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Wilhelm A. Meulenberg[1,2],*, Falk Schulze-Küppers[1], Wendelin Deibert[1], Tim Van Gestel[1],

Stefan Baumann[1]

www.ChemBioEngRev.de ª 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA ChemBioEng Rev 2019, 6, No. 6, 198–208 198

Abstract

Gas separation in dense ceramic membranes is dri-
ven by the partial pressure gradient across the mem-
brane. The mixed conducting materials most com-
monly used are single-phase perovskites or fluorites.
In recent years, the development of dual-phase sys-
tems combining a mixed ion-conducting and elec-
tron-conducting phase has increased. The advan-
tage is that a larger number of very stable materials
systems is available. The membrane designs cur-
rently used include planar, tubular, hollow-fiber,
and honeycomb membranes. Each of these designs
has specific advantages and disadvantages, depend-
ing on the application. Innovative joining concepts

are also often needed due to the high temperatures
involved. These usually involve the use of glass-
ceramic sealants or reactive metal brazes. Applica-
tions focus either on the separation of gases alone,
i.e., the supply of oxygen or hydrogen, or on mem-
brane reactors. In membrane reactors, a chemical
reaction occurs on one or both sides of the mem-
brane in addition to gas separation. The supply of
gases is of potential interest for power plants, for
the cement, steel, and glass industries, for the medi-
cal sector, and for mobile applications. Membrane
reactors can be used to produce base chemicals or
synthetic fuels.
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1 Introduction

Ceramic membranes are used to separate gases from gas mix-
tures or to produce chemicals (e.g., syngas, base chemicals, or
synthetic energy carriers) in situ within membrane reactors [1].
These membrane reactors are modular and can theoretically be
utilized wherever unexploited heat or power is readily available,
making them highly efficient and flexible.

Since the availability of renewable energy is currently soar-
ing, there is urgent demand for flexible energy storage options
and methods for synthesizing chemical energy carriers. These
energy carriers can be produced by means of ceramic gas sepa-
ration membranes in the form of membrane reactors and can
subsequently be converted back into energy using existing
infrastructure. They can therefore be used to reliably bridge
periods when very little energy from renewable sources is fed
into the grid, thus avoiding the resulting high electricity prices.
The broad range of membrane reactor processes that exist
means that the ambient conditions present in the different
processes vary considerably. Membranes and components can
be tailored to many of these processes by adapting the material
properties and microstructures. Tailoring membrane and reac-
tor designs to a specific process, and subsequently integrating
them into the overall process in a targeted manner, facilitates

high efficiencies and prevents membrane modules from being
exposed to unnecessary loads.

There are two different types of ceramic gas separation
membranes: microporous membranes and dense membranes.
In porous membranes, the process of material separation is
based on the principles of size exclusion and/or adsorption and
desorption effects. Ceramic membranes are more expensive to
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produce than polymer membranes and are therefore used in
applications where polymer membranes cannot be utilized due
to lower separation performances, higher temperatures, or
aggressive ambient conditions. Fig. 1 shows examples of sepa-
ration applications on the basis of membrane pore size. Poten-
tial applications of microporous membranes include the purifi-
cation and treatment of water and chemicals, the dehydration
of alcohol, a range of medical applications, and separation tasks
in the food industry.

While ceramic membranes with pore sizes above 1 nm are
commercially available and already utilized in a variety of sec-
tors, gas separation membranes with a pore size of ca. 0.5 nm
and lower are still in the research and development stage.

In contrast to microporous membranes, material separation
in dense ion-conducting ceramic membranes is based on diffu-
sion processes. These involve the movement of ions through
the crystal lattice. Electron transport may also take place in the
lattice. The diffusion process is thermally activated, requiring
operating temperatures of several hundred degrees Celsius.
Since there is almost no limit to the selectivity of the separation
mechanism, these membranes are equally suited to producing
high-purity gases and chemicals in reactors. To date, these
dense membranes have been studied and utilized in applica-
tions producing pure oxygen or hydrogen in fuel cells, electro-
lyzers, membrane reactors, and solid-state electrolyte batteries.

In order to achieve the required performance, the mem-
branes are fabricated as a thin layer (< 100 mm) on a porous
substrate. Apart from performance, other important criteria for
future applications include long-term stability under corrosive
conditions and mechanical loads as well as the technology used
to join the membrane and the housing. The way in which
membranes are integrated into a system and operating condi-
tions are adjusted, holds great potential for the efficient and
sustainable use of membranes. In addition, tailor-made materi-
als can also be developed for long-term use. Depending on the
process, these materials must exhibit chemical stability in oxi-
dizing or strongly reducing conditions, and often also in
atmospheres containing H2S/SOx, COx, or NOx.

