stable oxygen permeation flux for >100 h.

The electrification effect was studied on a membrane coated
with Ce0.8Tb0.2O2�d (CTO), acting as a protective barrier and cat-
alytic layer. In this case, the protective layer also affects the
reached thermal regime, reaching a lower temperature on the
membrane surface, i.e., 850 �C instead of 900 �C, for the same cur-
rent applied (3.7 A). This membrane was more affected by the dif-
fusion limitations during the permeation test, obtaining a different
oxygen permeation when the sweep gas was increased from 150 to
400 NmL min�1, rising from 3.7 to 5.2 NmL min�1 cm�2, respec-
tively. This effect was explained by that the sintering of the cat-
alytic layer decreased the surface-exchange reaction rate.

The electrified membrane reactors showed superior ODHE cat-
alytic performance. The ethylene yield was 4-fold improved
through the BSCF-membrane electrification, i.e., from 10% to
�40%. In electrified conditions, the selectivity to secondary reac-
tions was significantly reduced compared to ODHE at 850 �C (con-
ventional heating). Differentiated O2/C2H6 ratios during the ODHE
reaction could be reached via electrification, reaching balanced
O2/C2H6 ratios to mitigate partial oxidation reactions, preserving
the ethylene selectivity. The electrified membrane reactors effec-
tively combine (1) the distributed oxygen dosing along the reaction
coordinates and (2) the temperature gradient between the bulk gas
stream (�670 �C) and the catalytic membrane coating (850 �C), act-
ing as ODHE catalyst and oxygen-delivery surface. Electrified oxy-
gen transport membranes hold great potential for ODHE reactors
due to the adjustable thermal regime and the control of the O2/
C2H6 ratios. This reactor concept can be applied to membrane pro-
cesses, opening new avenues for electrification of the chemical
industry.
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