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Ion-conducting ceramic membrane reactors oﬀer an opportunity to combine membrane separation processes
directly with chemical reactions, leading to process intensiﬁcation and, hence, beneﬁts with regard to eﬃciency.
Current research activities focus on membrane reactors due to their high intrinsic eﬃciency and great potential
for the production of a large variety of commodity chemicals, energy carriers, and synthetic fuels. This includes
the reduction of CO2 emissions and the utilisation of CO2.
In this review, diﬀerent concepts and principles of membrane reactor operation are presented followed by a
comprehensive overview and discussion of diﬀerent application cases. These applications are clustered according to the targeted products. The article discusses and evaluates the potential of the diﬀerent concepts from
the authors’ current perspective. We have not undertaken a ranking with respect to cost eﬃciency, process
eﬃciency and applicability since the development levels are very diﬀerent and in general at very low technology
readiness levels (TRLs). However, the demonstration of one (or a few) membrane reactors at a commercially
relevant size and price is urgently required in order to initiate more focussed research and development.
The present review of membrane reactors aims to provide a broad overview of ongoing research activities
regarding ceramic ion-conducting membrane reactors within the last ten years in the light of sustainable energy
and chemical production.

1. Introduction and background
A catalytic ceramic membrane reactor (CMR) is a device in which a
separation process through the membrane is combined with a chemical
reaction that takes place at one or both sides of the membrane. This
integral coupling of both processes, separation and reaction, generates
synergies between them. Often the two functions are located in the
same housing [1].
Diﬀerent general concepts are possible for membrane reactors.
These concepts, i.e. extractor, distributor and contractor, are described
very well in [1,2]. Especially the extractor and distributor concepts are
relevant for the processes described in this review.
The extractor concept (Fig. 1a) is mostly used to remove a product
from a reaction mixture. In our example, components A and B react to C
and D, and D is removed from the mixture by permeation through the
membrane. D might be the desired product or an undesired by-product.
Major advantages are the shift of the reaction equilibrium to the product side, the prevention of undesired side reactions, and the lack of

⁎

additional cleaning steps. The distributor concept (Fig. 1b) is mostly
used for the controlled supply of a reactant to the reaction. In Fig. 1b,
the educt B is supplied to the educt A reacting to the desired product C.
The main beneﬁts are the exclusion of unwanted reactants such as D in
Fig. 1b and the homogeneous distribution of the reactant B to the catalytic reaction under ideal conditions (temperature, pressure) avoiding
undesired side reactions at, for example, lower temperatures. The synergy of combining separation and reaction steps leads to enhanced
eﬃciency known as process intensiﬁcation, which has great potential
for the synthesis of commodity chemicals, energy carriers, or synthetic
fuels. Moreover, diﬀerent reactions on both sides of the membrane can
be coupled. This means that the permeating reactant, e.g. oxygen or
hydrogen, might not only come from simple gas mixtures such as air or
syngas, but also from the decomposition of (in some cases hazardous)
gases such as CO2, H2O, NOx, H2S, etc. These gases ideally come from
industrial waste streams, e.g. carbon capture and utilisation (CCU), in
order to reduce greenhouse gas emissions and achieve the goal of
limiting climate change. Fabricating valuable products from “waste”
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Fig. 1. a) extractor and b) distributor concepts [1].

not part of the scope of the present review. Here, we concentrate on
mixed ionic-electronic conductors (MIECs). They have both ionic and
electronic conductivity at the same time. The charge compensation
takes place in the membrane. In this case, only heat and a gradient in
the chemical potential of oxygen or hydrogen are needed.
To ensure a high ﬂux through the membrane, several transport
mechanisms have to be considered [14]. (i) Solid state diﬀusion
through the dense membrane comprising bulk and grain boundary resistances is always reciprocally proportional to the membrane thickness. Therefore, the development of thin membrane layers is necessary,
which for mechanical reasons need to be supported by thicker porous
layers. In the case of very thin membrane layers, (ii) surface exchange
kinetics become rate-limiting, comprising all steps according to ionisation and dissociation of the gas molecules as well as incorporation of
the ionic species in the crystal lattice, Finally, (iii) concentration polarisation eﬀects in the gas phase and particularly in the porous supports occur due to slow transport of the gas molecules through the pore
network consisting of, for example, convection, molecular diﬀusion,
and Knudsen diﬀusion depending on the support microstructure and the
actual permeation rate. In conclusion, the resulting permeation rate
strongly depends on material properties, microstructure, and process
parameters.
The challenges involved in the development and operation of such
membrane reactors are the harsh environments (high temperature and
potentially reducing or corrosive atmospheres) requiring suﬃcient
stability of the materials and reaction performance. Therefore, selective
materials with long-term stability, including catalysts, must be developed in order to optimise energy and cost eﬃciency of the overall
process. The quantitative description of the membrane reactor performance is very complex because many parameters can be used for evaluation particularly when a product mixture is desired, e.g. syngas. No
uniform method has been established in the literature. Nevertheless,
relevant parameters for rating membrane reactors are (i) selectivity
(with respect to the desired product), (ii) conversion rate (of the educt),
and (iii) yield. The selectivity quantiﬁes how much desired product is
formed in relation to all products including undesired by-products. The
conversion rate corresponds to the relative amount of a reactant which
has reacted, and the yield describes how much of a desired product is
formed, which can be described as conversion times selectivity.
Moreover, the faradaic eﬃciency is sometimes used, which describes
the contingent of transported electrons participating in the reaction.
This is particularly useful in current-assisted modes to rate the eﬃciency of a process and quantify the need for electrical power.
In the past few years, various review articles have been published
about the use of membrane reactors, but they mostly concentrated on
one particular topic (e.g. CO2 utilisation) [3] or a single educt (e.g.
CH4) [15]. In this review, we give a broad overview of diﬀerent processes, products, and materials reported for the selected class of ceramic
ion-conducting membranes. Fig. 2 shows the membrane reactor

[3,4] or methanol [5] obviously creates added value and transforms
industry in a more sustainable direction. Also the use of waste heat from
combustion processes improves eﬃciency and, hence, sustainability.
For the future, the use of concentrated solar energy is a promising alternative for energy input into chemical production systems [6] and can
also be combined with a membrane reactor system. In conclusion,
membrane reactors have the potential to play an important role in this
context, although the coupling of reactions makes the systems even
more complex and, moreover, thorough systems analysis is necessary in
addition to existing materials issues.
Gas separation membranes feasible for such membrane reactors
have been widely researched and come from all materials classes, i.e.
polymers, metals, and ceramics. The nature of these materials leads to
speciﬁc characteristics with respect to permeability, selectivity, and
stability under certain process conditions, particularly temperature,
pressure, and gas atmospheres including possibly corrosive impurities.
This provides process engineers with the opportunity to choose membranes from a broad range of materials classes, for which, of course,
detailed materials and process optimisation still remains to be done.
In this review, we concentrate on membrane reactor concepts using
one selected type of membrane, i.e. ceramic ion-conducting gas separation membranes, because we observe huge interest in these membranes reﬂected in the number of publications in recent years. The
major advantage of this type of membrane is the inﬁnite selectivity
towards the targeted gas due to the solid-state transport of the respective ions, here oxygen or hydrogen (i.e. protons). The driving force
for the separation process is the chemical potential (i.e. partial pressure
in a gas phase) gradient of the gas permeating across the membrane.
The transport, i.e. diﬀusion, through the dense ceramic membrane layer
is a thermally activated process requiring temperatures between 400
and 1000 °C [7–10]. At the high partial pressure side, the permeable
ions form at catalytic surfaces, which is a multi-step process including
ionisation, dissociation, and ﬁnally incorporation into the crystal lattice. The ions or the respective defects diﬀuse through the membrane
layer and recombine at the low partial pressure side releasing the
electrons again. Also the combination of oxygen ion and proton conduction in one material is possible (co-ionic conductor) and can be used
for membrane reactors as well [11]. Purely ionic conductors transport
only ions such as O2- or H+ (or both). They have negligible electronic
conductivity. Therefore, a voltage across the membrane is created. An
external circuit is necessary in order to have a continuous ion ﬂux. The
most popular application for such a membrane is a solid oxide fuel cell
or gas sensors. In reverse mode, also a voltage can be applied driving
the ion ﬂux through the membrane resulting in, for example, solid
oxide electrolyser cells. The major advantage of this concept is the
ability to tune the ion ﬂux by the applied voltage, which is at the same
time the major drawback due to the need for electrodes and electrical
energy. Since this is a special class of membrane reactors widely investigated in the framework of Power-to-X technologies [12,13], it is
80
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Fig. 2. Summary of selected processes where oxygen- and hydrogen-permeable membranes are applicable.

methane or other hydrocarbons. During this process, hydrogen, CO2
and CO have to be separated (water-gas shift reaction, autothermal
reforming) to obtain a high-purity product, although this increases the
complexity of the system and the costs. This classical method is mostly
dependent on fossil fuels [21], which give rise to large amounts of CO2
emissions. The simultaneous capture of CO2 when using fossil fuels [22]
could be one solution to reduce total emissions. However, there is a
need for storage capacity and utilisation options for the future. The use
of biogas as a raw material represents an attractive alternative in this
context [23]. Suleman et al. [24] showed that hydrogen production
from renewable sources has a much smaller impact on the environment
than the use of fossil resources
Hydrogen can be produced through mixed-conducting ceramic
membrane reactors by means of three reactions: water splitting, the
water-gas shift reaction and autothermal reforming. The reactions, typical educts, membrane transport properties, temperatures, and formation enthalpies are summarised in Table 1. Due to the inherent
ambipolar conduction of the membrane material, no input of electrical
power is required. As the lattice diﬀusion of charged species is a thermally activated process, as already mentioned, transport across the
membrane is suitably promoted at the reaction temperature.
For the generation of hydrogen in a ceramic membrane reactor, it is
possible to use mixed oxygen ion-electron conductors as well as mixed
proton-electron conductors. An advantage of dense ceramic hydrogen
permeable membranes is their 100% selectivity for hydrogen. Further
puriﬁcation steps for subsequent processes can therefore be dispensed
with. Suitable membrane materials with perovskitic and ﬂuoritic
structure can be found in [8–10,25,26]. Special attention has to be paid
to their stability, particularly in acid conditions, i.e. CO2 and H2S. Although many perovskite materials suﬀer from carbonation, thermally
and also chemically stable materials up to high temperatures of more
than 1000 °C have been reported [25]. To further increase the stability
and the performance of materials, dual-phase materials can also be
used. Such materials can be cer-met or cer-cer, thus combining a purely
ionic and a purely electronic conducting phase [26–29].
In the present review, we do not focus on current-assisted methods
of hydrogen production (such as water electrolysis) although they oﬀer
interesting possibilities such as methane reforming or partial oxidation
of hydrocarbons which are considered in [30]. For further alternative

concepts reviewed. These concepts are described in detail in the following sections. The applications for the proton-conducting hydrogen
transport membrane are shown in green, and the applications for
oxygen transport membranes in blue. In addition, we provide an evaluation of the potential of each process from our current perspective. At
this point it is not possible to assess certain processes with respect to
their economic potential because most of the developments are still on a
laboratory scale and need further improvement on the scientiﬁc and
technological level.
2. Products
We decided to classify the various processes according to the desired
products. Therefore, we chose a number of chemicals which can be
synthesised in ionic-conducting ceramic membrane reactors [16–18]
and we will focus mainly on the following:

• hydrogen
• syngas (mixture of H and CO)
• higher hydrocarbons (C -hydrocarbons, ethane, ethylene)
• methane
• ammonia
2

2+

They represent a selection of the most common and important
products for the chemical industry and will be examined in more detail
in the following sections.
2.1. Hydrogen
Hydrogen is a promising future energy carrier and is already a very
important raw material in the chemical industry, for example for the
synthesis of ammonia and in the production of liquid fuels. It can be
converted very eﬃciently into electricity in stationary and mobile fuel
cell applications or directly combusted without harmful emissions in
future designs of gas turbines. Hydrogen is one main component of
power-to-gas concepts, storing ﬂuctuating wind or solar power in a
chemical form by generating a gaseous energy carrier mainly by electrolysis [19,20].
The classical method of hydrogen production is the reforming of
81
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Table 1
Summary of reactions for hydrogen production in mixed-conducting ceramic membrane reactors.
Reaction name

Temperature [°C]

ΔH° [kJ mol−1]

Educts

Membrane transport properties

Water splitting

900

H2O

Water-gas shift (CO shift)

LT 200–250
HT 310–450
600–900 (under continuous product evacuation)
600–900

498.7-(H-OH bond)
926.7 (H-OH and H-O bonds)
−41.09

H+ / e- or
O2- / eH+ / e-

0

Hydrocarbons + H2O + O2

Autothermal reforming

CO + H2O

H+ / e- or
O2- / e-

Fig. 3. Schematic of a membrane reactor for water
splitting.

promising hydrogen generation rates caused by water dissociation.
90 µm thick cermet membranes displayed a hydrogen formation rate of
around 10 ml min−1 cm−2 and 1 mm thick SFC2 membranes showed
formation rates of approximately 1 ml min−1 cm−2.
In [35], a perovskite membrane consisting of La0.3Sr0.7FeO3-δ was
applied for water splitting without an additional catalytic layer. 3 mm
thick membranes were used for the tests and a formation rate of
0.0145 ml min−1 cm−2 was achieved.
BaFe0.5Zr0.1O3-δ (BFZ) and La0.7Sr0.3Cu0.2Fe0.8O3-δ (LSCF) were used
as membranes in [36]. Both materials showed good hydrogen production rates at 900 °C (see Table 2). Polarisation eﬀects limited the hydrogen production rate of the thin ﬁlm LSCF tube.
Wang et al. indicated the potential of a cer-cer composite material
consisting of Gd0.2Ce0.8O1.9 (GDC) and Gd0.08Sr0.88Ti0.95Al0.05O3 ± δ
(GSTA) [37]. A variety of membrane thicknesses and diﬀerent oxygen
partial pressure gradients were tested. A higher steam content and an
increased oxygen partial pressure gradient showed positive eﬀects on
hydrogen generation.
Franca et al. used a microtubular La0.6Sr0.4Co0.2Fe0.8O3-δ membrane
reactor for water splitting at 900 °C. The permeating oxygen was simultaneously used to enhance the steam methane reforming on the
other side of the membrane [38]. This application demonstrates the
potential of water splitting not only in hydrogen generation but also for
direct utilisation of the oxygen generated.
A BFZ tubular membrane for water splitting was tested by Park et al.
[39]. A reactive sweep gas containing CO was channelled on the
permeate side to enhance the partial pressure gradient and the oxygen
ﬂux and simultaneously to increase the hydrogen formation rate, which

methods, the reader is referred to [31,32] or [33].
2.1.1. Water splitting
Water splitting represents an attractive pathway for generating
hydrogen gas directly from water, which is a cheap and abundant
source of hydrogen. However the dissociation of water is an endothermic reaction and the equilibrium constant to generate hydrogen
is very low, leading to a high energy consumption of the reaction [16].