2 Dense Membranes

In principle, dense membranes are gas-tight; mass transport
occurs via ion diffusion through the crystal lattice. The mem-
branes are also electrically conducting, which enables charge
compensation. These mixed ionic-electronic conductors
(MIECs) can transport either oxygen ions or protons and can
therefore be used to separate pure oxygen from the ambient air
or to purify hydrogen in chemical processes.
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Figure 1. Applications of ceramic membranes based on pore size.



2.1 Materials

When it comes to selecting materials, two basic options are
available: single-phase ceramics and composites. Since trans-
port (see Sect. 2.2) in single-phase MIECs is effected through
defects (vacancies) in the crystal lattice, there is a trade-off
between permeability (as many mobile defects as possible) and
stability (as few mobile defects as possible). In composite mate-
rials, two separate phases can be chosen with ionic and elec-
tronic conductivity, respectively, which are stable under appli-
cation conditions. However, these phases must be compatible
both chemically and in terms of their thermal expansion
behavior. In addition, the proportion of the ion-conducting
phase should be maximized to keep the effective area for ion
transport as large as possible, while making sure that the elec-
tron-conducting phase percolates in the matrix, thus ensuring
charge compensation.

High-MIEC ceramics are frequently found in the perovskite
system ABO3-d, where A is one or several elements of the
lanthanide series (La, Pr, Nd, etc.) or alkaline earths (Ba, Sr),
and B is a transition metal (Mn, Cr, Ti, Co, Fe, Ni) [2]. Ferrites
and cobaltites in particular offer high permeability (in combi-
nation with low stability). Strontium-titanate-based materials
are a promising alternative [3, 4] with much higher stability. In
composites, doped ZrO2 or CeO2 are most commonly used as
ion conductors. These are sintered with electron-conducting
ceramics to form a composite material [5].

In the field of proton-conducting membranes for gas separa-
tion, fluoritic materials such as La6-xWO12-d (LWO) are prom-
ising candidates due to their chemical stability and compara-
tively high permeability to hydrogen [6–13]. Other suitable
material classes include niobates (e.g., LaNbO4) and pyro-
chlores (e.g., La2Zr2O7) [14, 15]. If an external electric circuit is
used, perovskite electrolytes are an attractive option. The BaZ-
rO3-BaCeO3 system is the most relevant here, since the combi-
nation of the two oxides offers a good trade-off between stabil-
ity (primarily in atmospheres containing CO2) and high
proton conductivity. Y2O3 is also added to increase the concen-
tration of vacancies [16–22]. In composite materials, it is
possible to combine materials that conduct only protons with
others exhibiting high electronic conductivity. As a conse-
quence, the most frequently used combinations are those of the
BaZrO3-BaCeO3 system mentioned above (perovskite, proton
conductor) with Gd-doped CeO2 (CGO, fluorite, electron con-
ductor) [23].

2.2 Transport Through Dense Membranes

In oxygen transport membranes (OTMs), diffusion occurs
when an oxygen ion ‘‘hops’’ to a neighboring vacancy. These
movements are distributed statistically unless a driving force is
present. When a chemical potential gradient (O2 partial pres-
sure) is applied, ion hopping occurs preferably from the high-
pressure side to the low-pressure side of the membrane, result-
ing in effective oxygen ion diffusion. On the side where the
oxygen partial pressure is high, the vacancies become occupied
by oxygen ions produced on the oxide surface by ionization
and dissociation from molecular oxygen absorbed from the gas

phase. On the side where the partial pressure is low, the oxygen
is released again into the gas phase. In the steady state, the oxy-
gen diffusion jO2 is described by the Wagner equation [24]:

jO2
¼ RT

16F2 samb
1
L

ln
p¢O2

p¢¢O2

(1)

where R is the gas constant, T the temperature, F the Faraday
constant, samb the ambipolar conductivity, L the membrane
thickness, and p’O2 and p’’O2 the oxygen partial pressure on the
sides that are high and low in oxygen, respectively.

samb ¼
sionicselectronic

sionic þ selectronic
(2)

Proton-conducting oxides usually contain no H+ ions in
their ground state. These ions must be taken up from the envi-
ronment and subsequently transported through the crystal lat-
tice of the membrane material. The uptake of H+ may occur via
the following two reactions [25]:

H2 þ 2Ox
O Ð 2OH�O þ 2e¢ (3)

H2Oþ v��O þ Ox
O Ð 2OH�O (4)

where Ox
O is the oxygen on the regular lattice site, OH�O the hy-

droxide defect on the oxygen lattice site, e’ the electron, and v��O
the oxygen vacancy.

