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Following the concept of process intensification,? the
effective coupling of two chemical reactions in one apparatus
is gaining increasing interest from both academia and
industry.”>! In the past years, most of theses studies have
focused on the combination of an endothermic dehydrogen-
ation with an exothermic hydrogenation of hydrocarbons in a
Pd membrane reactor.” This coupled dehydrogenation/
hydrogenation has also been studied in fixed-bed reactors; for
example, the simultaneous ethylbenzene dehydrogenation
and benzene hydrogenation.’! Recently, Kondratenko et al.
reported the production of ethylene with the simultaneous,
almost 100 % removal of nitrous oxide (N,O) by coupling the
N,O decomposition with the thermal dehydrogenation of
ethane in a catalytic fixed-bed reactor.”) However, by the
coupling of the two reactions in the fixed-bed reactor, a
subsequent procedure is necessary to separate the products. If
the reactions are conducted in a membrane reactor, the
products will be kept separated on the two sides of the
membrane. Therefore, it appears attractive to search for new
pairs of industrially interesting reactions in membrane
reactors.

Hydrogen production from water splitting has attracted
much attention in the past decades because hydrogen is
considered a promising alternative to fossil fuels."*'! One
technique to enhance the hydrogen production rate from the
equilibrium-limited water splitting reaction is the in situ
removal of the oxygen that is produced simultaneously
using a mixed oxygen-ion and electron-conducting mem-
brane.”®! Previous studies have shown that an operating
temperature of 1683 °C was necessary to obtain a hydrogen
production rate of 0.6 cm*min~'cm™? in a mixed-conducting
Zr0,-TiO,-Y,0; membrane.'”! To lower the operating tem-
perature, Balachandran et al. coupled water splitting with
hydrogen combustion as a model reaction in a ceramic-metal
membrane reactor, by feeding hydrogen to the permeate side
to consume the permeated oxygen.'¥ A maximum hydrogen
production rate of 10.0 cm®min~'cm 2 was obtained at 900°C
as a proof of principle.

As the amount of hydrogen produced in this model
reaction was equivalent to the amount of hydrogen con-
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sumed, we looked for practice-relevant coupled reactions in
membrane reactors. Recently, we reported the coupling of
water splitting with partial oxidation of methane for the
simultaneous production of hydrogen and synthesis gas (a
mixture of CO and H,) at temperatures of between 850 to
950°C in a perovskite BaCo,Fe Zr, . ,0;_, (BCFZ) hollow-
fiber membrane reactor.'”! The BCFZ hollow-fiber mem-
brane shows a high oxygen permeation rate and has been used
for the production of oxygen-enriched air and the abatement
of nitrogen oxides.?*??

Herein, we combine water splitting and ethane dehydro-
genation in a BCFZ oxygen-permeable membrane reactor at
moderate temperatures (700-800°C). Figure 1 shows the
concept of water splitting coupled with the dehydrogenation
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Figure 1. Water splitting coupled with ethane dehydrogenation in a
perovskite oxygen-permeable membrane reactor.

of ethane in the perovskite hollow fiber membrane reactor.
First, water dissociates into hydrogen and oxygen on the core
side of the perovskite BCFZ membrane. The produced
oxygen is then removed as oxygen ions (O®") to the ethane
side of the membrane, where it is consumed to convert ethane
into ethylene according to C,Hg+ O*” —C,H,+H,0 +2e¢".
Local charge neutrality is maintained by the counter-diffusion
of electrons. Thus, the produced oxygen can be continuously
removed via the BCFZ membrane, and more hydrogen from
water splitting can be produced even under equilibrium-
controlled conditions. Ethylene can be obtained simultane-
ously after steam condensation on the shell side of the
membrane. The advantage of this coupling strategy is that the
hydrogen produced from water splitting and the ethylene that
forms from ethane dehydrogenation are inherently separated
in the membrane reactor.

Experimentally, it was found that the hydrogen produc-
tion rate from water splitting on the core side is very low
(<0.025 cm®* min~' cm™?) at temperatures below 950°C if only
the inert sweep gas helium was applied on the shell side of the
BCFZ hollow-fiber membrane to reduce the oxygen partial
pressure.'”! However, significant amounts of hydrogen were
obtained on the steam side even at moderate temperatures
(700-800°C) upon coupling of the water dissociation with the
ethane dehydrogenation. As shown in Figure 2a, by feeding
7.5 vol % C,Hg to the shell side, the hydrogen production rate
from water splitting increases from 0.1 to 0.4 cm®*min'cm™?
when the temperature rises from 700 to 800°C. With rising
temperature, the equilibrium of the endothermic water
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Figure 2. H, production rate on the core side as a function of temper-
ature. Core side: F, o =30 cm*min™", Fy,=10 cm’min™"; shell side:
Fio =40 cm®* min~" with an ethane concentration of a) 7.5% and

b) 20%

splitting is shifted towards oxygen and hydrogen as products.
Moreover, the oxygen permeation rate of the BCFZ mem-
brane increased with increasing temperature, according to
Wagner theory.”?!l The fast removal of the oxygen produced
from water splitting causes further water to dissociate, and
thus the equilibrium constraint for the hydrogen production is
overcome.