H2 O ⇆ H2 +

1
O2
2

(1)

There are two attractive conﬁgurations for the water-splitting reaction with ceramic membranes, which will be examined in more detail. With a mixed oxygen ion and electron conductor, the hydrogen is
formed at the feed side and accumulates in the retentate, where it has to
be separated from unreacted water. With a mixed proton- and electronconducting membrane, hydrogen is transported from the feed side
through the membrane and accumulates on the sweep side of the
membrane. The hydrogen is either separated from the sweep gas or no
further puriﬁcation is needed if a vacuum is used. A schematic of both
reaction conﬁgurations is shown in Fig. 3.
In recent years, there have been a few studies demonstrating the
application of oxygen-permeable membranes for water splitting. [34]
used a cermet composite membrane consisting of a Gd-doped CeO2
(CGO) ion-conducting phase in combination with Ni, which ensured
electronic conductivity. Additionally, a SrFeCo0.5Ox (SFC2) material
was tested. In both cases, a porous layer of the corresponding membrane material was used as the catalyst. Both conﬁgurations showed

Table 2
Selected examples of diﬀerent membrane systems for hydrogen production via water splitting, using oxygen-permeable membranes.
Membrane material

Catalyst

Temperature [°C]

Formation rate of H2 [ml min−1 cm−2]

Reference

Gd-doped CeO2 (CGO)/Ni
SrFeCo0.5Ox
(SFC2)
La0.3Sr0.7FeO3
(LSF)
BaFe0.5Zr0.1O3-δ (BFZ)
La0.7Sr0.3Cu0.2Fe0.8O3-δ
(LSCF)
BFZ

CGO/Ni
SFC2

900
900

≈ 10
≈ 1 (d = 1 mm)

[34]

No catalyst

860

0.0145 (d = 3 mm)

[35]

No catalyst

900
900

2.57 (d = 1.6 mm)
15.4 (d = 30 µm)

[36]

No catalyst

900

3 (d = 1.05 mm)

[39]
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was around 3 ml min−1 cm−2 at 900 °C for a 1.05 mm thick membrane.
Further tests with BFZ tubes showed that polarisation eﬀects can be
reduced by increasing the feed ﬂow rate and consequently the formation rate for hydrogen can be increased.
Wu et al. [40] examined eﬀects on oxygen permeation and hydrogen generation by varying the operating conditions such as sweep
gas concentration and ﬂow rates. There was no direct measurement of
hydrogen formation, but the oxygen ﬂux served as an indicator. Surface
reactions on either the feed side or the sweep side limited the oxygen
ﬂux.
In Table 2, the relevant studies for water splitting with mixed ionic
and electronic conducting membranes are summarised. As yet, no study
has been performed focussing on a mixed proton-electron conductor.
Water splitting has great potential for combination with other reactions
where hydrogen is needed as a feedstock and can replace fossil raw
materials such as methane, which is the most important hydrogen
source today.

membrane interaction and well-designed experimental setups to validate transport models.
Several studies deal with the stability of diﬀerent membrane materials under WGS conditions [29,47,48]. Van Holt et al. [48] tested the
stability of diﬀerent membrane materials (perovskite BaCe0.5Zr0.4Y0.1O3−δ and BaCe0.2Zr0.7Yb0.08Ni0.02O3−δ, ﬂuorite-type
La5.5WO12−δ) under relevant conditions. Further stability tests were
performed by Forster et al. [49] using atmospheres containing H2S,
HCl, KCl, KOH, NaCl and NaOH showing that La5.5WO12−δ was very
stable under harsh conditions.In order to implement the materials in a whole membrane reactor
system, asymmetric membranes are a promising setup for combining
mechanical stability with reduced membrane thickness therefore
achieving increased hydrogen permeability. However, the fabrication of
such systems is challenging as shown in [50,51].
Li et al. [52] report on the operation of a WGS membrane reactor
with a tubular SrCe0.7Zr0.2Eu0.1O3-δ perovskite membrane at 900 °C.
The CO conversion reached up to 90% with a H2O/CO feed ratio of 1/2.
The total H2 yield under these conditions was also 90%. About 10% of
the hydrogen permeated through the membrane.
Recently, researchers have concentrated on the development of
catalysts for industrial applications at up to around 550 °C. RePt/
CeO2–TiO2 [53], Rh/La2O3 [54] Pt/apatite [55] Cu/ZnO/Al2O3 [56]
and Cu/Ni/CeO2-La2O3 [57] show good catalytic performance and
demonstrate the great potential of further developments in this ﬁeld.
For use in the single-step process discussed here, catalysts are needed
which operate at higher temperatures of about 900 °C.
Up to now, no performance data is available for water-gas shift
membrane reactors. However, in the authors’ opinion this is one of the
most promising applications for proton-conducting membranes in the
future.

2.1.2. Water-gas shift reaction
With the water-gas shift reaction (WGSR), it is possible to utilise
syngas (mixture of H2 and CO) and maximise the hydrogen yield of the
partial oxidation of methane and reforming reactions (Sections 2.2.1
and 2.2.2). As feedstock, CO and water are used for the reaction
forming H2 and CO2. The utilisation of biomass-derived syngas represents an environmentally friendly alternative to fossil raw materials
[41].
The reaction is slightly exothermic with ΔH° = −41.09 kJ/mol
[42]. The reaction kinetics of the WGS reaction were reviewed by [43].

CO + H2 O ⇆ H2 + CO2

(2)

The reaction is thermodynamically favoured at low temperatures
and kinetically favoured at high temperatures. Therefore, on an industrial scale a two-step process is applied at the moment, a hightemperature shift up to 550 °C for fast but limited conversion followed
by a low-temperature part at 200–250 °C in order to maximise conversion at a lower rate. It might be possible to reduce this to a singlestep process by applying a ceramic membrane reactor at very high
temperatures (approx. 900 °C). Continuous removal of hydrogen leads
to a shift of the reaction to the hydrogen production side reducing the
thermodynamic limitation and therefore increasing the eﬃciency. The
extracted hydrogen has a high purity due to the theoretical 100% selectivity of the membrane for hydrogen.
A schematic of a WGS membrane reactor is given in Fig. 4.
For this reaction, only mixed proton-electron conducting membrane
materials are suitable because the removal of hydrogen from the reaction zone increases the formation of hydrogen by pushing the reaction towards the hydrogen production side. Various hydrogen-permeable ceramics such as perovskites [44] or ﬂuorites and also cermet
composites [45] could therefore be used in WGS membrane reactors.
Diﬀerent membrane conﬁgurations and materials, also including
metal membranes, were reviewed by [46]. The authors identify some
important ﬁelds which are not yet understood suﬃciently, e.g. catalyst-

2.2. Syngas
Syngas is a mixture of synthetically produced H2 and CO. It is a very
important intermediate product in the chemical industry and can be
further processed into ammonia by the Haber-Bosch process or converted into synthetic fuels by Fischer-Tropsch synthesis. Hence, syngas
is a step in the gas-to-liquids application to convert natural gas or coal
to liquid fuels, which are usually produced from limited oil resources
[58]. Depending on the ﬁnal product, diﬀerent ratios of H2/CO are
needed, for example 1/1 for the synthesis of dimethyl ether (DME), 2/1
for Fischer-Tropsch synthesis of liquid fuels, and 3/1 for further CO
conversion for ammonia synthesis [59].
The use of ceramic membranes for the production of syngas has the
advantage of high thermochemical stability of the materials, control of
the oxygen supply, and reduced total oxidation and coke formation.
Syngas can be produced by partial oxidation, steam reforming, the
reverse water-gas shift reaction, and dry reforming of methane. The
main educts are various hydrocarbons, oxygen, water, and CO2.
Alternative feedstocks are solid materials such as coal or biomass [60]
and coke oven gas [61]. The reactions need only thermal activation to
run. Heat can be supplied by other chemical processes such as industrial
waste heat or in a sustainable process by solar thermal energy [62].
There is no need for electrical power input. The reactions and some
additional information are summarised in Table 3.
Conventional ways of producing syngas on an industrial scale are
various steam reforming methods, in which usually methane and steam
are converted in catalytic reactors. An overview of the processes and
suitable catalysts is given in [59]. Most of the problems in the conventional process routes involve catalyst deactivation and the formation of coke [63]. Also combined ﬁxed-bed and membrane processes are
under investigation and indicate opportunities for cost reduction even
for well-established large-scale production [64].
The reverse water-gas shift reaction, which is basically the backreaction of the reaction shown in Section 2.1.2., will not be considered

Fig. 4. Schematic of a water-gas shift membrane reactor.
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Table 3
Summary of reactions for the production of syngas in mixed-conducting ceramic membrane reactors.
Reaction name

Temperature [°C]

ΔH° [kJ mol−1]

Educts

Membrane transport properties

Partial oxidation of methane
Steam reforming

850 − 900
800

CH4 + O2
Hydrocarbons + H2O

O2- / eO2- / e-

Reverse water-gas shift
Dry reforming of methane

600
700 − 1000

−36
210 (CH4)
256 (C2H5OH)
41.2
260.5

CO2 + H2
CH4 + CO2

H+ / eO2- / e-

900 °C was the preferred reaction temperature applied by [77–82]
and [83]. A CO yield of 96% was obtained by Wei et al. [83] with a
BaCo0.6Fe0.2Ta0.2O3-δ membrane and Ni-based catalyst.
Cer-cer composite membranes were applied by [78,84–86] at temperatures of 900 and 950 °C. Zhu et al. [85] again achieved a CO yield
of 96% with the Ce0.85Sm0.15O1.925 - Sm0.6Sr0.4FeO3-δ (SDC-SSF) composite and LSC catalyst at 950 °C. However, the applied temperature
was 100 °C higher than with the single-phase perovskite membrane
reported above [72].
Partial oxidation of methane at a lower temperature using a composite Ag/CGO cermet membrane was reported by Ruiz-Trejo et al.
[87]. The applied temperature was 700 °C and therefore the methane
conversion was only 21%, which led to a CO yield of 19%. A selection
of all relevant studies is listed in Table 4 for a better overview.
The development of new catalysts for partial oxidation of methane
shows
the
potential
of
perovskite
materials
such
as
La0.3Sr0.7Fe0.7Cu0.2Mo0.1O3-δ [88] and LaGa0.65Mg0.15Ni0.20O3-δ [89],
which exhibit high CO selectivity. This opens up the possibility of developing and exploring a material which is suitable as both a membrane
and catalyst. This may be a key to cost-eﬃcient production because
there would be no compatibility problems between the two components.
The ﬁrst steps towards the industrial application of ceramic membrane reactors for syngas production were taken by Zhang et al. [90]
showing the fabrication of BaCo0.7Fe0.2Nb0.1O3-δ tubes with a length of
560 mm in the sintered state. The authors state that the applied slip
casting technique is suitable for large-scale production. Another approach was applied by Anderson et al. [91], in which a planar architecture of La1−xCaxFeO3-δ (LCF) membranes was ﬁrst used for air separation and the supply of pure oxygen. 16 tO2/day was produced with
a test unit and experiments for partial oxidation of methane were also
performed successfully.
Partial oxidation is one of the most promising applications for
ceramic membrane reactors, which is reﬂected in the number of studies
listed in Table 4. Due to the availability of high-ﬂux membrane materials, it is at the moment the method which is the closest to industrial
application.

in the following sections because research on ceramic membranes in
this ﬁeld is very limited. More information can be found in [3,65,66].
2.2.1. Partial oxidation of methane
The partial oxidation of methane is one of the most promising reactions for use in ceramic membrane reactors. It is an exothermic reaction with ΔH° = −36 kJ mol−1, which means it can be combined
with other endothermic reactions so that it is independent of any external heat supply (see Section 2.6).
For the reaction in a ceramic membrane reactor, the oxygen is
added to the methane via the membrane. This conﬁguration ensures an
even oxygen distribution and prevents the formation of hot spots and
the total oxidation of methane to CO2 and water. The ratio of H2/CO
obtained is around 2/1 and is signiﬁcantly dependent on the CH4/O2
feed ratio [67]. A schematic of the membrane reactor is shown in Fig. 5.

CH4 +

1
O2 ⇆ CO+2H2
2

(3)

The most suitable membrane materials are perovskites with high
oxygen ion and electronic conductivity [68]. However, also alternative
concepts with cer-cer or cermet compounds can be used, as shown
below. It is important to note that some perovskite materials display
low stability in CO2-containing atmospheres [69] and possibly need to
be modiﬁed by using diﬀerent doping elements [70]. Another problem
which can occur during the reaction is the formation of soot, which was
studied by Wei et al. [71] by performing numerical simulations. It was
found that the oxygen/carbon ratio has a signiﬁcant inﬂuence on the
formation of solid carbon.
A large number of diﬀerent studies report performance data of
dense ceramic membrane reactors for the partial oxidation of methane.
Almost all of the reactions were performed at high temperatures of
850–950 °C where methane conversion and selectivity for CO were
usually very high.
Babakhani et al. [72] investigated a Ba0.5Sr0.5Co0.8Fe0.1Ni0.1O3-δ
membrane reactor at 850 °C with a Ni/Al2O3 catalyst and demonstrated
methane conversion of 98% and a CO yield of 96%. To the best of our
knowledge, this is the highest value reported at the lowest temperature.
Diﬀerent groups performed partial oxidation at the slightly higher
temperature of 875 °C [73–76]. All of them used Ni-based catalysts and
the CO yields varied from 85% to 96%. Yang et al. [75] obtained the
highest yield with a BaCo0.7Fe0.2Nb0.1O3-δ membrane packed with NiO/
MgO catalyst.

2.2.2. Autothermal reforming
Steam reforming of methane is a commonly used way to produce
syngas for several chemical applications. The feedstocks are not limited
to hydrocarbons such as methane, but also include alcohols such as
ethanol. By combining steam reforming with controlled oxidation, it is
possible to control the heat balance of the reaction so that no external
heat supply is needed to sustain the reaction (autothermal reforming)
[93]. For steam reforming of methane, the H2/CO product ratio is in the
region of 3, as shown in the reaction equation, and the reaction is endothermic with ΔH° = 210 kJ mol−1 [94]. By applying the water-gas
shift reaction to the product syngas, it is possible to convert the CO to
H2, which makes autothermal reforming also attractive for hydrogen
production.

CH4 + H2 O⇆3H2 + CO
Fig. 5. Schematic of the working principle of partial oxidation of methane in a ceramic
membrane reactor.

CH4 + H2 O +
84

1
O2⇆3H2 + CO2
2

(4)

(5)
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Table 4
Summary of diﬀerent membrane systems for syngas synthesis via partial oxidation reactions, using oxygen-permeable membranes.
Membrane material

Catalyst

Temperature [°C]

Conversion/ selectivity/yield

Reference

BaCo0.7Fe0.2Ta0.1O3-δ
(BCFT)
La0.8Sr0.2Fe1−xNixO3−δ - Ce0.9Gd0.1O2−δ
(LSNF-GDC)
SrCo0.8Fe0.2O3-δ
(SCF)/SrAl2O4
Ce0.85Sm0.15O1.925 - Sm0.6Sr0.4FeO3-δ
(SDC-SSF)
BaCo0.7Fe0.2Nb0.1O3-δ
(BCFN)
La0.4Ba0.6Fe1−xZnxO3-δ
(LBFZ)
BaCo0.7Fe0.2Nb0.1O3-δ
(BCFN)
SrCoFeOx
(SCF)
BaCo0.6Fe0.2Ta0.2O3-δ
(BCFT)
BaCo0.7Fe0.2Nb0.1O3-δ
(BCFN)
Ba0.5Sr0.5Co0.8Fe0.1Ni0.1O3-δ
(BSCFNiO)
Zr0.84Y0.16O1.92-La0.8Sr0.2Cr0.5Fe0.5O3-δ
(YSZ-LSCF)
BaCo0.7Fe0.2Ta0.1O3-δ
(BCFT)
BaCo0.7Fe0.2Nb0.1O3-δ
(BCFN)
Ag/Ce0.9Gd0.1O2−x
(CGO)
Ba0.9Co0.7Fe0.2Nb0.1O3-δ
(BCFN)

No catalyst

900

0.99/0.94/0.93 (CO)

[77]

La–Ni–Pt/Pr0.3Ce0.35Zr0.35O2−x

900

No catalyst

850

0.75/0.9/0.68 (H2)

[92]

La0.6Sr0.4CoO3-δ
(LSC)
Ce0.8Gd0.2O2-δ
(GDC)
Ni-based

950

0.98/0.98/0.96 (CO)

[85]

900

0.99/0.91/0.9 (CO)

[79]

900

0.99/0.95/0.94 (CO)

[80]

Ni/SiO2

900

0.99/0.96/0.95 (CO)

[81]

Ni/Al2O3

900

0.9/0.97/0.87 (CO)

[82]

Ni-based

900

0.96/1/0.96 (CO)

[83]

Ni-based

875

0.92/1/0.91 (CO)

[73]

Ni/Al2O3

850

0.98/0.975/0.96 (CO)

[72]

Ru

950

0.9/-/-

[86]

Ni-based

875

0.96/0.99/0.95 (CO)

[74]

NiO/MgO

875

0.96/1/0.96 (CO)

[75]

Ni

700

0.21/0.92/0.19 (CO)

[87]

Ni

875

0.92/0.92/0.85 (CO)

[76]

C2 H5 OH + 2H2 O +

1
O2⇆5H2+2CO2
2

[78]

The ﬁrst is a mixed oxygen ion and electron conductor where one
part of the feed methane is “sacriﬁced” and reacts with oxygen in an
exothermic reaction. The second possibility is the use of a mixed proton
and electron conductor where part of the generated hydrogen is oxidised and used for thermal management of the system. By exactly adjusting the operating conditions, the reaction can theoretically be operated without an external heat supply.
In recent years, several research groups have reported on syngas and
hydrogen generation via reforming reactions with the integration of a
mixed ionic- and electronic-conducting membrane. [95,96] give an
overview of reforming processes for syngas and hydrogen generation
and also the use of biogas as an environmentally friendly and sustainable feedstock. In general, environmental aspects are very important in
the ﬁeld of hydrogen production as mostly fossil fuels such as methane
are currently utilised. Another promising feedstock is coke oven gas,
which is usually formed as a by-product in the treatment of coal for the
steel industry [97,98]. Propane is also a conceivable alternative [99] as
well as glycerol [100]. In this context, the development of recirculating
and CO2-capture technologies is important [101].
Another very attractive feedstock is ethanol, which can be easily
stored and transported in a liquid state. On-site reforming for fuel cell
application is possible and was discussed in [102,103]. Hung et al.
[104] investigated the catalytic activity of diﬀerent metals for the autothermal reforming of ethanol showing that, depending on which
metal is used, diﬀerent reaction pathways are possible. For the authors,
Rh represented the catalyst with the best performance. Park et al. [105]
performed ethanol reforming for the production of hydrogen using a
dense Ba0.5Sr0.5Cu0.2Fe0.8O3-δ perovskite/Ag composite membrane and
Rh as the catalyst. At 600 °C, 0.418 ml min−1 of hydrogen was produced using a 0.65 mm thick membrane. Ba0.5Sr0.5Co0.8Fe0.2O3-δ was
applied as a membrane material by Jin et al. [106], resulting in a yield
of 3.5 molH2/molEtOH. The reaction was performed at 750 °C with a Ni/
α-Al2O3 catalyst. La0.7Sr0.3Cu0.2Fe0.8O3-δ was another membrane

(6)

There are two possible ways of using a membrane for autothermal
reforming. The schematics of possible membrane reactor conﬁgurations
are given in Fig. 6.