The protons that have been taken up can move through the
crystal lattice of hydrogen transport membranes (HTMs) via
two different transport mechanisms. The first, referred to as
the ‘‘vehicle mechanism’’, transports protons by means of diffu-
sion of the entire hydroxide defect via the vacancy mechanism,
in the same way as oxygen ion diffusion [26]. The second,
known as the ‘‘Grotthus mechanism’’, involves protons in the
crystal lattice ‘‘hopping’’ from one oxygen ion to the next [25].

The total flux of hydrogen through a ceramic membrane is
contingent on the proton concentration, the mobility, and the
driving force (H2 partial pressure gradient). These correlations
are illustrated in Wagner’s transport theory for hydrogen sepa-
ration membranes [27]:

jHþ ¼
�RT
2F2L

ZII

I

se� tHþd lnpH2
(5)

The equation includes process parameters (T: temperature,
pH2: hydrogen partial pressure), material parameters (se–: elec-
tronic conductivity, tH+: transport number for protons), a ge-
ometry parameter (L: membrane thickness), the gas constant
R, and the Faraday constant F.

2.3 Microstructure of Dense Membranes

Since the permeation rate of a membrane – irrespective of the
transport mechanism involved – is inversely proportional to its
thickness, membranes should always be fabricated as a thin
layer on a porous substrate [28] (Fig. 2).
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The thickness is typically in the range of a few 10 mm
[29–33]. Thicknesses of less than 10 mm have already been
achieved, but this results in only a minor performance increase
[34] and leaks become far more likely. The reason for the low
increase in performance is the porous substrate, since in the
case of very high permeation rates, gas diffusion through the
pore network is a limiting factor [35, 36].

In order to improve gas transport through the porous sub-
strate, the microstructure must be adapted, i.e., the number,
size, and length of the transport paths. A greater number of
transport paths with the same pore sizes can be achieved by
increasing pore content (porosity). However, this usually has
an adverse effect on mechanical stability. The porosity that is
tolerable for mechanical stability depends on the mechanical
properties of the substrate material [37–40]. Transport paths
can be enlarged by increasing the pore opening diameters,
making gas diffusion instead of Knudsen diffusion the domi-
nant transport mechanism. This requires pore opening diame-
ters of more than 20 mm [36]. The length of the transport paths
can be described in terms of tortuosity, i.e., the ratio of path
length to substrate thickness. The minimum tortuosity is 1,
where the path length corresponds to the substrate thickness.
Tortuosity usually decreases with increasing porosity. Different
manufacturing technologies can be used to vary the shape and
tortuosity of the pore channels. For example, freeze casting and
phase-inversion casting produce straight channels with defined
diameters.

In cases where the performance limitation can be overcome
by optimizing the substrate microstructure, it will, however,
converge towards a limiting value. The reactions of ion inser-
tion and extraction on the membrane surface become increas-
ingly rate-determining, because they occur at a progressively
slower pace than ion transport through the membrane or gas
transport through the substrate, respectively. In order to accel-
erate the insertion and extraction reactions, the reactivity of the
surfaces can be improved using catalysts, or the surface area
can be increased geometrically by means of a porous layer. The
aim is to make the active area as large as possible while keeping
layers thin in order to avoid limitations caused by gas diffusion
processes [41–43].

2.4 Fabrication of Dense Membranes

The entire process of permeation must be studied in detail to
identify the ideal membrane architecture and the appropriate
manufacturing techniques. In addition to these aspects, which
are related to the microstructure, the design of the membrane
module determines external mechanical loads, which in turn
have an impact on the required microstructure and thus the
manufacturing techniques.

The different approaches to membrane modules are based
on different membrane geometries, i.e., tubular, planar, hollow-
fiber, and honeycomb structures. It has been shown that each
of these designs has specific advantages and disadvantages, so
that each individual case needs to be evaluated separately with
a view to application requirements and available technology
[44].