Apart from operating temperature and membrane thick-
ness, according to Wagner theory® 24 the oxygen permeation
rate is related to the oxygen partial-pressure gradient across
the membrane. By feeding more ethane to the shell side of the
BCFZ membrane, a larger driving force was provided for the
fast removal of oxygen from the steam side, thus increasing
the hydrogen production rate. Figure 2 presents the temper-
ature dependence of the hydrogen production rate upon
feeding 7.5 vol % (a) and 20 vol % ethane (b) to the shell side.
The hydrogen production rate in case (b) is always higher
than for (a) at all temperatures investigated; the hydrogen
production rate reaches 1.2 cm*min'cm™ at 800°C (Fig-
ure 2b).

The permeated oxygen from water splitting can be utilized
for the oxidative dehydrogenation of ethane (ODE) to
ethylene on the shell side of the membrane. As shown in
Table 1, the ethane conversion increased from 6% to 59 %
and the ethylene selectivity increased from 67 % to 89 % upon
increasing the temperature from 700 to 800 °C. At 700°C, only
a very small amount of hydrogen is detected on the shell side
(<0.15% H,), indicating that the ODE process (C,Hg+
0> —C,H, +H,0 +2¢") dominates over the thermal dehy-

Table 1: Ethane conversion X(C,H¢) and ethylene selectivity S(C,H,) on
the shell side of BCFZ membrane at different temperatures.”!

T[°C] X(CoHe) [%] S(GH.) [%]
700 6 67
750 20 89
775 37 88
800 59 89

[a] Core side: 40 cm’min™' (F0=30cm’min~', Fy,=10cm’min™").
Shell side: 40 cm’min™" (Fcp, =3 cm*min™', Fy.=36 cm’min~, Fy.=
1 cm®min™).
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drogenation of ethane (TDE; C,H¢=C,H,+ H,). Because
only traces of CO, were detected, and the permeated oxygen
mainly reacted with hydrogen forming water, the amount of
water produced on the shell side can be estimated based on
the difference of flow rates between H, and C,H, at the exit.
The rate of water produced on the shell side is
0.06 cm’min~'em™ at 700°C and 0.5 cm’min~'cm™ at
800°C, which is almost equal to that of water consumed on
the core side. At 800°C, the TDE process cannot be
neglected, and it occurs parallel to the ODE process.” >
Consequently, ethylene, hydrogen, water, and non-reacted
ethane were present on the shell side, and the ethylene yield is
about 55 % at 800°C. As a control experiment, the dehydro-
genation of ethane in the presence of water was also
investigated in a fixed-bed reactor filled with BCFZ perov-
skite. At 800°C, an ethylene yield of 47 % was obtained with
an ethylene selectivity of 71 % in the fixed-bed reactor (see
the Supporting Information, Table S1). Obviously, more
ethylene was obtained based on the coupling strategy in
BCFZ membrane reactor.

Figure 3 presents the simultaneous production of hydro-
gen and ethylene in the BCFZ hollow-fiber membrane
reactor as a function of time. During a period of 100 h,
about 60 % ethane conversion and 90 % ethylene selectivity
were obtained. Simultaneously, the hydrogen production rate
on the steam side reaches 0.8 cm’min‘cm 2 The BCFZ
hollow-fiber membrane is still gas-tight after 100 h, at which
time we stopped the test.
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Figure 3. 100 h operation for H, production on the core side and the
simultaneous ethylene production on the shell side at 800°C. Core
side: Fy,0=30cm’min”", F;,=10 cm®min"; shell side: 40 cm’ min~

(Feu,=3 cm’min”’, Fy,=36 cm®min", Fy,.=1cm’min™").

1

Scanning electron microscopy was used to characterize
the used hollow fiber. Although the membrane surface was
eroded on the ethane side, there was no development of
cracks in the central dense part of the membrane. In contrast
to layered porous membranes,*?! the BCFZ dense mem-
brane only allows the transport of oxygen ions with infinite
selectivity, and therefore there is no permeation of other
gases, including water, through the membrane.>?? Figure 4a
shows the cross-section of the used BCFZ hollow fiber with
an eroded layer of about 10 um on the membrane surface
exposed to the ethane side. Small particles of 0.2-1.0 um were
well-dispersed on the membrane surface (Figure 4b,c).
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Figure 4. SEM images of the ethane side of the BCFZ hollow-fiber
membrane after measurement and 100 h operation (see Figure 3).
a) Cross-section, b,c) top views, and d) the corresponding elemental
distribution image of cobalt.