Fig. 6. Schematics of membrane reactors for autothermal reforming of methane with a
mixed ion-electron conducting membrane a) and a mixed proton-electron conducting
membrane b).
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material applied for hydrogen production from ethanol reforming. At
700 °C, a production rate of 1.2 ml min−1 was shown in [107] without
an additional catalyst and with a membrane area of 10.2 cm2.
Hydrogen production by autothermal reforming using a tubular
hydrogen-permeable ceramic membrane was performed by Li et al.
[108] using a perovskite membrane material of SrCe0.7Zr0.2Eu0.1O3-δ
composition at a reaction temperature of 900 °C. The membrane had a
thickness of 33 µm and an active area of 12 cm2 while Ni served as the
catalyst. In this conﬁguration, a hydrogen production rate of
4 ml cm−2 min−1 was achieved. Another possibility of using hydrogenpermeable membranes was shown by Kyriakou et al. [109] where a
setup consisting of Ni-BZCY72/BZCY72/Cu was operated for methane
steam reforming with a membrane thickness of 30 µm. Due to the
dominant proton conductivity of the material, an external circuit was
applied to achieve a hydrogen ﬂux. At 650 °C and an applied voltage of
2.4 V, a methane conversion of 80% and a hydrogen yield of 77% were
achieved.
The recent development of catalysts for the steam reforming of
hydrocarbons is shown in [110–112]. Ni and Rh on diﬀerent ceramic
supports tend to be the most promising candidates.
The carbon source for the reaction is not only limited to methane
but various alcohols such as ethanol [113], dimethyl ether (DME)
[114], toluene [115], and also biomass [116] are suitable feedstocks.
The reaction can be run under autothermal conditions by the addition of oxygen via an oxygen-permeable membrane and no further
external heat supply is needed. Spallina et al. [117] report the operation of a small-scale plant for the autothermal reforming of methane
where a Ba0.5Sr0.5Co0.8Fe0.2O3-δ (BSCF) membrane is used at 800 °C for
the addition of oxygen. The total eﬃciency of the system is reported to
be 74–78%.
To verify the high potential of the method, more research in this
area is deﬁnitely needed in the future.
A selection of recent relevant studies is summarised in Table 5. For
autothermal reforming there is no uniform evaluation of the performance data, so that diﬀerent units are used in the literature to illustrate
the formation rates of H2.

Fig. 7. Schematics of the two possible membrane conﬁgurations for dry reforming of
methane.

activity. The second way of operating the membrane reactor is to add
methane and CO2 on the two diﬀerent sides of the membrane. Here a
decomposition of CO2 to CO and O2- takes place [119] and the oxygen is
transported to the methane side of the membrane to perform a partial
oxidation reaction.
As only the oxygen supply is important in the dry reforming of
methane, mixed oxygen ion- and electron-conducting materials can be
utilised for the construction of membrane reactors.
Several studies showed that the ﬁrst reaction principle where
oxygen is added in small amounts to a methane/CO2 mixture has the
beneﬁt of increasing the catalyst activity. This was demonstrated by
[120–122] using a Pt/CeZrO2 catalyst. This means that the membrane
has only an indirect inﬂuence on the reaction as the optimal amount of
oxygen is below 1% [120]. Kathiraser et al. [123] fabricated
La0.6Sr0.4Co0.8Ga0.2O3‑δ (LSCG) hollow-ﬁbre membranes to perform dry
reforming of methane and achieved a methane conversion of 93% with
a CO yield of 86% using a Ni/LaAlO3−Al2O3 catalyst at 725 °C. A
slightly higher temperature of 800 °C was applied by Yang et al. [124]
for the reaction using a La0.6Sr0.4Co0.8Ni0.2O3-δ (LSCN) hollow-ﬁbre
membrane and a similar Ni/Al2O3 catalyst. In this case, the conversion
of methane was around 100% and the CO yield reached 99%. It was
also shown that the reaction on the feed side of the membrane was
supported by the permeating oxygen.
Membrane reactors with CO2 as the oxygen source were investigated by [125,126]. Therefore methane and CO2 had to be fed in
on diﬀerent sides of the membrane. To achieve dissociation of CO2 the
reaction temperature was higher than for the previously described reaction conﬁguration, ranging in particular from 900 °C to more than

2.2.3. Dry reforming of methane
Dry reforming of methane combines the partial oxidation of methane with the utilisation of CO2 and therefore has the potential to
contribute to a reduction of CO2 emissions. The ratio of H2/CO is 1 and
therefore lower than with other methods for syngas production. The
reaction is endothermic with ΔH° = 260.5 kJ mol−1 [118].
(7)

CH4 + CO2⇆2CO+2H2

Schematics of the two possible membrane conﬁgurations are given
in Fig. 7a and b.
There are two diﬀerent working principles of a membrane reactor
for the dry reforming of methane. In the ﬁrst method, the methane/CO2
mixture is fed in on one side of the membrane. Oxygen is added via the
membrane by air separation. This method increases the catalyst

Table 5
Summary of diﬀerent membrane systems for hydrogen production via reforming reactions, using both oxygen- and hydrogen-permeable membranes.
Membrane material

Catalyst

Temperature [°C]

Formation rate

Reference

La0.7Sr0.3Cu0.2Fe0.8O3-δ
(LSCF)
Ba0.5Sr0.5Cu0.2Fe0.8O3-δ
(BSCF)/Ag
SrCe0.7Zr0.2Eu0.1O3-δ
BaFe0.9Zr0.1O3-δ
(BFZ)
Ba0.5Sr0.5Co0.8Fe0.2O3-δ
(BSCF)
BaZr0.7Ce0.2Y0.1O2.9
(BZCY)

No catalyst

700

1.2 ml min−1 H2 (d = 22 µm)

[107]

Rh

600

0.418 ml min−1 H2 (d = 0.65 mm)

[105]

−2

−1

Ni
No catalyst

900
600

4.0 ml cm min
0.96 ml min−1 H2

Ni/Al2O3

750

3.5 molH2/molEtOH

[106]

Ni-BZCY

650

YH2 = 77%

[109]

86

H2 (d = 33 µm)

[108]
[39]
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hydrogenation, dehydrogenation, and dehydroaromatisation [136].
The main feedstocks for the reactions are methane [137], oxygen, and
alkanes such as ethane. In some cases, it is possible to enhance the
performance of the reactors by applying an external power supply to
the membrane [11]. The reactions and some additional information are
summarised in Table 7.
The state-of-the-art production technique for higher hydrocarbons is
the thermal or catalytic cracking of crude oil feedstocks [138,139],
which is a very energy-intensive approach.
There are also other possible products which are not covered here,
for example dimethyl ether (DME) [140–144].

1000 °C. Zhang et al. [125] used a Nb2O5-doped SrCo0.8Fe0.2O3-δ
(SCFNb) membrane at 900 °C and achieved a methane conversion of
84% and a CO yield of 81%. Michalsky et al. [126] increased the
temperature to 1030 °C and obtained a methane conversion of 17%
using an LSCF membrane without an additional catalyst.
Catalyst development plays an important role in increasing the efﬁciency of the dry reforming reaction. Therefore a number of researchers are working on new catalyst compositions and improvements
to existing concepts. Cheng et al. [127] explored the eﬀect of noblemetal-doped Ni catalysts on a ceramic support while Tsodikov et al.
[128] combined Ni with Co3O4. Another approach is the combination of
Ni and other metals on silica supports [129,130]. Also improvements to
the synthesis of catalysts can increase the performance of the materials
used. Matei-Rutkovska et al. [131] presented a microwave-assisted
hydrothermal synthesis method for the fabrication of a CeO2 powder
catalyst.
Besides the application of oxygen-permeable membranes for the dry
reforming reaction, it is also possible to use CO2-permeating molten
carbonate membranes to purify the CO2, as shown theoretically by Rui
et al. [132]. In principle, also a combination of diﬀerent membrane
types would be conceivable for future applications.
The future perspectives for dry reforming are very good because it
can directly contribute to achieving CO2 reduction plans in the next few
years. Nevertheless, at the moment only a few studies including membrane reactors have been published, as can be seen in Table 6.

2CH4 +

2.3. Higher hydrocarbons

2CH4 + O2 ⇆ C2 H4 +2H2 O

2.3.1. Methane coupling
The coupling of methane to higher hydrocarbons is a very attractive
way to directly transform methane (CH4) into more valuable chemicals
such as ethane (C2H6) and ethylene (C2H4).
There are several possible reaction pathways, which can be roughly
divided into oxidative and non-oxidative reactions. In the non-oxidative
reactions, hydrogen is removed by a hydrogen-permeable membrane
and the product is formed at the feed side of the membrane (Fig. 8a). In
the oxidative reactions, the membrane serves as a distributor for
oxygen, which can be utilised from air separation on the other side of
the membrane (Fig. 8b).

The term higher hydrocarbons (also called C2+ hydrocarbons or C2
hydrocarbons in the literature) describes molecules with chains of two
or more carbon atoms (for example alkanes, oleﬁns, and aromatics),
which are important intermediate products in the chemical industry.
Higher hydrocarbons can be further processed to liquid fuels or used as
basic chemicals, e.g. for polymer synthesis [133].
It is possible to convert methane into higher hydrocarbons via
Fischer-Tropsch synthesis, but a direct conversion route without the
intermediate syngas production step would be beneﬁcial [134]. However, at the moment there is still no direct conversion method which
can compete with Fischer-Tropsch synthesis [133]. The main products
of the direct conversion are ethane and ethylene [15]. The synthesis of
aromatic compounds is also very attractive.
Membrane processes are in general very promising for use in the
petrochemical industry, especially for energy-eﬃcient separation tasks
[135]. Both mixed oxygen ion and electron as well as proton and
electron conductors can be used in ceramic membrane reactors. Catalysts can reduce reaction temperatures (e.g. 800 °C for direct conversion
of methane) [133].
The synthesis of higher hydrocarbons via mixed-conducting ceramic
membranes can be performed by the coupling of methane,

Catalyst

Temperature [°C]

Conversion/
selectivity/
yield

Reference

La0.6Sr0.4Co0.8Ga0.2O3δ
(LSCG)

Ni/
LaAlO3Al2O3
Ni/
Al2O3
Pd/Ni

725

0.93/0.93/
0.86 (CO)

[123]

800

1/0.99/0.99
(CO)
0.84/0.97/
0.81 (CO)

[124]

No
catalyst

1030

0.17/-/-

[126]

La0.6Sr0.4Co0.8Ni0.2O3-δ
(LSCN)
Nb2O5-doped
SrCo0.8Fe0.2O3-δ
(SCFNb)
La0.6Sr0.4Co0.2Fe0.8O3-δ
(LSCF)

900

(8)
(9)

2CH4 ⇆ C2 H6 + H2

(10)

2CH4 ⇆ C2 H4 +2H2

(11)

Several studies were undertaken in the 1990s on the non-oxidative
coupling of methane with hydrogen-permeable membranes, also using
electrochemical cells with an externally applied current. In recent
years, only the oxidative case, where oxygen-permeable membranes are
used, has been studied by a number of researchers. The non-oxidative
coupling of methane can be performed with proton-conducting membrane materials. In terms of eﬃciency, the oxidative pathway is more
beneﬁcial because the reaction is exothermic and the generated heat
can be used to sustain the reaction.
Chiang et al. [145] used a SrCe0.95Yb0.05O3-δ perovskite material
(SCY) with Ag electrodes and studied the methane consumption and the
formation of ethane and ethylene at 750 °C. At an applied current of less
than 3 mA, the selectivity for C2 compounds was almost 100%. At a
higher current, CH4 consumption, and also the formation of CO2,
strongly increased. The same group of researchers also showed that the
application of an oxygen-ion conductor such as YSZ enhanced CH4
consumption electrochemically even though the O2- charge carriers
were not involved in the overall reaction [146]. Further research was
performed by Chiang et al. [147], who proposed the replacement of a
conventional catalyst by electrochemical cells.
Woldman et al. [148] also used an SCY membrane for methane
coupling experiments. The membrane consisted of an LSM spinel, but
the observed methane conversion and production of ethane and ethylene was very low. Another interesting application in the ﬁeld of methane sensors was proposed by the same authors.
Langguth et al. [149] applied SrCe0.95Yb0.05O3-δ (SCYb) as the
membrane material and used silver as the electrode material. The C2
yield was increased by applying an external current. The highest potential for improvements was found to be the electrodes and the manufacturing of thin SCYb ﬁlms.
In [150], the non-oxidative conversion of methane was investigated
theoretically by kinetic transport simulations. The removal of hydrogen
from the reaction zone was found to be a key point in increasing the
methane conversion and obtaining high yields (more than 90%) of
higher hydrocarbons.

Table 6
Summary of diﬀerent membrane systems for the synthesis of syngas via dry reforming
reactions, using oxygen-permeable membranes.
Membrane material

1
O2 ⇆ C2 H6 + H2 O
2

[125]
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Table 7
Summary of reactions for the production of higher hydrocarbons in mixed-conducting ceramic membrane reactors.
Reaction name

Temperature [°C]

ΔH° [kJ mol−1]

Educts

Membrane transport properties

Oxidative coupling of methane

900

CH4 + O2

O2-/ e-

Non-oxidative coupling of methane

750

CH4

Oxidative dehydrogenation
Methane dehydroaromatisation

750 − 850
700 − 750

−177 (C2H6)
−282 (C2H4)
71.1 (C2H6)
57.2 (C2H4)
−105 (C2H4)
531 (non-oxidative)
−1846 (oxidative)

H+ or
H+ / eO2- / eH+ / e- or
O2- / e- or
H+ / O2- / e-

C2H6 + O2
CH4 + O2 (for oxidative reaction pathway)

formation of CO2 and solid carbon seems to be the main challenge for
thermodynamics [161–169].
A diﬀerent reactor concept was proposed by Caravaca et al. [170].
The authors discussed a combination of solid electrolyte and ﬁxed-bed
reactor. They used YSZ for the membrane and applied Ag electrodes for
external power input. The methane coupling reactions took place at the
methane feed side of the membrane while on the other side of the
membrane water splitting was performed to supply the oxygen through
the membrane. Additionally, hydrogen was obtained as a secondary
product. At 800 °C, a methane conversion of 23% and a C2 yield of 14%
were obtained using a Ce-Na2WO4/SiO2 catalyst. Penteado et al. [171]
used CO2, which is a by-product of the oxidative coupling of methane,
and proposed a membrane-based separation of CO2 from the product
gas.
The use of membrane reactor systems for methane-coupling reactions is summarised in Table 8. It is a promising method because it is
possible to upgrade methane directly to more valuable chemicals instead of simply combusting it. The number of studies dealing with the
topic shows the importance, but a great deal of research is still required
to increase the product yields at feasible temperatures.
Fig. 8. Schematic of the oxidative coupling of methane with a mixed proton-electron
conducting membrane a) and a mixed ion-electron conducting membrane b).