Planar membrane structures can be produced by means of
multi-axial pressing, extrusion, or tape casting. Development
currently focuses on tape casting because pressing has consid-
erable drawbacks for mass production, and extrusion only
allows for components with limited lateral dimensions. Tape
casting, in contrast, offers a high degree of flexibility in terms
of the size and design of flat ceramic components as well as in
mass production, as is shown by the production of ceramic
components in the field of electronics [45]. Pore-forming
agents such as graphite or starch can be added to the slips to
introduce the desired porosity [46]. The green tapes can be
produced in a simple and reliable manner. In addition, multi-
layer components can be fabricated through the laminating or
sequential tape casting [28, 46] of different layers, followed by a
co-sintering step.

Sequential tape casting was developed to reduce the number
of foils to be laminated [46]. In this method, the first step con-
sists of casting the thin membrane layer. After drying, a similar
slip with a defined amount of pore-forming agents is cast onto
the first layer. Because the same solvent is used, some of the
additives contained in the membrane layer will dissolve again,
joining the foils together. In the case of planar modules, a par-
ticular challenge is posed by the manifold different gas streams,
i.e., supply, retentate, sweep, and permeate. The planar mem-
brane components can be integrated into a module using metal
or glass sealants or seals between the membrane layer and the
metal housing [47, 48]. Analogous to planar solid oxide fuel
cells, membrane components can be inserted into stackable
metal frames to achieve high packing densities [49, 50].

Most membranes are tubular in shape. They can be fabri-
cated in any size down to hollow fibers and combined to form
membrane bundles. Tubular membranes are usually produced
by extrusion. One of the greatest challenges in fabricating tubu-
lar membrane modules is the gas-tight connection of each indi-
vidual tube to the metal housing. This is frequently addressed
by cooling the metal base plate of the module to temperatures
below 200 �C, which facilitates the use of simple sealing techni-
ques such as crimping or bonding. However, these processes
involve a significant loss of active membrane area because a
sufficient flux of oxygen through the membrane can only be
achieved at temperatures starting from 600–700 �C.

Reducing the membrane diameter to increase the ratio of
surface area to volume led to the development of ceramic capil-
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Figure 2. Fracture surface of a thin dense oxygen transport
membrane on a porous substrate with surface activation on the
upper surface.



laries, which are often referred to as hollow fibers. These are
either extruded to a given minimal diameter or spun using the
phase-inversion method developed for polymer fibers [51]. If
the inner diameters are small, the capillaries produce a major
pressure drop along the longitudinal axis. This means that,
depending on the application requirements, the length of the
capillaries must be limited. As a consequence, a large number
of capillaries must be used per module, and each of them must
be sealed individually. This still constitutes a considerable chal-
lenge.

Schulz et al. [52] bundled seven capillaries in a tube made of
the same material using an all-ceramic high-temperature seal.
This strategy reduces the number of critical joints between
ceramic and metal materials and minimizes the use of addi-
tional sealants, such as glass. Multi-channel tubes and honey-
comb structures have also been developed and fabricated by
means of extrusion. However, the reliable production and
reproducibility of the connections for the homogeneous distri-
bution of the gases between the different channels poses anoth-
er significant challenge here.

2.5 Current Research Topics

Due to the multitude of potential applications and ambient
conditions, there is great demand for materials that are adapted
to specific requirements. Doping allows existing high-flux
materials to be stabilized [53–58] and the performance of
chemically very stable materials to be improved [3, 59–63].
However, materials development is currently focused on com-
posites, both because a large variety of material combinations is
available and because their microstructure can be tailored to
control the performance and stability of the membrane.

To further improve the performance of membranes, novel
microstructures that allow gas to be transported more effi-
ciently through the substrate are being studied based on trans-
port models. Transport modelling allows bottlenecks in the
membrane structure to be identified at an early stage. This
means that the modelling results can be factored into the
choice of exisiting production technologies and can help to
substantiate the need for new production technologies. For
example, freeze casting [36, 64] and phase-inversion tape cast-
ing [65–67] are currently being investigated and used for the
production of particularly straight channel structures and
defined pore opening diameters. These two methods are suit-
able for producing both planar and tubular modules, including
capillaries.

Due to the sheer number of membrane applications, the
need for membrane prototypes with tailored microstructures
and materials has never been greater. Prototype production
requires methods that are flexible in terms of both the shapes
that can be created and the materials used. Additive and sub-
tractive manufacturing methods are therefore ideal for this
purpose. Complementary to materials and microstructure
development, methods such as binder jetting and photo-poly-
merization are currently being advanced to shorten iteration
cycles in research and development [68].