Energy-dispersive X-ray spectroscopy (EDXS; Figure 4d)
indicates that the small particles are mainly composed of
cobalt oxide. Cobalt extraction by reduction of cobalt cations
from perovskite, resulting in cobalt-enriched surface particles,
has been reported previously.”” Here, owing to the reducing
ethane/ethylene atmosphere, cobalt cations of the perovskite
BCFZ lattice might be partly reduced, leading to the
formation of the surface eroded layer with the thickness of
about 10 pum.

Hydrogen can also be produced from water by electrolysis
or photocatalysis.®' Water electrolysis is commercially
available today for small-scale hydrogen production; the
main obstacle in commercial exploitation of this technology
for large-scale hydrogen production is the high cost of
electricity and the noble metal catalysts.*"* The main
feature of photoelectrolysis and the photocatalytic process
is the use of solar energy. Current research efforts involve
overcoming the low efficiency and the unsatisfactory stabil-
ity.>% Compared to the water splitting by electrolysis or
photocatalysis, the direct thermal hydrogen production would
require heating water to above 2500°C to obtain appreciable
yields; the high temperature is difficult to reach and maintain
from a materials perspective.

In conclusion, we demonstrate a novel coupling strategy
to produce hydrogen and ethylene in a BCFZ hollow-fiber
membrane reactor. By coupling water splitting and ethane
dehydrogenation on the opposite sides of the oxygen-
permeable membrane, not only was a hydrogen production
rate of around 1.0 cm®*min—'cm™2 achieved at 800°C, but also
an ethylene yield of around 55 % was obtained on the other
side of the membrane. To the best of our knowledge, this is the
first report on the coupling of water splitting and ethane
dehydrogenation in a membrane reactor. The membrane-
based hydrogen production from water splitting is still in its
early stages, and more laboratory efforts should be given to
improve the properties and membrane stability in the near
future.
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Experimental Section

The dense BCFZ hollow-fiber membranes were fabricated by phase-
inversion spinning followed by sintering.*! The sintered fiber had a
wall thickness of around 0.17 mm with an outer diameter of 1.10 mm
and an inner diameter of 0.76 mm. To obtain isothermal conditions,
two ends of the fiber were coated by gold paste followed by sintering
at 950°C, and a dense gold film that is not permeable to oxygen was
thus obtained. The length of the uncoated central part was 3 cm, and
the effective membrane area was 0.86 cm”. The measurements were
carried out in a high-temperature reactor as described in our previous
work.""2!) Figure S1 in the Supporting Information shows a schematic
diagram of the membrane reactor used in this work. The gold-coated
hollow fiber was sealed by a silicon-rubber ring and the uncoated part
that is permeable to oxygen was kept in the middle of the oven. H,O
diluted by He was fed to the core side and a mixture of C,Hg, Ne, and
He was fed to the shell side. C,H,, He, and Ne flow rates were
controlled by gas mass-flow controllers (Bronkhorst). The H,O flow
rate was controlled by a liquid mass-flow controller (Bronkhorst) and
was completely evaporated at 180°C before it was fed to the reactor.
All of the gas lines to the reactor and to the gas chromatograph were
heated to 180°C. The concentrations of the gases at the exit of the
reactor were determined by an on-line gas chromatograph (Agilent
6890). Assuming that the oxygen from water splitting on the core side
was totally removed and the flow rate at the outlet is equal to that at
the inlet, and H, production rate on the core side was calculated from
the total flow rate F,,,. (cm®min '), the hydrogen concentration c(H,),
and the effective membrane area S (cm?) according to Equation (1):

Feore c(H
‘](HZ) = S( 2)

1)

The C,H, conversion X(C,Hg) and the C,H, selectivity S(C,H,)
were calculated with Equations (2) and (3), where F(i) is the flow rate
of species i on the shell of the hollow fiber membrane.

B F (C,Hg, out)

X(C,H,) = <1—m> % 100% 2)
B F (C,H,, out) o

SGHY) = F i) —F (G H,, ouy < 107 )

The surface morphology of the used fiber was characterized using
a field-emission scanning electron microscopy (SEM) of the type
JEOL JSM-6700F. An energy dispersive X-ray (EDX) spectrometer
of the type Oxford Instruments INCA-300 was used for the elemental
analysis.
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