2.3.2. Alkane dehydrogenation to oleﬁns
Dehydrogenation reactions make it possible to upgrade diﬀerent
chemical compounds such as alkanes. The most common reaction is the
oxidative dehydrogenation of ethane to ethylene (ODHE). Ethylene is
an important raw material for the chemical industry, e.g. in the
synthesis of polymers.
By the controlled addition of oxygen, ethane is oxidised to ethylene
while water is formed as a by-product. The reaction is exothermic with
ΔH° = −105 kJ mol-1 [172]. Typical reaction temperatures are in the
range of 750 – 850 °C

Liu et al. [151] put this principle into operation and used a mixed
proton- and electron-conducting SCYb membrane where hydrogen
could be removed from the reaction side thus forming water on the
permeate side of the membrane. At 950 °C, a methane conversion of
58% and a C2 yield of 13.4% were obtained.
Oxidative coupling of methane is achieved by the controlled addition of oxygen with a mixed oxygen ion- and electron-conducting
membrane. Basic studies showed that it is very important to adjust
several parameters such as the ﬂow rate of methane and the oxygen ﬂux
to match the reaction rate. The products of the reaction are in general
more reactive than the methane itself, which represents an additional
obstacle [152,153].
The preferred membrane materials for oxidative coupling of methane are diﬀerent perovskites represented by Ba-based compounds and
La0.6Sr0.4Co0.2Fe0.8O3-δ (LSCF).
[154–157] used diﬀerent Ba-, Co- and Fe-containing perovskite
membranes at temperatures of 800 – 1000 °C. The best performance
was obtained with dense Ba0.5Ce0.4Gd0.1Co0.8Fe0.2O3-δ (BCGCF) and a
catalyst consisting of Na-W-Mn/SiO2. At 850 °C, the methane conversion was 52% and the C2 yield was 35% [154].
LSCF membrane reactors developed by Othman et al. [158] showed
similar performance, achieving a methane conversion of 48% and a C2
yield of 38% while a catalyst made from Bi1.5Y0.2Sm0.2O3-δ was applied
at 900 °C. Other groups also used LSCF for their membranes, but their
performance was signiﬁcantly lower as shown in Table 8 [159,160].
There have been considerable activities in the development of new
catalysts for oxidative coupling of methane in the past few years.
Nevertheless, catalyst development is still far from commercial application and various obstacles have to be overcome. Especially the

C2 H6 +

1
O2 ⇆ C2 H4 + H2 O
2

(12)

Fig. 9 presents a schematic of the reaction in a membrane reactor
where ethane is the feedstock on the reaction side of the membrane.
Oxygen is supplied by simultaneous air separation on the other side of
the membrane.
An alternative method of non-oxidative dehydrogenation of ethane
and simultaneously removing hydrogen from the reaction zone is also
possible, but was not the major focus of the researchers. Hasany et al.
[173] performed simulations in this context and showed that removing
the hydrogen can shift the reaction equilibrium to the ethylene side and
therefore improve the yield of ethylene.
Mixed oxygen ion and electron conductors, such as the well-known
perovskites, are the preferred type of membranes considered in the
present review.
Rodríguez et al. [174] compared a conventional liquid-cooled tubular reactor and a membrane reactor for the ODHE reaction. The result
indicated that using a membrane reactor has beneﬁts for heat generation along the membrane because of the controlled oxygen distribution.
For ODHE with mixed oxygen ion and electron conducting membranes, several studies have been performed in recent years in which all
88
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Table 8
Summary of diﬀerent membrane systems for the synthesis of higher hydrocarbons via the coupling of methane, using both oxygen- and hydrogen-permeable membranes.
Membrane material

Catalyst

Temperature [°C]

Conversion/ selectivity/yield

Reference

SrCe0.95Yb0.05O3-δ
(SCY)
SrCe0.95Yb0.05O3-δ
(SCY)
Y2O3-doped ZrO2
(YSZ)
SeCe0.95Yb0.05O3-δ
(SCY)
SeCe0.95Yb0.05O3-δ
(SCY)
SeCe0.95Yb0.05O3-δ
(SCY)
La0.6Sr0.4Co0.2Fe0.8O3
(LSCF)
Ba0.5Ce0.4Gd0.1Co0.8Fe0.2O3-δ
(BCGCF)
Ba0.5Sr0.5Co0.8Fe0.2O3-δ
(BSCF)
BaCoxFeyZrzO3-δ
(BCFZ)
Y2O3-doped ZrO2
(YSZ)
La0.6Sr0.4Co0.2Fe0.8O3-δ
(LSCF)
La0.6Sr0.4Co0.2Fe0.8O3-δ
(LSCF)

No catalyst

750

–

[145]

La0.6Sr0.4MnO3
(LSM)
Ag

820

–

[148]

750

–

[146]

No catalyst

600 − 750

–

[147]

No catalyst

950

0.58/0.23/0.13 (C2)

[151]

No catalyst

750

-/0.62/- (C2)

[149]

SrTi0.9Li0.1O3

975

0.5/0.4/0.2 (C2)

[159]

Na-W-Mn/SiO2

850

0.52/0.68/0.35 (C2+)

[154]

LaSr/CaO

1000

0.32/0.57/0.18 (C2)

[155]

Mn-Na2WO4/SiO2

800

0.34/0.5/0.17 (C2)

[156]

Ce-Na2WO4/SiO2

800

0.23/0.61/0.14 (C2)

[170]

Bi1.5Y0.2Sm0.2O3-δ
(BYS)
Bi1.5Y0.2Sm0.2O3-δ
(BYS)

900

0.22/0.68/0.15 (C2+)

[160]

900

0.48/0.8/0.38 (C2+)

[158]

[178]. In this study, again BSCF was used as the membrane material
and Ce0.8Tb0.2O2-δ as the catalyst. All relevant studies and the reported
performance of the membrane reactors are summarised in Table 9.
An alternative reactor concept applying porous ceramic membranes
is proposed by Shelepova et al. [183]. The authors carried out a simulation study to implement a hydrogen-permeable membrane for
propane dehydrogenation. However, dense hydrogen-permeable
ceramic membranes could also be utilised for this application.
Hamel et al. [184] discussed the possibility of using porous ceramic
or metal membranes to distribute the reactants in a controlled manner
into the catalytic zone of the reactor. Adjustment of the mass ﬂow
parameters and back diﬀusion of the reactants were the main issues in
this study.
Propane is an alternative reactant for dehydrogenation reactions
and is investigated in [185] in combination with a Pd metal membrane.
The selectivity for propylene was highest in a temperature range of 450
– 550 °C, which in principle could also be covered by ceramic membranes.
Dehydrogenation is also very attractive because it implies an

Fig. 9. Schematic of the oxidative dehydrogenation of ethane with a mixed ion-electron
conducting membrane.

the researchers used perovskite materials either from BSCF [175–179]
or from BCFZ [180–182]. In general, two diﬀerent temperature levels
were tested, below and above 800 °C. At 775 °C, the highest ethylene
yield of 75% was achieved by [175,176] using BSCF and a Pd catalyst.
At 850 °C, the highest ethylene yield was 83% with a selectivity of 93%

Table 9
Summary of diﬀerent membrane systems for the synthesis of oleﬁns via dehydrogenation, using oxygen-permeable membranes.
Membrane material

Catalyst

Temperature [°C]

Conversion/selectivity/yield

Reference

Ba0.5Sr0.5Co0.8Fe0.2O3-δ
(BSCF)
BaCoxFeyZrzO3-δ
(BCFZ)
Ba0.5Sr0.5Co0.8Fe0.2
O3-δ(BSCF)
BaCoxFeyZrzO3-δ
(BCFZ)
BaCoxFeyZrzO3-δ
(BCFZ)
Ba0.5Sr0.5Co0.8Fe0.2O3-δ
(BSCF)
Ba0.5Sr0.5Co0.8Fe0.2O3-δ
(BSCF)
Ba0.5Sr0.5Co0.8Fe0.2O3-δ
(BSCF)

V/MgO
Pd
No catalyst

775
775
800

0.9/0.83/0.75 (C2H4)
0.88/0.85/0.75 (C2H4)
0.62/0.63/0.39 (C2H4)

[175]

V/MgO
Pd
Cr2O3

775
775
725

0.91/0.8/0.73 (C2H4)
0.87/0.86/0.75 (C2H4)
0.89/0.58/0.52 (C2H4)

[176]

No catalyst

800

0.63/0.64/0.4 (C2H4)

[182]

No catalyst

850

0.9/0.85/0.76 (C2H4)

[177]

Ce0.8Tb0.2O2-δ

850

0.89/0.93/0.83 (C2H4)

[178]

BSCF

850

0.92/0.88/0.81 (C2H4)

[179]
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of 13% with an aromatics yield of 5% was achieved at an operating
temperature of 700 °C. LWO/LSC composite membranes with the potential for use in methane dehydroaromatisation were investigated by
[190].
Methane dehydroaromatisation with the removal of hydrogen can
potentially replace more hazardous production technologies, but the
state-of-the-art reactor and catalyst technology is not competitive at the
moment [191].
A promising new catalyst, Fe/SiO2, was reported by [192] and
displayed a maximum methane conversion of 48.1% and a benzene
selectivity of 21.5%, also over a comparatively long time of 60 h.
Morejudo et al. [11] demonstrated the formation of aromatic
compounds by using a co-ionic conducting BCZY72 membrane in
combination with a Mo/H-MCM-22 catalyst and an externally applied
current. The ability of the membrane material to transport both protons
and oxygen ions (in opposite directions) at an operating temperature of
710 °C was very beneﬁcial for the performance of the system. Proton
transport led to the removal of hydrogen at the reaction side of the
membrane. Oxygen transport led to steam formation on the reaction
side, which supressed the formation of coke and helped to keep the
aromatics yield constant over a longer period of time. The conversion of
methane was 11% with an aromatics yield of 10%.
In Table 10, a list of relevant studies for methane dehydroaromatisation is presented. The possibility of directly converting methane
into aromatic compounds seems to be very attractive but the yields are
very low at the moment. This is probably the greatest drawback of the
method so far and further development is needed to increase the yield.

Fig. 10. Schematics of the methane dehydroaromatisation reaction with a mixed ionelectron conducting membrane a) and a mixed proton-electron conducting membrane b).

upgrading of the educt, which leads to an added value without the need
for intermediate products. An appreciable number of studies is already
available as shown in Table 9.
2.3.3. Methane dehydroaromatisation
Methane dehydroaromatisation is a method for directly converting
methane into more valuable aromatic compounds such as benzene.
There are two reaction pathways which are suitable for ceramic
membrane reactors. The ﬁrst is the oxidative reaction path where
oxygen is added as a second reactant and aromatics and water are
formed. The second path is the non-oxidative reaction where hydrogen
is formed as a secondary product. In Fig. 10, a schematic of possible
membrane reactor conﬁgurations is shown.

6CH4 +

9
O2 ⇆ C6 H6+9H2 O
2

2.4. Methane
Methane is the major component of natural gas and at the moment
one of the most important energy carriers. A well-established distribution network exists in many countries worldwide where methane is
used to generate heat and electric power. Methane is also used as a
feedstock for a large number of chemical applications. One example is
the production of high-purity hydrogen for ammonia synthesis. An
important application in the future will be the utilisation of CO2 and
surplus wind energy to produce methane as a chemical energy carrier
[193].
Methane can be produced using mixed-conducting ceramic membranes by the methanation of CO2. The main educts are CO2 and hydrogen, which should originate from renewable sources such as water
and biomass. An alternative feedstock is coke oven gas. It is possible to
generate the required hydrogen by applying an external power supply
to the membrane.
Reactors for catalytical methanation using biomass as a feedstock
are mostly operated with a ﬁxed catalyst bed and temperatures around
400 °C [194].
A very important point in the production of synthetic methane is the
utilisation of CO2, which can play an important role in reducing total
CO2 emissions from various chemical processes. Besides methane, there
are other possible products which can be formed from CO2 and H2. A
review of this topic is given by Saeidi et al. in [142].

(13)
(14)

6CH4 ⇆ C6 H6+9H2

The oxidative reaction path can be performed with a mixed oxygen
ion-electron conductor while a mixed proton- and electron-conducting
membrane material is used for the non-oxidative reaction.
Perovskite-type BSCF oxygen permeation membranes were used by
[186] to perform methane dehydroaromatisation. It was shown that the
membrane reactor supressed the formation of coke compared to a ﬁxedbed conﬁguration. Also the methane conversion and aromatics yield
were increased. Similar results were obtained in [187].
An eﬀective method for increasing the conversion of methane is the
continuous removal of hydrogen from the reaction zone [188].
The mixed proton- and electron-conducting La5.5W0.6Mo0.4O11.25−δ
material was applied in a hollow-ﬁbre membrane reactor by Xue et al.
[189] to demonstrate the performance for the production of aromatics.
Mo/HZSM-5 was the catalyst for the reaction and a methane conversion

Table 10
Summary of diﬀerent membrane systems for the synthesis of higher hydrocarbons via methane dehydroaromatisation, using both oxygen- and hydrogen-permeable membranes.
Membrane material

Catalyst

Temperature [°C]

Conversion/selectivity/yield

Reference

Ba0.5Sr0.5Co0.8Fe0.2
O3-δ(BSCF)
BaZr0.7Ce0.2Y0.1O3-δ
(BZCY)
La5.5W0.6Mo0.4O11.25−δ

Mo/HZSM−5

750

0.13/0.45/0.06 (aromatics)

[186]

Mo/zeolite

710

0.11/0.94/0.1 (aromatics)

[11]

Mo/HZSM−5

700

0.13/0.4/0.05 (aromatics)

[189]

90
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free at the end user [211]. The CO2 emissions depend on the ammonia
synthesis method and the energy sources used for the synthesis [212].
The classical synthesis route is the Haber-Bosch process, which was
developed at the beginning of the 20th century [213]. It is a highpressure process, which is operated at around 200–300 bar and a
temperature of up to 500 °C.

2.4.1. Methanation
Methanation is a very attractive way to utilise CO2 from industrial
fossil-fuelled power generation plants [195] or from the gasiﬁcation of
coal [196]. Additionally, it can serve as a method for storing electrical
energy assuming the required hydrogen is generated via electrolysis
[197]. The reaction is exothermic with ΔH° = −165 kJ/mol [198] and
typical temperatures are 350 °C.

CO2+4H2 ⇆ CH4+2H2 O

N2+3H2⇆2NH3

(16)

(15)
The use of membrane reactors makes it possible to reduce the reaction pressure to ambient conditions. A number of review articles have
already dealt with this topic and more detailed information can be
found there [209,214,215]. Calculations for the utilisation of membrane reactors showed that the overall energy consumption can be reduced by 20% compared to the classical Haber-Bosch process [216].
This would be a huge improvement considering that worldwide annual
ammonia production is around 200 million tonnes [209].
The production of ammonia with mixed-conducting ceramic membranes can be performed by electrochemical ammonia synthesis. The
main educts are N2 and H2 where hydrogen can also be formed by water
splitting at the membrane. The use of polymer membranes, e.g. Naﬁon,
is also a promising alternative but will not be considered further in this
review.
Electrochemical ammonia synthesis is a method of producing ammonia without high pressure at moderate temperatures of about 500 °C.
Pure proton or oxygen ion conductors and an external power supply are
needed to perform an electrochemical ammonia synthesis [217]. Hence,
it is possible to store renewable energy from wind or solar power plants.
Suitable membrane materials are various perovskites such as barium
cerates and ﬂuorites such as cerium oxide which display high proton
conductivity. Apart from the pure ionic conducting ceramics, mixed
ionic-electronic ceramic materials or even dual phase cermet or cer-cer
materials might be of interest for future exploration in ammonia
synthesis. At the moment, no studies are available covering this ﬁeld
and only the current-assisted process is speciﬁed.
A schematic of electrochemical ammonia synthesis is given in
Fig. 12.
The ﬁrst reports on electrochemical ammonia synthesis can be
found in [218,219]. The membrane material was SrCe0.95Yb0.05O3-δ
perovskite with Pd electrodes. The experiments were performed at
570 °C where an ammonia formation rate of 5 × 10−9 mol s−1 was
achieved.
In subsequent years, a number of researchers used many other
proton-conducting membrane materials for electrochemical ammonia
synthesis. The best performance in terms of ammonia formation rate
was obtained by Li et al. [220] where BaCe0.80Gd0.10Sm0.10O3-δ (BCGS)
was used as the membrane material and Ag/Pd for the electrodes. At
620 °C, the ammonia formation rate was 5.82 × 10−9 mol s−1 cm−2.
The use of an oxygen-permeable ceramic membrane for ammonia
synthesis has the advantage that wet nitrogen [221,222] or even wet air
[223] can be directly utilised for the reaction. The concept behind this
is to use water as a hydrogen source. In principle, at the cathode side a

A detailed overview of the hydrogenation of CO2 and its importance
for the reduction of total CO2 emissions is given by [199].
In principle, pure proton conductors as well as mixed proton and
electron conductors are suitable as membrane material depending on
what kind of energy input is available. For mixed conductors, heat is
needed to activate the transport of hydrogen through the membrane.
For pure proton conductors, electrical power input is needed (for example from wind turbines) besides a certain temperature level to pump
hydrogen through the membrane. The hydrogen source can be either
pure hydrogen from other synthesis routes, such as steam reforming, or
water, which can be directly split or electrolysed at the membrane
(Fig. 11)
The study by [200] is the only one to use a proton-conducting
membrane made from BaZr0.85Y0.15O3-δ + 1 wt% NiO to produce methane at 300–450 °C. CO2 and hydrogen were fed in simultaneously on
the reaction side of the membrane. Methane production was electrochemically enhanced by pumping protons out of the reaction zone and
the selectivity for methane was increased to more than 60%.
In recent years, research has focused on catalyst development.
Promising candidates are in particular Ru-based catalysts as shown in
[66,201,202], in addition to Ni-based catalysts [201,203,204]. Also
copper [205] and bimetallic Co-Fe catalysts [206] have recently been
investigated.
The hydrogenation of CO2 with a dense ceramic membrane reactor
can also be interesting for products other than methane, e.g. C2H6O as
shown by Ruiz et al. [207] at 400 °C. Oxygen-conducting YSZ was used
as the membrane and Fe as the catalyst to achieve a rather low CO2
conversion of 6% with selectivity for C2H6O of 50%. However, research
in this direction is still at an early stage and progress can be expected in
the future.
2.5. Ammonia
Ammonia is one of the most widely produced chemicals in the
world. It is predominantly used as an intermediate product in fertiliser
production. Other applications are pharmaceuticals and coolants.
Ammonia is also a potential hydrogen storage medium as it contains
three hydrogen atoms per molecule [208]. Ammonia storage is easier
compared to the storage of hydrogen. It can be liqueﬁed at pressures of
a few bar [209]. The distribution of ammonia is in principle possible
with the corresponding infrastructure. Additionally, it can be used as a
cooling medium on board vehicles [210].
Ammonia can be utilised as a fuel in solid oxide fuel cells for stationary applications or as an auxiliary power unit. The main advantage
is that it does not contain carbon and can therefore be operated CO2-

Fig. 11. Schematic of a membrane reactor for CO2 hydrogenation.