Despite the fact that membrane modules for the supply of
pure oxygen and hydrogen have already been developed on a

pilot scale within various EU programs (HETMOC [69],
GREEN-CC [70–72], and ELECTRA [73]), and that industrial-
scale plants have now been established by the US companies
Praxair and Air Products [74], there is still a pressing need for
further development. In addition to module design and struc-
ture, another challenge yet to be fully met is the high-tempera-
ture joining of thin supported membranes to assemble a reac-
tor. Current research is concerned with issues relating to the
chemical compatibility between the membrane material and
the metal, to heat expansion behavior, and to the mechanical
stability at the joint.

3 Porous Membranes

Porous ceramic membranes consist of a robust porous sub-
strate onto which one or several porous ceramic layers are
applied. These membranes are currently used worldwide in
microfiltration (MF) for separating colloidal particles or dis-
solved materials from a solvent (water, organic solvent)
[75–76]. However, particularly fine-pored microporous mem-
branes are now increasingly considered as potential candidates,
e.g., for nanofiltration (NF), gas separation (GS), and the sepa-
ration of liquids (pervaporation, vapor separation) (see Fig. 1).
These microporous membranes consist of a combination of
macroporous, mesoporous, and microporous layers. The first
two are intermediate layers, whereas the topmost microporous
layer with the finest pores is able to selectively let liquid water,
water vapor, or smaller gas molecules such as He, H2, or CO2

pass through. The pore size dp of the membrane coating is usu-
ally classified according to the IUPAC definition: macroporous
(dp > 50 nm), mesoporous (2 nm < dp < 50 nm), and micropo-
rous (dp < 2 nm).

3.1 Materials, Microstructure

In practice, a microporous membrane device has a macropo-
rous substrate, at least one mesoporous intermediate layer, and
at least one microporous top layer, all arranged on top of each
other in that order. An example of such a structure is shown in
Fig. 3.

The substrate materials are often tubular porous structures
produced by means of extrusion and designed as single-chan-
nel or multi-channel elements. Different materials can be uti-
lized for this purpose, but a-Al2O3 is most frequently used.
TiO2, ZrO2, SiC, and combinations of these materials are also
regularly employed. Furthermore, membranes with a porous
metal substrate have also been investigated [77]. In order to
maximize the flux through the membrane device, the substrate
generally has a graded structure with multiple layers. The aver-
age pore size of the actual substrate structure is usually in the
range of >1–20 mm. Suspension methods are used to coat the
substrate with several macroporous layers with successively
smaller pore sizes, so that the final pore size is in the range of
approximately 50–200 nm. It should be mentioned here that
apart from tubular geometries, other structures are also avail-
able, such as planar and honeycomb designs. In addition, sim-
ple single-layer ceramic discs with pore sizes of approximately
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50–100 nm are often used for research purposes, where the
substrate’s transport resistance plays only a minor role.

For the mesoporous membrane coatings, the same materials
are usually employed, with Al2O3 in the form of g-Al2O3. The
latter has been very popular in the membrane community for a
long time because it can be relatively easily deposited as a thin
film with the desired properties (homogeneous surface, small
pores with a diameter of ~3 nm, narrow pore size distribu-
tion). g-Al2O3-based membranes are not suitable for many
real-life applications, however, because the material has insuffi-
cient chemical and hydrothermal stability. The other mem-
branes currently on the market (e.g., TiO2, ZrO2) offer much
higher chemical stability, but they are not resistant to high tem-
peratures and water vapor (hydrothermal conditions) and are
therefore of limited use in applications such as gas or vapor
separation. The focus of our work for a number of years has
been on thermally stabilized materials. Specific examples
include stabilized ZrO2 (8 % Y2O3) and CeO2 (10 % Gd2O3)
membranes with pore sizes ranging from 3 to 5 nm [78]. We
found that these are able to withstand temperatures of up to
750 �C and hydrothermal conditions (15 bar, 300 �C) without
damage. In addition, their chemical stability has been observed
at a pH of 14.

In order to achieve a separation effect in the processes
described above, the mesoporous membrane layers are further
modified by adding one or more microporous layers. The
resulting graded membrane is usually referred to as a micro-
porous membrane. The microporous top layers can be either
crystalline or amorphous. The most frequently used materials
include: (a) amorphous SiO2 and metal-doped SiO2 [79–80],
(b) hybrid SiO2 (contains carbon atoms in addition to SiO2)
[81–82], (c) oxide ceramics free from SiO2 (e.g., TiO2/ZrO2)
[83–84], (d) non-oxide ceramics (e.g., carbon, silicon carbide)
[85–86], and (e) crystalline zeolites [87–88].