Fig. 12. Schematic of the working principle of electrochemical ammonia synthesis.
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3. Environmental applications

water splitting reaction takes place. While oxygen is extracted through
the membrane, the remaining hydrogen can react with nitrogen to
ammonia, which means that no extensive pre-treatment is needed. The
ammonia formation rates are usually around an order of magnitude
lower than with proton-conducting membranes. Therefore, the development of specially designed catalysts is necessary. Moreover, if a
mixed conductor is used in this process an even lower pO2 on the
permeate side is required, which can only be realised by a diﬀerent
reaction, e.g. partial oxidation of methane, (cf. Section 2.2.1).
As the Haber-Bosch process for ammonia synthesis has now been in
industrial operation for 100 years, a great deal of research has been
undertaken concerning catalysts in order to improve the performance of
large-scale reactors. However, with respect to the electrochemical
synthesis of ammonia, the development of suitable and specially designed catalysts is still in the initial phase. Screening studies for potential catalyst materials have been performed to ﬁnd suitable transition metal catalysts [224–226]. Also noble metals such as Ru are
candidates for application in electrochemical ammonia synthesis [227].
For the future, more research in the ﬁeld of catalysts is needed to increase the formation rate of ammonia to a level which can compete
with the conventional ammonia synthesis process. A possible niche
application could be, for example, the construction of small-scale ammonia plants. The replacement of existing large-scale facilities will be
very diﬃcult due to the high investment costs.

Environmental applications are possible spin-oﬀ activities for
membrane reactors as in this case there is no primary motivation to
create a certain product but the focus is rather mainly on decomposing
harmful substances. One example in this ﬁeld is nitrogen oxides, which
often occur during the combustion of hydrocarbon fuels in air. Czuprat
et al. [16] showed that the use of BaCoxFeyZrzO3-δ (BCFZ, x+y+z = 1)
perovskite membranes increased N2O conversion from 25% to almost
100% by removing the oxygen arising. Even coupling with other reactions consuming oxygen, such as the oxidative dehydrogenation of
ethane, is possible as shown in [239]. Research on the development of
catalysts is important for this kind of reaction and was performed by
Konsolakis et al. [240] to develop CuO-CeO2 catalysts by diﬀerent
synthesis routes. However, more research is needed to develop operational systems for the removal of nitrogen oxides.
Another application is the decomposition of H2S, which can also
serve as a feedstock for hydrogen production assuming that it occurs in
suﬃcient amounts. Ipsakis et al. [241] and Kraia et al. [242] demonstrated the production of hydrogen from H2S originating from the Black
Sea. Proton-conducting BaZr0.85Y0.15O3-δ membranes have thus been
successfully implemented.
4. Conclusions and outlook
After more than twenty years of research on high-temperature
ceramic membrane reactors [243] there is still considerable interest in
this technology although it is not yet been implemented in any industrial application. Signiﬁcant progress has been made, for example,
on syngas production [91,244], but some issues still remain, for instance, in materials stability, scalability, and joining and sealing of
membrane components in modules. Nevertheless, interest has increased
again in recent years due to the high eﬃciency and resulting energy
savings potential of membrane reactor technology as indicated by the
large number of scientiﬁc articles listed in this review article. Nowadays, the utilisation of CO2 and (waste) heat and the coupling of different reactions are very attractive characteristics of these systems.
Hydrogen can be used either as a basic chemical or an energy carrier.
Water splitting, the water-gas shift reaction, and autothermal reforming
are all promising processes for hydrogen production, but all of them
still require further improvement in terms of hydrogen ﬂux through the
membrane and specially designed catalysts. Higher hydrocarbons such
as ethylene are important feedstocks for the chemical industry. A direct
synthesis route to produce ethylene via methane coupling would be
very beneﬁcial in terms of energy eﬃciency and would create great
added value, but cannot compete with classical large-scale methods at
the moment, because the development is still at an initial stage and
costs and reliability are not optimal. The greatest advantage of dehydrogenation and methane dehydroaromatisation with ceramic membrane reactors is the reduction of coke formation, which is a serious
problem due to catalyst deactivation. Syngas is one major intermediate
product in the synthesis of various chemical compounds such as liquid
fuels or in the Haber-Bosch process for ammonia production. At the
moment, partial oxidation is the most advanced process for ceramic
membrane reactors because oxygen-permeable membranes with high
ﬂux and suﬃcient stability have already been developed. Catalyst selection is comparatively easy because Ni metal is a very good candidate.
The next steps towards industrialisation are now related to manufacturing and upscaling. Methanation of CO2 combines two important
goals: the utilisation of CO2 and energy storage. The process can represent an alternative to energy storage via water electrolysis and has
the advantage that existing distribution networks for natural gas could
be used. Ammonia synthesis is one of the most important and also one
of the oldest industrial processes. For this reason, it is already very well
developed and optimised. Most ammonia production plants operate on
a very large scale. Nevertheless, electrochemical ammonia synthesis has

2.6. Coupling of reactions
One of the most attractive beneﬁts of membrane reactors is the
ability to couple diﬀerent reactions and to proﬁt from speciﬁc synergy
eﬀects. Some examples have already been given in previous sections
(e.g. water splitting to provide hydrogen for ammonia synthesis). The
most widely used synergy between two reactions is thermal coupling. In
this case, an exothermic and an endothermic reaction are coupled and
the need for an external heat supply is reduced or completely dispensed
with. Heat transfer is an important issue in this case [228]. The second
kind of synergy that can be used in membrane reactors is the supply of a
speciﬁc reactant via the membrane which is directly produced on the
other side of the membrane. The third kind of synergy is represented by
the co-synthesis of diﬀerent products.
Thermal coupling of two reactions can be implemented in a system
for partial oxidation of methane and simultaneous thermal decomposition of CO2 as shown by Jin et al. [229] and Zhang et al. [230]. In
this case, the exothermal partial oxidation provides the heat which is
directly used to decompose CO2. Another method of thermal coupling is
discussed by Kniep et al. [231] where steam reforming of methane was
performed and one part of the emerging hydrogen was separated by a
hydrogen-permeable membrane and combusted to provide heat for the
reaction.
The combination of water splitting with other reactions can be used
to provide either oxygen or hydrogen, depending on what kind of
membrane is used. The case of oxygen was studied by Zhu et al. [232]
by coupling water splitting with an oxidative steam-reforming reaction.
Jiang et al. [233] used the oxygen obtained for the dehydrogenation of
ethane. In principle, hydrogen could also be obtained as a by-product
from both systems. In the case of hydrogen as a reactant, the coupling of
dehydrogenation and hydrogenation seems to be most attractive. The
principle was demonstrated by [234,235]. However, in these studies
ﬁxed-bed reactors were used.
The co-production of diﬀerent hydrocarbons and hydrogen was
presented in several studies by Kyriakou et al. [236–238] using protonconducting membranes.
In general, the coupling of diﬀerent reactions by using membrane
reactors oﬀers a wide range of synergetic possibilities and can deﬁne
new ﬁelds for increasing energy eﬃciency and discovering niches for
future commercial application.
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[46] K. Babita, S. Sridhar, K.V. Raghavan, Membrane reactors for fuel cell quality hydrogen through WGSR - Review of their status, challenges and opportunities, Int.
J. Hydrog. Energy 36 (2011) 6671–6688.
[47] J.L. Li, H.S. Yoon, E.D. Wachsman, Hydrogen permeation through thin supported
SrCe0.7Zr0.2Eu0.1O3-delta membranes; dependence of ﬂux on defect equilibria
and operating conditions, J. Membr. Sci. 381 (2011) 126–131.
[48] D. van Holt, E. Forster, M.E. Ivanova, W.A. Meulenberg, M. Müller, S. Baumann,
et al., Ceramic materials for H2 transport membranes applicable for gas separation
under coal-gasiﬁcation-related conditions, J. Eur. Ceram. Soc. 34 (2014)
2381–2389.

some key advantages concerning feedstock materials and safety. In
principle no pressure and no fossil raw materials are needed as water
can serve as the hydrogen source. However, the ammonia formation
rates are at the moment too low to eﬀectively compete with large-scale
plants. The solution to this problem could be to focus on small-scale
ammonia production. Additionally, membrane reactors make it possible
to combine several reactions in order to eﬀectively generate synergies
between them. These synergies can have a positive impact on thermal
management and reactant distribution.
Most of the results in the literature are based on laboratory-scale
experiments. Increasing performance and stability was and is a major
concern for many of the reviewed works. As expected, an eﬃcient
process has not been successfully designed using an existing membrane
material or a membrane developed with long-term stability for a
(computationally) optimised process. To simply add a membrane reactor to an existing process without any integration will not create any
added value regarding eﬃciency and costs. Therefore, transdisciplinary
research is absolutely indispensable. There is a strong need to identify a
limited number of promising processes in order to implement the ﬁrst
demonstration cases, for which scalable and cost-eﬀective materials,
component designs, and manufacturing steps are urgently required. As
shown in this review article, a great deal of progress has been made in
materials research, including joining and sealing technology, so that the
authors have a positive outlook with regard to this technology.
Nevertheless, signiﬁcant eﬀorts (and time) will need to be devoted to
this topic.
References
[1] X. Tan, K. Li, Inorganic membrane reactors: Fundamentals and applications, Inorg.
Membr. React.: Fundam. Appl. (2015) 1–290.
[2] Y. Wei, W. Yang, J. Caro, H. Wang, Dense ceramic oxygen permeable membranes
and catalytic membrane reactors, Chem. Eng. J. 220 (2013) 185–203.
[3] W. Wang, S.P. Wang, X.B. Ma, J.L. Gong, Recent advances in catalytic hydrogenation of carbon dioxide, Chem. Soc. Rev. 40 (2011) 3703–3727.
[4] B. Hu, C. Guild, S.L. Suib, Thermal, electrochemical, and photochemical conversion of CO2 to fuels and value-added products, J. CO2 Util. 1 (2013) 18–27.
[5] S.G. Jadhav, P.D. Vaidya, B.M. Bhanage, J.B. Joshi, Catalytic carbon dioxide hydrogenation to methanol: a review of recent studies, Chem. Eng. Res. Des. 92
(2014) 2557–2567.
[6] S.A.M. Said, M. Waseeuddin, D.S.A. Simakov, A review on solar reforming systems, Renew. Sustain. Energy Rev. 59 (2016) 149–159.
[7] J. Sunarso, S. Baumann, J.M. Serra, W.A. Meulenberg, S. Liu, Y.S. Lin, et al., Mixed
ionic–electronic conducting (MIEC) ceramic-based membranes for oxygen separation, J. Membr. Sci. 320 (2008) 13–41.
[8] A.F. Sammells, M.V. Mundschau, Dense Ceramic Membranes for Hydrogen
Separation: Nonporous Inorganic Membranes For Chemical Processing, 2006.
[9] M.L. Fontaine, T. Norby, Y. Larring, T. Grande, R. Bredesen, Oxygen and Hydrogen
Separation Membranes Based on Dense Ceramic Conductors, Membr. Sci. Technol.
13 (2008) 401–458.
[10] K.D. Kreuer, Proton-Conductingoxides, Annu. Rev. Mater. Res. 33 (2003)
333–359.
[11] S.H. Morejudo, R. Zanon, S. Escolastico, I. Yuste-Tirados, H. Malerod-Fjeld,
P.K. Vestre, et al., Direct conversion of methane to aromatics in a catalytic co-ionic
membrane reactor, Science 353 (2016) 563–566.
[12] S.D. Ebbesen, S.H. Jensen, A. Hauch, M.B. Mogensen, High temperature electrolysis in alkaline cells, solid proton conducting cells, and solid oxide cells, Chem.
Rev. 114 (2014) 10697–10734.
[13] B. Emonts, S. Schiebahn, K. Görner, D. Lindenberger, P. Markewitz, F. Merten,
et al., Re-energizing energy supply: electrolytically-produced hydrogen as a ﬂexible energy storage medium and fuel for road transport, J. Power Sources 342
(2017) 320–326.
[14] P. Niehoﬀ, S. Baumann, F. Schulze-Küppers, R.S. Bradley, I. Shapiro,
W.A. Meulenberg, et al., Oxygen transport through supported
Ba0.5Sr0.5Co0.8Fe0.2O3−δ membranes, Sep. Purif. Technol. 121 (2014) 60–67.
[15] M. Stoukides, Methane conversion to C-2 hydrocarbons in solid electrolyte
membrane reactors, Res. Chem. Intermed. 32 (2006) 187–204.
[16] O. Czuprat, H.Q. Jiang, Catalytic Membrane Reactors - Chemical Upgrading and
Pollution Control, Chem. Ing. Tech. 83 (2011) 2219–2228.
[17] X. Dong, W. Jin, N. Xu, K. Li, Dense ceramic catalytic membranes and membrane
reactors for energy and environmental applications, Chem. Commun. (Camb.) 47
(2011) 10886–10902.
[18] S.M. Hashim, A.R. Mohamed, S. Bhatia, Catalytic inorganic membrane reactors:
present research and future prospects, Rev. Chem. Eng. 27 (2011) 157–178.
[19] G. Gahleitner, Hydrogen from renewable electricity: an international review of
power-to-gas pilot plants for stationary applications, Int. J. Hydrog. Energy 38
(2013) 2039–2061.

93

Journal of Membrane Science 543 (2017) 79–97

W. Deibert et al.

(2010) 173–180.
[79] H.W. Cheng, X.G. Lu, D.H. Hu, Y.W. Zhang, W.Z. Ding, H.L. Zhao, Hydrogen
production by catalytic partial oxidation of coke oven gas in
BaCo0.7Fe0.2Nb0.1O3-delta membranes with surface modiﬁcation, Int. J.
Hydrog. Energy 36 (2011) 528–538.
[80] Z.L. Gong, L. Hong, Integration of air separation and partial oxidation of methane
in the La0.4Ba0.6Fe0.8Zn0.2O3-delta membrane reactor, J. Membr. Sci. 380
(2011) 81–86.
[81] D.H. Hu, X.G. Lu, H.W. Cheng, W.Z. Ding, Catalytic partial oxidation of coke oven
gas to syngas over Ni/SiO(2) catalyst modiﬁed by rare earth metal oxide in a
membrane reactor (Pts 1, 2), Adv. Manuf. Technol. 156–157 (2011) 1024–1028.
[82] J. Kniep, Y.S. Lin, Partial oxidation of methane and oxygen permeation in
SrCoFeOx membrane reactor with diﬀerent catalysts, Ind. Eng. Chem. Res. 50
(2011) 7941–7948.
[83] Y.Y. Wei, L. Huang, J. Tang, L.Y. Zhou, Z. Li, H.H. Wang, Syngas production in a
novel perovskite membrane reactor with co-feed of CO2, Chin. Chem. Lett. 22
(2011) 1492–1496.
[84] A.A. Yaremchenko, V.V. Kharton, A.A. Valente, S.A. Veniaminov, V.D. Belyaev,
V.A. Sobyanin, et al., Methane oxidation over mixed-conducting SrFe(Al)O3-deltaSrAl2O4 composite, Phys. Chem. Chem. Phys. 9 (2007) 2744–2752.
[85] X. Zhu, Q. Li, Y. He, Y. Cong, W. Yang, Oxygen permeation and partial oxidation of
methane in dual-phase membrane reactors, J. Membr. Sci. 360 (2010) 454–460.
[86] J.J. Liu, S.Q. Zhang, W.D. Wang, J.F. Gao, W. Liu, C.S. Chen, Partial oxidation of
methane in a Zr0.84Y0.16O1.92-La0.8Sr0.2Cr0.5Fe0.5O3-delta hollow ﬁber
membrane reactor targeting solid oxide fuel cell applications, J. Power Sources
217 (2012) 287–290.
[87] E. Ruiz-Trejo, P. Boldrin, J.L. Medley-Hallam, J. Darr, A. Atkinson, N.P. Brandon,
Partial oxidation of methane using silver/gadolinia-doped ceria composite membranes, Chem. Eng. Sci. 127 (2015) 269–275.
[88] B. Meng, H.Y. Zhang, J.C. Qin, X.Y. Tan, R. Ran, S.M. Liu, The catalytic eﬀects of
La0.3Sr0.7Fe0.7Cu0.2Mo0.1O3 perovskite and its hollow ﬁbre membrane for air
separation and methane conversion reactions, Sep. Purif. Technol. 147 (2015)
406–413.
[89] B. Meng, H. Zhang, Z. Zhao, X. Wang, Y. Jin, S. Liu, A novel
LaGa0.65Mg0.15Ni0.20O3–δ perovskite catalyst with high performance for the
partial oxidation of methane to syngas, Catal. Today 259 (2016) 388–392.
[90] Y.W. Zhang, F.L. Zeng, C.C. Yu, C.Z. Wu, W.Z. Ding, X.G. Lu, Fabrication and
characterization of dense BaCo0.7Fe0.2Nb0.1O3-delta tubular membrane by slip
casting techniques, Ceram. Int. 41 (2015) 1401–1411.
[91] L.L. Anderson, P.A. Armstrong, R.R. Broekhuis, M.F. Carolan, J. Chen,
M.D. Hutcheon, et al., Advances in ion transport membrane technology for oxygen
and syngas production, Solid State Ion. 288 (2016) 331–337.
[92] X. Dong, Z. Liu, Y. He, W. Jin, N. Xu, SrAl2O4-improved SrCo0.8Fe0.2O3−δ
mixed-conducting membrane for eﬀective production of hydrogen from methane,
J. Membr. Sci. 331 (2009) 109–116.
[93] D.S.A. Simakov, M. Sheintuch, Design of a thermally balanced membrane reformer
for hydrogen production, Aiche J. 54 (2008) 2735–2750.
[94] T. Liu, H. Temur, G. Veser, Autothermal reforming of methane in a reverse-ﬂow
reactor, Chem. Eng. Technol. 32 (2009) 1358–1366.
[95] H.J. Alves, C. Bley, R.R. Niklevicz, E.P. Frigo, M.S. Frigo, C.H. Coimbra-Araujo,
Overview of hydrogen production technologies from biogas and the applications
in fuel cells, Int. J. Hydrog. Energy 38 (2013) 5215–5225.
[96] N.L. Basov, M.M. Ermilova, N.V. Orekhova, A.B. Yaroslavtsev, Membrane catalysis
in the dehydrogenation and hydrogen production processes, Russ. Chem. Rev. 82
(2013) 352–368.
[97] Y. Zhang, Q. Li, P. Shen, Y. Liu, Z. Yang, W. Ding, et al., Hydrogen ampliﬁcation of
coke ovenMembrane catalysis in the dehydrogenation and hydrogen production
processe gas by reforming of methane in a ceramic membrane reactor, Int. J.
Hydrog. Energy 33 (2008) 3311–3319.
[98] H.Q. Xie, J.R. Zhang, Q.B. Yu, Z.L. Zuo, J.L. Liu, Q. Qin, Study on steam reforming
of tar in hot coke oven gas for hydrogen production, Energy Fuels 30 (2016)
2336–2344.
[99] S. Kumar, N. Tondwal, S. Kumar, S. Kumar, Thermodynamic modeling of propane
reforming processes to quantify hydrogen and syngas production with and without
product removal, Chem. Product. Process Model. 11 (2016) 125–140.
[100] A.L. Leal, M.A. Soria, L.M. Madeira, Autothermal reforming of impure glycerol for
H-2 production: thermodynamic study including in situ CO2 and/or H-2 separation, Int. J. Hydrog. Energy 41 (30 2016) 2607–2620.
[101] W.M. Budzianowski, An oxy-fuel mass-recirculating process for H-2 production
with CO2 capture by autothermal catalytic oxyforming of methane, Int. J. Hydrog.
Energy 35 (2010) 7454–7469.
[102] V. Fierro, O. Akdim, H. Provendier, C. Mirodatos, Ethanol oxidative steam reforming over Ni-based catalysts, J. Power Sources 145 (2005) 659–666.
[103] G. Rabenstein, V. Hacker, Hydrogen for fuel cells from ethanol by steam-reforming, partial-oxidation and combined auto-thermal reforming: a thermodynamic analysis, J. Power Sources 185 (2008) 1293–1304.
[104] C.C. Hung, S.L. Chen, Y.K. Liao, C.H. Chen, J.H. Wang, Oxidative steam reforming
of ethanol for hydrogen production on M/Al2O3, Int. J. Hydrog. Energy 37 (2012)
4955–4966.
[105] C.Y. Park, T.H. Lee, S.E. Dorris, J.H. Park, U. Balachandran, Ethanol reforming
using Ba0.5Sr0.5Cu0.2Fe0.8O3-delta/Ag composites as oxygen transport membranes, J. Power Sources 214 (2012) 337–343.
[106] Y. Jin, Z.B. Rui, Y. Tian, Y.S. Lin, Y.D. Li, Autothermal reforming of ethanol in
dense oxygen permeation membrane reactor, Catal. Today 264 (2016) 214–220.
[107] C.Y. Park, T.H. Lee, S.E. Dorris, U. Balachandran, Hydrogen production from fossil
and renewable sources using an oxygen transport membrane, Int. J. Hydrog.

[49] E. Forster, D. van Holt, M.E. Ivanova, S. Baumann, W.A. Meulenberg, M. Muller,
Stability of ceramic materials for H-2 transport membranes in gasiﬁcation environment under the inﬂuence of gas contaminants, J. Eur. Ceram. Soc. 36 (2016)
3457–3464.
[50] W. Deibert, M.E. Ivanova, W.A. Meulenberg, R. Vaßen, O. Guillon, Preparation
and sintering behaviour of La5.4WO12−δ asymmetric membranes with optimised
microstructure for hydrogen separation, J. Membr. Sci. 492 (2015) 439–451.
[51] W. Deibert, F. Schulze-Küppers, E. Forster, M.E. Ivanova, M. Müller,
W.A. Meulenberg, Stability and sintering of MgO as a substrate material for
Lanthanum Tungstate membranes, J. Eur. Ceram. Soc. 37 (2017) 671–677.
[52] J.L. Li, H. Yoon, T.K. Oh, E.D. Wachsman, SrCe0.7Zr0.2Eu0.1O3-based hydrogen
transport water gas shift reactor, Int. J. Hydrog. Energy 37 (2012) 16006–16012.
[53] V. del Villar, L. Barrio, A. Helmi, M.V. Annaland, F. Gallucci, J.L.G. Fierro, et al.,
Eﬀect of Re addition on the WGS activity and stability of Pt/CeO2-TiO2 catalyst
for membrane reactor applications, Catal. Today 268 (2016) 95–102.
[54] E.A. Lombardo, C. Cornaglia, J. Munera, Development of an active, selective and
durable water-gas shift catalyst for use in membrane reactors, Catal. Today 259
(2016) 165–176.
[55] D.Y. Miao, A. Goldbach, H.Y. Xu, Platinum/Apatite Water-Gas Shift Catalysts, Acs
Catalysis 6 (2016), pp. 775–783.
[56] C.L. Wang, C. Liu, W. Fu, Z.H. Bao, J.Y. Zhang, W.Z. Ding, et al., The water-gas
shift reaction for hydrogen production from coke oven gas over Cu/ZnO/Al2O3
catalyst, Catal. Today 263 (2016) 46–51.
[57] Y. Sun, M. Grigore, S.S. Hla, L.D. Morpeth, J.H. Edwards, Development of a new
bi-functional steam reforming/water-gas shift catalyst for production of hydrogen
in a membrane reactor, Int. J. Hydrog. Energy 41 (2016) 10335–10345.
[58] D.J. Wilhelm, D.R. Simbeck, A.D. Karp, R.L. Dickenson, Syngas production for gasto-liquids applications: technologies, issues and outlook, Fuel Process. Technol. 71
(2001) 139–148.
[59] K. Aasberg-Petersen, I. Dybkjaer, C.V. Ovesen, N.C. Schjodt, J. Sehested,
S.G. Thomsen, Natural gas to synthesis gas - Catalysts and catalytic processes, J.
Nat. Gas. Sci. Eng. 3 (2011) 423–459.
[60] K. Åberg, L. Pommer, A. Nordin, Syngas production by combined biomass gasiﬁcation andin SituBiogas reforming, Energy Fuels 29 (2015) 3725–3731.
[61] R. Razzaq, C.S. Li, S.J. Zhang, Coke oven gas: availability, properties, puriﬁcation,
and utilization in China, Fuel 113 (2013) 287–299.
[62] C. Agraﬁotis, H. von Storch, M. Roeb, C. Sattler, Solar thermal reforming of methane feedstocks for hydrogen and syngas production—A review, Renew. Sustain.
Energy Rev. 29 (2014) 656–682.
[63] N.Y. Usachev, V.V. Kharlamov, E.P. Belanova, A.V. Kazakov, T.S. Starostina,
A.S. Kanaev, Conversion of hydrocarbons to synthesis gas: problems and prospects,
Pet. Chem. 51 (2011) 96–106.
[64] G. Iaquaniello, A. Salladini, E. Palo, G. Centi, Catalytic partial oxidation coupled
with membrane puriﬁcation to improve resource and energy eﬃciency in syngas
production, Chemsuschem 8 (2015) 717–725.
[65] G.J. Wu, K. Xie, Y.C. Wu, W.T. Yao, J.N. Zhou, Electrochemical conversion of
H2O/CO2 to fuel in a proton-conducting solid oxide electrolyser, J. Power Sources
232 (2013) 187–192.
[66] I. Kalaitzidou, M. Makri, D. Theleritis, A. Katsaounis, C.G. Vayenas, Comparative
study of the electrochemical promotion of CO2 hydrogenation on Ru using Na+, K
+, H+ and O2- conducting solid electrolytes, Surf. Sci. 646 (2016) 194–203.
[67] A.C.D. Freitas, R. Guirardello, Oxidative reforming of methane for hydrogen and
synthesis gas production: thermodynamic equilibrium analysis, J. Nat. Gas. Chem.
21 (2012) 571–580.
[68] Y.T. Tatsumi Ishihara, Yuko, Tsuruta, Toshitsune Todaka; Hiroyasu Nishiguchi, "Fe
doped LaGaO3 perovskite oxide as an oxygen separating membrane for CH4
partial oxidation, Solid State Ion. 152–153 (2002) 709–714.
[69] M.P. Lobera, J.M. Serra, S.P. Foghmoes, M. Sogaard, A. Kaiser, On the use of
supported ceria membranes for oxyfuel process/syngas production, J. Membr. Sci.
385 (2011) 154–161.
[70] W. Fang, Y. Zhang, J.F. Gao, C.S. Chen, Oxygen permeability of asymmetric
membrane of functional La0.8Sr0.2Cr0.5Fe0.5O3-delta(LSCrF)-Zr0.8Y0.2O2-delta
(YSZ) supported on porous YSZ, Ceram. Int. 40 (2014) 799–803.
[71] W.S. Wei, T. Zhang, J. Xu, W. Du, Numerical study on soot removal in partial
oxidation of methane to syngas reactors, J. Energy Chem. 23 (2014) 119–130.
[72] E.G. Babakhani, J. Towﬁghi, Z. Taheri, A.N. Pour, M. Zekordi, A. Taheri, Partial
oxidation of methane in Ba0.5Sr0.5Co0.8Fe0.1Ni0.1O3-δ ceramic membrane reactor, J. Nat. Gas. Chem. 21 (2012) 519–525.
[73] Y.W. Zhang, J.A. Liu, W.Z. Ding, X.G. Lu, Performance of an oxygen-permeable
membrane reactor for partial oxidation of methane in coke oven gas to syngas,
Fuel 90 (2011) 324–330.
[74] Q. Liao, Y. Chen, Y.Y. Wei, L.Y. Zhou, H.H. Wang, Performance of U-shaped
BaCo0.7Fe0.2Ta0.1O3-delta hollow-ﬁber membranes reactor with high oxygen
permeation for methane conversion, Chem. Eng. J. 237 (2014) 146–152.
[75] Z.B. Yang, Y.W. Zhang, W.Z. Ding, Investigation on the reforming reactions of
coke-oven-gas to H-2 and CO in oxygen-permeable membrane reactor, J. Membr.
Sci. 470 (2014) 197–204.
[76] S.D. Song, P. Zhang, X. Zhang, M.F. Han, Partial oxidation of methane reaction in
Ba0.9Co0.7Fe0.2Nb0.1O3-delta oxygen permeation membrane with three-layer
structure, Int. J. Hydrog. Energy 40 (2015) 10894–10901.
[77] H. Luo, Y. Wei, H. Jiang, W. Yuan, Y. Lv, J. Caro, et al., Performance of a ceramic
membrane reactor with high oxygen ﬂux Ta-containing perovskite for the partial
oxidation of methane to syngas, J. Membr. Sci. 350 (2010) 154–160.
[78] V. Sadykov, V. Zarubina, S. Pavlova, T. Krieger, G. Alikina, A. Lukashevich, et al.,
Design of asymmetric multilayer membranes based on mixed ionic-electronic
conducting composites supported on Ni-Al foam substrate, Catal. Today 156

94

Journal of Membrane Science 543 (2017) 79–97

W. Deibert et al.

[138] S.M. Sadrameli, thermal/catalytic cracking of hydrocarbons for the production of
oleﬁns: a state-of-the-art review I: thermal cracking review, Fuel 140 (2015)
102–115.
[139] S.M. Sadrameli, Thermal/catalytic cracking of liquid hydrocarbons for the production of oleﬁns: a state-of-the-art review II: catalytic cracking review, Fuel 173
(2016) 285–297.
[140] M. Farsi, A.H. Sani, P. Riasatian, Modeling and operability of DME production
from syngas in a dual membrane reactor, Chem. Eng. Res. Des. 112 (2016)
190–198.
[141] Z. Azizi, M. Rezaeimanesh, T. Tohidian, M.R. Rahimpour, Dimethyl ether: a review
of technologies and production challenges, Chem. Eng. Process. 82 (2014)
150–172.
[142] S. Saeidi, N.A.S. Amin, M.R. Rahimpour, Hydrogenation of CO2 to value-added
products—A review and potential future developments, J. CO2 Util. 5 (2014)
66–81.
[143] L. Torrente-Murciano, D. Mattia, M.D. Jones, P.K. Plucinski, Formation of hydrocarbons via CO2 hydrogenation – A thermodynamic study, J. CO2 Util. 6 (2014)
34–39.
[144] K. Atsonios, K.D. Panopoulos, E. Kakaras, Thermocatalytic CO2 hydrogenation for
methanol and ethanol production: process improvements, Int. J. Hydrog. Energy
41 (2016) 792–806.
[145] P.H. Chiang, D. Eng, M. Stoukides, Electrocatalytic methane dimerization with a
Yb-doped Srceo3 solid electrolyte, J. Electrochem. Soc. 138 (1991) L11–L12.
[146] P.H. Chiang, D. Eng, H. Alqahtany, M. Stoukides, Nonoxidative methane coupling
with the aid of solid electrolytes, Sohd State Ion. 53–56 (1992) 135–141.
[147] P.H. Chiang, D. Eng, M. Stoukides, Electrocatalytic nonoxidative dimerization of
methane over Ag electrodes, Solid State lonics 61 (1993) 99–103.
[148] L.S. Woldman, V.D. Sokolovskii, Electrocatalytic methane coupling IN THE absence OF oxygen ON A high-temperature proton-conducting electrolyte, Catal.
Lett. 8 (1991) 61–66.
[149] J. Langguth, R. Dittmeyer, H. Hofmann, G. Tomandl, Studies on oxidative coupling
of methane using high-temperature proton-conducting membranes, Appl. Catal. A:
General. 158 (1997) 287–305.
[150] L. Li, R.W. Borry, E. Iglesia, Reaction-transport simulations of non-oxidative methane conversion with continuous hydrogen removal, Chem. Eng. Sci. 56 (2001)
1869–1881.
[151] Y.T. Liu, X.Y. Tan, K. Li, Nonoxidative methane coupling in a SrCe0.95Yb0.05O3alpha (SCYb) hollow ﬁber membrane reactor, Ind. Eng. Chem. Res. 45 (2006)
3782–3790.
[152] W. Wang, Y.S. Lin, Analysis of oxidative coupling of methane in dense oxide
membrane reactors, J. Membr. Sci. 103 (1995) 219–233.
[153] A. Farsi, A. Moradi, S. Ghader, V. Shadravan, Z.A. Manan, Kinetics investigation of
direct natural gas conversion by oxidative coupling of methane, J. Nat. Gas. Sci.
Eng. 2 (2010) 270–274.
[154] S. Bhatia, C.Y. Thien, A.R. Mohamed, Oxidative coupling of methane (OCM) in a
catalytic membrane reactor and comparison of its performance with other catalytic reactors, Chem. Eng. J. 148 (2009) 525–532.
[155] L. Olivier, S. Haag, C. Mirodatos, A.C. van Veen, Oxidative coupling of methane
using catalyst modiﬁed dense perovskite membrane reactors, Catal. Today 142
(2009) 34–41.
[156] T.S. Oliver Czuprat, Hartwig Voss, J.ürgen Caro, Oxidative Coupling of Methane in
a BCFZ Perovskite Hollow Fiber Membrane Reactor.pdf > , Ind. Eng. Chem. Res.
49 (2010) 10230–10236.
[157] W. Wiyaratn, S. Manundawee, A. Arpornwichanop, S. Assabumrungrat,
A. Watanapa, C. Worawimut, Two-dimensional mathematical modeling of the
oxidative coupling of methane in a membrane reactor, Eng. J.-Thail. 20 (2016)
17–33.
[158] N.H. Othman, Z.T. Wu, K. Li, An oxygen permeable membrane microreactor with
an in-situ deposited Bi1.5Y0.3Sm0.2O3-delta catalyst for oxidative coupling of
methane, J. Membr. Sci. 488 (2015) 182–193.
[159] X. Tan, Z. Pang, Z. Gu, S. Liu, Catalytic perovskite hollow ﬁbre membrane reactors
for methane oxidative coupling, J. Membr. Sci. 302 (2007) 109–114.
[160] N.H. Othman, Z.T. Wu, K. Li, A micro-structured La0.6Sr0.4Co0.2Fe0.8O3-delta
hollow ﬁbre membrane reactor for oxidative coupling of methane, J. Membr. Sci.
468 (2014) 31–41.
[161] H.F. Liu, Y.Y. Wei, J. Caro, H.H. Wang, Oxidative Coupling of Methane with High
C-2 Yield by using Chlorinated Perovskite Ba0.5Sr0.5Fe0.2Co0.8O3-delta as
Catalyst and N2O as Oxidant, Chemcatchem 2 (2010) 1539–1542.
[162] K. Langfeld, B. Frank, V.E. Strempel, C. Berger-Karin, G. Weinberg,
E.V. Kondratenko, et al., Comparison of oxidizing agents for the oxidative coupling
of methane over state-of-the-art catalysts, Appl. Catal. a-General. 417 (2012)
145–152.
[163] D. Noon, B. Zohour, S. Senkan, Oxidative coupling of methane with La2O3-CeO2
nanoﬁber fabrics: a reaction engineering study, J. Nat. Gas. Sci. Eng. 18 (2014)
406–411.
[164] M. Peter, T.J. Marks, Platinum metal-free catalysts for selective soft oxidative
methane - > ethylene coupling. scope and Mechanistic observations, J. Am. Chem.
Soc. 137 (2015) 15234–15240.
[165] A. Vamvakeros, S.D.M. Jacques, V. Middelkoop, M. Di Michiel, C.K. Egan,
I.Z. Ismagilov, et al., Real time chemical imaging of a working catalytic membrane
reactor during oxidative coupling of methane, Chem. Commun. 51 (2015)
12752–12755.
[166] B.L. Farrell, V.O. Igenegbai, S. Linic, A Viewpoint on Direct Methane Conversion to
Ethane and Ethylene Using Oxidative Coupling on Solid Catalysts, Acs Catalysis 6
(2016), pp. 4340–4346.
[167] B.L. Farrell, S. Linic, Oxidative coupling of methane over mixed oxide catalysts

Energy 35 (2010) 4103–4110.
[108] J.L. Li, H. Yoon, E.D. Wachsman, Carbon dioxide reforming of methane in a
SrCe0.7Zr0.2Eu0.1O3-delta proton conducting membrane reactor, Int. J. Hydrog.
Energy 37 (2012) 19125–19132.
[109] V. Kyriakou, I. Garagounis, A. Vourros, E. Vasileiou, A. Manerbino, W.G. Coors,
et al., Methane steam reforming at low temperatures in a BaZr0.7Ce0.2Y0.1O2.9
proton conducting membrane reactor, Appl. Catal. B-Environ. 186 (2016) 1–9.
[110] S.D. Angeli, G. Monteleone, A. Giaconia, A.A. Lemonidou, State-of-the-art catalysts
for CH4 steam reforming at low temperature, Int. J. Hydrog. Energy 39 (2014)
1979–1997.
[111] S.D. Angeli, L. Turchetti, G. Monteleone, A.A. Lemonidou, Catalyst development
for steam reforming of methane and model biogas at low temperature, Appl. Catal.
B-Environ. 181 (2016) 34–46.
[112] J.F. Yu, Z. Zhang, F. Dallmann, J.X. Zhang, D.Y. Miao, H.Y. Xu, et al., Facile
synthesis of highly active Rh/Al2O3 steam reforming catalysts with preformed
support by ﬂame spray pyrolysis, Appl. Catal. B-Environ. 198 (2016) 171–179.
[113] A. de Lucas-Consuegra, N. Gutierrez-Guerra, J.L. Endrino, J.C. Serrano-Ruiz,
J.L. Valverde, Direct production of ﬂexible H-2/CO synthesis gas in a solid electrolyte membrane reactor, J. Solid State Electrochem. 19 (2015) 2991–2999.
[114] S. Choi, J. Bae, Autothermal reforming of dimethyl ether with CGO-based precious
metal catalysts, J. Power Sources 307 (2016) 351–357.
[115] Z.G. Wang, U. Oemar, M.L. Ang, S. Kawi, Oxidative steam reforming of biomass tar
model compound via catalytic BaBi0.05Co0.8Nb0.15O3-delta hollow ﬁber membrane reactor, J. Membr. Sci. 510 (2016) 417–425.
[116] V.A. Kirillov, A.B. Shigarov, Biofuels as a promising source of hydrogen for fuel
cell power plants, Theor. Found. Chem. Eng. 50 (2016) 351–365.
[117] V. Spallina, T. Melchiori, F. Gallucci, M.V. Annaland, Auto-thermal reforming
using mixed ion-electronic conducting ceramic membranes for a small-scale H-2
production plant, Molecules 20 (2015) 4998–5023.
[118] M. Usman, W.M.A.W. Daud, H.F. Abbas, Dry reforming of methane: Inﬂuence of
process parameters-A review, Renew. Sustain. Energy Rev. 45 (2015) 710–744.
[119] Y.L. Luo, T. Liu, J.F. Gao, C.S. Chen, Zr0.84Y0.16O1.92 -La0.8Sr0.2Cr0.5Fe0.5O3delta composite membrane for CO2 decomposition, Mater. Lett. 86 (2012) 5–8.
[120] D.A. Slade, A.M. Duncan, K.J. Nordheden, S.M. Stagg-Williams, Mixed-conducting
oxygen permeable ceramic membranes for the carbon dioxide reforming of methane, Green. Chem. 9 (2007) 577.
[121] D.A. Slade, Q.Y. Jiang, K.J. Nordheden, S.M. Stagg-Williams, A comparison of
mixed-conducting oxygen-permeable membranes for CO2 reforming, Catal. Today
148 (2009) 290–297.
[122] Q. Jiang, S. Faraji, K.J. Nordheden, S.M. Stagg-Williams, CO2 reforming reaction
assisted with oxygen permeable Ba0.5Sr0.5Co0.8Fe0.2Ox ceramic membranes, J.
Membr. Sci. 368 (2011) 69–77.
[123] Y. Kathiraser, Z. Wang, S. Kawi, Oxidative CO2 reforming of methane in
La0.6Sr0.4Co0.8Ga0.2O3-delta (LSCG) hollow ﬁber membrane reactor, Environ.
Sci. Technol. 47 (2013) 14510–14517.
[124] N.T. Yang, Y. Kathiraser, S. Kawi, La0.6Sr0.4Co0.8Ni0.2O3-delta hollow ﬁber
membrane reactor: integrated oxygen separation - CO2 reforming of methane reaction for hydrogen production, Int. J. Hydrog. Energy 38 (2013) 4483–4491.
[125] K. Zhang, G. Zhang, Z. Liu, J. Zhu, N. Zhu, W. Jin, Enhanced stability of membrane
reactor for thermal decomposition of CO2 via porous-dense-porous triple-layer
composite membrane, J. Membr. Sci. 471 (2014) 9–15.
[126] R. Michalsky, D. Neuhaus, A. Steinfeld, Carbon dioxide reforming of methane
using an isothermal redox membrane reactor, Energy Technol. 3 (2015) 784–789.
[127] H.W. Cheng, S.H. Feng, W. Tao, X.G. Lu, W.L. Yao, G.S. Li, et al., Eﬀects of noble
metal-doping on Ni/La2O3-ZrO2 catalysts for dry reforming of coke oven gas, Int.
J. Hydrog. Energy 39 (2014) 12604–12612.
[128] M.V. Tsodikov, A.S. Fedotov, D.O. Antonov, V.I. Uvarov, V.Y. Bychkov, F.C. Luck,
Hydrogen and syngas production by dry reforming of fermentation products on
porous ceramic membrane-catalytic converters, Int. J. Hydrog. Energy 41 (2016)
2424–2431.
[129] M.N. Kaydouh, N. El Hassan, A. Davidson, S. Casale, H. El Zakhem, P. Massiani,
Highly active and stable Ni/SBA-15 catalysts prepared by a "two solvents" method
for dry reforming of methane, Microporous Mesoporous Mater. 220 (2016)
99–109.
[130] U. Oemar, Y. Kathiraser, L. Mo, X.K. Ho, S. Kawi, CO2 reforming of methane over
highly active La-promoted Ni supported on SBA-15catalysts: mechanism and kinetic modelling, Catal. Sci. Technol. 6 (2016) 1173–1186.
[131] F. Matei-Rutkovska, G. Postole, C.G. Rotaru, M. Florea, V.I. Parvulescu, P. Gelin,
Synthesis of ceria nanopowders by microwave-assisted hydrothermal method for
dry reforming of methane, Int. J. Hydrog. Energy 41 (2016) 2512–2525.
[132] Z.B. Rui, H.B. Ji, Y.S. Lin, Modeling and analysis of ceramic-carbonate dual-phase
membrane reactor for carbon dioxide reforming with methane, Int. J. Hydrog.
Energy 36 (2011) 8292–8300.
[133] C. Karakaya, R.J. Kee, Progress in the direct catalytic conversion of methane to
fuels and chemicals, Progress. Energy Combust. Sci. 55 (2016) 60–97.
[134] M.C. Alvarez-Galvan, N. Mota, M. Ojeda, S. Rojas, R.M. Navarro, J.L.G. Fierro,
Direct methane conversion routes to chemicals and fuels, Catal. Today 171 (2011)
15–23.
[135] M. Takht Ravanchi, T. Kaghazchi, A. Kargari, Application of membrane separation
processes in petrochemical industry: a review, Desalination 235 (2009) 199–244.
[136] P. Kirchen, D.J. Apo, A. Hunt, A.F. Ghoniem, A novel ion transport membrane
reactor for fundamental investigations of oxygen permeation and oxy-combustion
under reactive ﬂow conditions, Proc. Combust. Inst. 34 (2013) 3463–3470.
[137] D.A. Wood, Conversion of natural gas and gas liquids to methanol, other oxygenates, gasoline components, oleﬁns and other petrochemicals: a collection of
published research (2010–2015), J. Nat. Gas. Sci. Eng. 26 (2015) 772–779.

95

Journal of Membrane Science 543 (2017) 79–97

W. Deibert et al.

[168]
[169]

[170]

[171]

[172]

[173]

[174]

[175]

[176]

[177]

[178]

[179]

[180]
[181]

[182]

[183]

[184]

[185]
[186]

[187]
[188]
[189]

[190]
[191]

[192]

[193]

[194]
[195]

[196]

[197]

designed for solid oxide membrane reactors, Catal. Sci. Technol. 6 (2016)
4370–4376.
A. Galadima, O. Muraza, Revisiting the oxidative coupling of methane to ethylene
in the golden period of shale gas: a review, J. Ind. Eng. Chem. 37 (2016) 1–13.
S.C. Oh, Y.Q. Wu, D.T. Tran, I.C. Lee, Y. Lei, D.X. Liu, Inﬂuences of cation and
anion substitutions on oxidative coupling of methane over hydroxyapatite catalysts, Fuel 167 (2016) 208–217.
A. Caravaca, V.J. Ferreira, A. de Lucas-Consuegra, J.L. Figueiredo, J.L. Faria,
J.L. Valverde, et al., Simultaneous production of H-2 and C-2 hydrocarbons by
using a novel conﬁguration solid-electrolyte plus ﬁxed bed reactor, Int. J. Hydrog.
Energy 38 (2013) 3111–3122.
A. Penteado, E. Esche, D. Salerno, H.R. Godini, G. Wozny, Design and assessment
of a membrane and absorption based carbon dioxide removal process for oxidative
coupling of methane, Ind. Eng. Chem. Res. 55 (2016) 7473–7483.
M.L. Rodriguez, D.E. Ardissone, E. Heracleous, A.A. Lemonidou, E. López,
M.N. Pedernera, et al., Oxidative dehydrogenation of ethane to ethylene in a
membrane reactor: a theoretical study, Catal. Today 157 (2010) 303–309.
M. Hasany, M. Malakootikhah, V. Rahmanian, S. Yaghmaei, Eﬀect of hydrogen
combustion reaction on the dehydrogenation of ethane in a ﬁxed-bed catalytic
membrane reactor, Chin. J. Chem. Eng. 23 (2015) 1316–1325.
M.A.L. Rodríguez, D.E. Ardissone, E. López, M.N. Pedernera, D.O. Borio, Reactor
designs for ethylene production via ethane oxidative dehydrogenation:
Comparison of performance, Ind. Eng. Chem. Res. 50 (2011) 2690–2697.
M. Rebeilleau-Dassonneville, S. Rosini, A.C. v. Veen, D. Farrusseng, C. Mirodatos,
Oxidative activation of ethane on catalytic modiﬁed dense ionic oxygen conducting membranes, Catal. Today 104 (2005) 131–137.
J.-A. Dalmon, A. Cruz-López, D. Farrusseng, N. Guilhaume, E. Iojoiu, J.-C. Jalibert,
et al., Oxidation in catalytic membrane reactors, Appl. Catal. A: General. 325
(2007) 198–204.
M.P. Lobera, S. Escolastico, J.M. Serra, High ethylene production through oxidative dehydrogenation of ethane membrane reactors based on fast oxygen-ion
conductors, Chemcatchem 3 (2011) 1503–1508.
M.P. Lobera, M. Balaguer, J. Garcia-Fayos, J.M. Serra, Rare earth-doped ceria
catalysts for ODHE reaction in a catalytic modiﬁed MIEC membrane reactor,
Chemcatchem 4 (2012) 2102–2111.
M.P. Lobera, S. Escolastico, J. Garcia-Fayos, J.M. Serra, Ethylene production by
ODHE in catalytically modiﬁed Ba0.5Sr0.5Co0.8Fe0.2O3-delta membrane reactors, Chemsuschem 5 (2012) 1587–1596.
H. Wang, C. Tablet, T. Schiestel, J. Caro, Hollow ﬁber membrane reactors for the
oxidative activation of ethane, Catal. Today 118 (2006) 98–103.
O. Czuprat, S. Werth, S. Schirrmeister, T. Schiestel, J. Caro, Oleﬁn production by a
multistep oxidative dehydrogenation in a perovskite hollow-ﬁber membrane reactor, ChemCatChem 1 (2009) 401–405.
E.V. Kondratenko, H.H. Wang, V.A. Kondratenko, J. Caro, Selective oxidation of
CH4 and C2H6 over a mixed oxygen ion and electron conducting perovskite-A TAP
and membrane reactors study, J. Mol. Catal. a-Chem. 297 (2009) 142–149.
E.V. Shelepova, A.A. Vedyagin, I.V. Mishakov, A.S. Noskov, Simulation of hydrogen and propylene coproduction in catalytic membrane reactor, Int. J. Hydrog.
Energy 40 (2015) 3592–3598.
C. Hamel, T. Wolﬀ, A. Seidel-Morgenstern, Compatibility of transport and reaction
in membrane reactors used for the oxidative dehydrogenation of short-chain hydrocarbons, Int. J. Chem. React. Eng. 9 (2011).
M. Sheintuch, O. Liron, A. Ricca, V. Palma, Propane dehydrogenation kinetics on
supported Pt catalyst, Appl. Catal. a-General. 516 (2016) 17–29.
Z.W. Cao, H.Q. Jiang, H.X. Luo, S. Baumann, W.A. Meulenberg, J. Assmann, et al.,
Natural gas to fuels and chemicals: Improved methane Aromatization in an
oxygen-permeable membrane reactor, Angew. Chem.-Int. Ed. 52 (2013)
13794–13797.
J. Caro, Catalytic membrane reactors - lab Curiosity or key Enabling technology?
Chem. Ing. Tech. 86 (2014) 1901–1905.
E.C. Corredor, P. Chitta, M. Deo, Membrane reactor system model for gas conversion to benzene, Fuel 179 (2016) 202–209.
J. Xue, Y. Chen, Y.Y. Wei, A. Feldhoﬀ, H.H. Wang, J. Caro, Gas to Liquids: Natural
Gas Conversion to Aromatic Fuels and Chemicals in a Hydrogen-permeable
Ceramic Hollow Fiber Membrane Reactor, Acs Catalysis 6 (2016), pp. 2448–2451.
S. Escolastico, C. Kjolseth, J.M. Serra, Catalytic activation of ceramic H-2 membranes for CMR processes, J. Membr. Sci. 517 (2016) 57–63.
K.D. Gao, J.H. Yang, A. Seidel-Morgenstern, C. Hamel, Methane DehydroAromatization: potential of a Mo/MCM-22 Catalyst and Hydrogene-Selective
Membranes, Chem. Ing. Tech. 88 (2016) 168–176.
X. Guo, G. Fang, G. Li, H. Ma, H. Fan, L. Yu, C. Ma, X. Wu, D. Deng, M. Wei, D. Tan,
R. Si, S. Zhang, J. Li, L. Sun, Z. Tang, X. Pan, X. Bao, Direct, Nonoxidative conversion of methane to ethylene, aromatics, and hydrogen, Science 344 (2014)
616–619.
L. Jurgensen, E.A. Ehimen, J. Born, J.B. Holm-Nielsen, Utilization of surplus
electricity from wind power for dynamic biogas upgrading: Northern Germany
case study, Biomass-. Bioenergy 66 (2014) 126–132.
T.J. Schildhauer, S.M.A. Biollaz, Reactors for catalytic methanation in the conversion of biomass to synthetic natural gas (SNG), Chimia 69 (2015) 603–607.
R. Razzaq, H.W. Zhu, L. Jiang, U. Muhammad, C.S. Li, S.J. Zhang, Catalytic methanation of CO and CO2 in coke oven gas over Ni-Co/ZrO2-CeO2, Ind. Eng. Chem.
Res. 52 (2013) 2247–2256.
W.R. Kang, K.B. Lee, Eﬀect of operating parameters on methanation reaction for
the production of synthetic natural gas, Korean J. Chem. Eng. 30 (2013)
1386–1394.
S. Ronsch, J. Schneider, S. Matthischke, M. Schluter, M. Gotz, J. Lefebvre, et al.,

[198]

[199]

[200]

[201]

[202]

[203]
[204]

[205]

[206]

[207]

[208]
[209]

[210]
[211]

[212]
[213]
[214]
[215]
[216]

[217]
[218]
[219]
[220]

[221]

[222]

[223]

[224]

[225]

[226]

[227]
[228]

96

Review on methanation - From fundamentals to current projects, Fuel 166 (2016)
276–296.
K. Muller, M. Stadter, F. Rachow, D. Hoﬀmannbeck, D. Schmeisser, Sabatier-based
CO2-methanation by catalytic conversion, Environ. Earth Sci. 70 (2013)
3771–3778.
E.V. Kondratenko, G. Mul, J. Baltrusaitis, G.O. Larrazábal, J. Pérez-Ramírez, Status
and perspectives of CO2 conversion into fuels and chemicals by catalytic, photocatalytic and electrocatalytic processes, Energy Environ. Sci. 6 (2013) 3112.
I. Kalaitzidou, A. Katsaounis, T. Norby, C.G. Vayenas, Electrochemical promotion
of the hydrogenation of CO2 on Ru deposited on a BZY proton conductor, J. Catal.
331 (2015) 98–109.
M. Schoder, U. Armbruster, A. Martin, Heterogeneously catalyzed hydrogenation
of carbon dioxide to methane at Increased reaction pressures, Chem. Ing. Tech. 85
(2013) 344–352.
J.H. Xu, Q.Q. Lin, X. Su, H.M. Duan, H.R. Geng, Y.Q. Huang, CO2 methanation
over TiO2-Al2O3 binary oxides supported Ru catalysts, Chin. J. Chem. Eng. 24
(2016) 140–145.
A. Borgschulte, N. Gallandat, B. Probst, R. Suter, E. Callini, D. Ferri, et al., Sorption
enhanced CO2 methanation, Phys. Chem. Chem. Phys. 15 (2013) 9620–9625.
H.C. Wu, Y.C. Chang, J.H. Wu, J.H. Lin, I.K. Lin, C.S. Chen, Methanation of CO2
and reverse water gas shift reactions on Ni/SiO2catalysts: the inﬂuence of particle
size on selectivity and reaction pathway, Catal. Sci. Technol. 5 (2015) 4154–4163.
K. Manthiram, B.J. Beberwyck, A.P. Aivisatos, Enhanced electrochemical methanation of carbon dioxide with a dispersible nanoscale copper catalyst, J. Am.
Chem. Soc. 136 (2014) 13319–13325.
M.K. Gnanamani, G. Jacobs, H.H. Hamdeh, W.D. Shafer, F. Liu, S.D. Hopps, et al.,
Hydrogenation of Carbon Dioxide over Co-Fe Bimetallic Catalysts, Acs Catalysis 6
(2016), pp. 913–927.
E. Ruiz, P.J. Martínez, Á. Morales, G. San Vicente, G. de Diego, J.M. Sánchez,
Electrochemically assisted synthesis of fuels by CO2 hydrogenation over Fe in a
bench scale solid electrolyte membrane reactor, Catal. Today 268 (2016) 46–59.
A. Klerke, C.H. Christensen, J.K. Nørskov, T. Vegge, Ammonia for hydrogen storage: challenges and opportunities, J. Mater. Chem. 18 (2008) 2304.
S. Giddey, S.P.S. Badwal, A. Kulkarni, Review of electrochemical ammonia production technologies and materials, Int. J. Hydrog. Energy 38 (2013)
14576–14594.
C. Zamﬁrescu, I. Dincer, Using ammonia as a sustainable fuel, J. Power Sources
185 (2008) 459–465.
A. Aﬁf, N. Radenahmad, Q. Cheok, S. Shams, J.H. Kim, A.K. Azad, Ammonia-fed
fuel cells: a comprehensive review, Renew. Sustain. Energy Rev. 60 (2016)
822–835.
R. Lan, J.T.S. Irvine, S.W. Tao, Ammonia and related chemicals as potential indirect hydrogen storage materials, Int. J. Hydrog. Energy 37 (2012) 1482–1494.
F. Haber, G. van Oordt, Über die Bildung von Ammoniak aus den Elementen, Z.
Anorg. Chem. (1905) 341–378.
I.A. Amar, R. Lan, C.T.G. Petit, S. Tao, Solid-state electrochemical synthesis of
ammonia: a review, J. Solid State Electrochem. 15 (2011) 1845–1860.
I. Garagounis, V. Kyriakou, A. Skodra, E. Vasileiou, M. Stoukides, Electrochemical
Synthesis of Ammonia in Solid Electrolyte Cells, Front. Energy Res. 2 (2014).
K. Kugler, B. Ohs, M. Scholz, M. Wessling, Towards a carbon independent and
CO2-free electrochemical membrane process for NH3 synthesis, Phys. Chem.
Chem. Phys. 16 (2014) 6129–6138.
A. Skodra, M. Stoukides, Electrocatalytic synthesis of ammonia from steam and
nitrogen at atmospheric pressure, Solid State Ion. 180 (2009) 1332–1336.
G. Marnellos, Ammonia synthesis at atmospheric pressure, Science 282 (1998)
98–100.
G. Marnellos, S. Zisekas, M. Stoukides, Synthesis of ammonia at atmospheric
pressure with the use of solid state proton conductors, J. Catal. 193 (2000) 80–87.
Z. Li, R. Liu, J. Wang, Z. Xu, Y. Xie, B. Wang, Preparation of double-doped
BaCeO3and its application in the synthesis of ammonia at atmospheric pressure,
Sci. Technol. Adv. Mater. 8 (2007) 566–570.
I.A. Amar, C.T.G. Petit, G. Mann, R. Lan, P.J. Skabara, S. Tao, Electrochemical
synthesis of ammonia from N2 and H2O based on (Li,Na,K)
2CO3–Ce0.8Gd0.18Ca0.02O2−δ composite electrolyte and CoFe2O4 cathode, Int.
J. Hydrog. Energy 39 (2014) 4322–4330.
I.A. Amar, R. Lan, S. Tao, Synthesis of ammonia directly from wet nitrogen using a
redox stable La0.75Sr0.25Cr0.5Fe0.5O3−δ–Ce0.8Gd0.18Ca0.02O2−δcomposite
cathode, RSC Adv. 5 (2015) 38977–38983.
R. Lan, K.A. Alkhazmi, I.A. Amar, S. Tao, Synthesis of ammonia directly from wet
air at intermediate temperature, Appl. Catal. B: Environ. 152–153 (2014)
212–217.
E. Skulason, T. Bligaard, S. Gudmundsdottir, F. Studt, J. Rossmeisl, F. AbildPedersen, et al., A theoretical evaluation of possible transition metal electro-catalysts for N2 reduction, Phys. Chem. Chem. Phys. 14 (2012) 1235–1245.
Y. Abghoui, A.L. Garden, V.F. Hlynsson, S. Bjorgvinsdottir, H. Olafsdottir,
E. Skulason, Enabling electrochemical reduction of nitrogen to ammonia at ambient conditions through rational catalyst design, Phys. Chem. Chem. Phys. 17
(2015) 4909–4918.
Y. Abghoui, E. Skúlasson, Transition metal nitride catalysts for electrochemical
reduction of nitrogen to ammonia at ambient conditions, Procedia Comput. Sci. 51
(2015) 1897–1906.
S. Back, Y. Jung, On the mechanism of electrochemical ammonia synthesis on the
Ru catalyst, Phys. Chem. Chem. Phys. 18 (2016) 9161–9166.
M.H. Jin, C.B. Lee, D.W. Lee, S.W. Lee, J.W. Park, D. Oh, et al., Microchannel
methane steam reformers with improved heat transfer eﬃciency and their longterm stability, Fuel 176 (2016) 86–92.

Journal of Membrane Science 543 (2017) 79–97

W. Deibert et al.
[229] W. Jin, C. Zhang, P. Zhang, Y. Fan, N. Xu, Thermal decomposition of carbon dioxide coupled with POM in a membrane reactor, AIChE J. 52 (2006) 2545–2550.
[230] K. Zhang, L. Liu, J. Sunarso, H. Yu, V. Pareek, S. Liu, Highly stable external shortcircuit-assisted oxygen ionic transport membrane reactor for carbon dioxide reduction coupled with methane partial oxidation, Energy Fuels 28 (2014) 349–355.
[231] J. Kniep, M. Anderson, Y.S. Lin, Autothermal reforming of methane in a protonconducting ceramic membrane reactor, Ind. Eng. Chem. Res. 50 (2011)
12426–12432.
[232] N. Zhu, X.L. Dong, Z.K. Liu, G.R. Zhang, W.Q. Jin, N.P. Xu, Toward highly-eﬀective and sustainable hydrogen production: bio-ethanol oxidative steam reforming
coupled with water splitting in a thin tubular membrane reactor, Chem. Commun.
48 (2012) 7137–7139.
[233] H.Q. Jiang, Z.W. Cao, S. Schirrmeister, T. Schiestel, J. Caro, A coupling strategy to
produce hydrogen and ethylene in a membrane reactor, Angew. Chem.-Int. Ed. 49
(2010) 5656–5660.
[234] M.E.E. Abashar, Coupling of ethylbenzene dehydrogenation and benzene hydrogenation reactions in ﬁxed bed catalytic reactors, Chem. Eng. Process.: Process
Intensif. 43 (2004) 1195–1202.
[235] N.S. Abo-Ghander, F. Logist, J.R. Grace, J.F.M. Van Impe, S.S.E.H. Elnashaie,
C.J. Lim, Heterogeneous modeling of an autothermal membrane reactor coupling
dehydrogenation of ethylbenzene to styrene with hydrogenation of nitrobenzene
to aniline: ﬁckian diﬀusion model, Chem. Eng. Process. 77 (2014) 50–65.
[236] V. Kyriakou, C. Athanasiou, I. Garagounis, A. Skodra, M. Stoukides, Production of
H-2 and C-2 hydrocarbons from methane in a proton conducting solid electrolyte
cell using a Au-5Ce-5Na(2)WO(4)/SiO2 anode, Int. J. Hydrog. Energy 37 (2012)
16636–16641.
[237] V. Kyriakou, C. Athanasiou, I. Garagounis, A. Skodra, M. Stoukides, Production of

[238]

[239]

[240]

[241]

[242]

[243]

[244]

97

C-2 hydrocarbons and H-2 from CH4 in a proton conducting cell, Solid State Ion.
225 (2012) 219–222.
V. Kyriakou, I. Garagounis, M. Stoukides, Steam electrolysis with simultaneous
production of C2 hydrocarbons in a solid electrolyte cell, Int. J. Hydrog. Energy 39
(2014) 675–683.
E.V. Kondratenko, O. Ovsitser, Catalytic abatement of nitrous oxide coupled with
selective production of hydrogen and ethylene, Angew. Chem. Int Ed. Engl. 47
(2008) 3227–3229.
M. Konsolakis, S.A.C. Carabineiro, E. Papista, G.E. Marnellos, P.B. Tavares,
J.A. Moreira, et al., Eﬀect of preparation method on the solid state properties and
the deN2O performance of CuO–CeO2oxides, Catal. Sci. Technol. 5 (2015)
3714–3727.
D. Ipsakis, T. Kraia, G.E. Marnellos, M. Ouzounidou, S. Voutetakis, R. Dittmeyer,
et al., An electrocatalytic membrane-assisted process for hydrogen production
from H2S in Black Sea: preliminary results, Int. J. Hydrog. Energy 40 (2015)
7530–7538.
T. Kraia, M. Konsolakis, G.E. Marnellos, H2S in Black Sea: Turning an environmental threat to an opportunity for clean H-2 production via an Electrochemical
Membrane Reactor. Research progress in H2S-PROTON Project, Proceedings of the
1st Mini Conference on Emerging Engineering Applications (Mceea'15), vol. 41,
2016.
G. Saracco, H.W.J.P. Neomagus, G.F. Versteeg, W.P.M. van Swaaij, High-temperature membrane reactors: potential and problems, Chem. Eng. Sci. 54 (1999)
1997–2017.
J. Li. (2015, July 3rd 2017). Praxair’s Oxygen Transport Membrane Technology
for Syngas and Power Applications. 〈https://www.netl.doe.gov/File%20Library/
Events/2015/co2captureproceedings/J-Li-Praxair-OTM-Technology.pdf〉.