SiO2-based membranes were first developed several decades
ago. They usually have a microporous SiO2 top layer with a
pore size £ 0.5 nm deposited on a substrate coated with meso-
porous g-Al2O3. These membranes have attracted considerable
interest ever since they emerged because their separation prop-
erties are suitable both for vapor separation and gas separation.
In practice, however, their use is limited to dry applications
because the material is very sensitive to water. Hybrid SiO2

membranes containing carbon (HybSiª), which have been on

the market for about 10 years, are more stable in water, but
have so far only been deposited onto mesoporous g-Al2O3 sub-
strates, resulting in an unsatisfactory overall stability of the
entire membrane device. Such membranes are also less suitable
for the separation of the smallest gas molecules (He, H2) from
larger ones (e.g., CO2, N2, CH4) using a molecular sieving proc-
ess because the pore diameter exceeds 0.5 nm. Zeolite mem-
branes are particularly well suited for pervaporation and vapor
separation applications, since at approximately 0.4 to 0.5 nm,
their pore size distribution is extremely narrow. However, the
disadvantage of the zeolite A membrane currently on the mar-
ket lies in its limited resistance to acids and alkaline solutions.
In addition, the gas separation performance of zeolite mem-
branes is usually not very high, a fact often ascribed to the high
concentration of mesoporous defects throughout the material.

In recent years, graphene, a two-dimensional single layer of
carbon atoms consisting of sp2-hybridized carbon, and gra-
phene oxide, the oxidized form of graphene, have attracted
considerable attention as potential membrane materials. Both
materials can be considered as extremely thin membrane layers
consisting of a single layer of atoms. In principle, however,
neither graphene nor graphene oxide layers are permeable to
liquids or gases, including helium, the smallest gas molecule
[89]. A permeable separation membrane is created by produc-
ing tiny openings in these layers, e.g., by means of etching
processes. Alternatively, graphene or graphene oxide layers can
be stacked to produce ‘‘few-layer’’ graphene or graphene oxide,
respectively. Their layered structure is comparable to that of
graphite. If the layers are stacked in a compact and dense man-
ner, lateral nanochannels are formed that let small molecules
such as He, H2, or water pass through, but are impermeable to
larger molecules [90].

3.2 Fabrication of Porous Membranes

In order to maximize the transport rate, the fabrication of
microporous membranes aims to produce layers that are as
thin as possible. In practice, mesoporous membrane layers are
usually between 1 and 5 mm thick (depending on the mem-
brane material and fabrication process), while microporous
membranes are typically less than 200 nm and sometimes less
than 50 nm thick. At the same time, defects in the layers, such
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as pinholes and cracks, must be avoided because they have a
strong impact on the separation properties of the membrane.
These technical requirements can be met by employing sol-gel
processes and producing the membranes under clean-room
conditions.

The majority of mesoporous membrane layers are fabricated
using a colloidal sol-gel process. Generally speaking, this
involves the hydrolysis of metal alkoxides (e.g., Al-butoxide,
Zr-propoxide) by adding water [91, 92]. This results in the for-
mation of a slurry consisting of coagulated nanoparticles,
which is converted in a colloidal aqueous system (sol) by add-
ing a so-called peptizing agent (e.g., highly charged ions). Addi-
tives such as binders are added to the sol, which is subsequently
applied to a macroporous substrate using a thin-film process.
A number of different coating technologies are suited for this
purpose, e.g., dip coating, spin coating, spray coating, and ink-
jet printing, but the latter three are less suitable for coating the
inside of tubular geometries. The coating process is followed by
a drying step at temperatures of up to 100 �C. The resulting gel
film must be heat treated at temperatures of above 400 �C in
order to pyrolyze all organic components. For commercializa-
tion and series production, fast methods of membrane fabrica-
tion are of particular interest. We have therefore implemented
rapid thermal processing (RTP), enabling to reduce the time
required for heat treatment from 2 d to less than 1 h [77].

Methods for depositing microporous membrane layers can
be divided into gas-phase and wet-chemical deposition techni-
ques. Gas-phase methods (e.g., chemical vapor deposition
[CVD]) usually produce very dense structures and have so far
been applied only in the production of gas separation mem-
branes on a laboratory scale, e.g., in the synthesis of quite dense
amorphous SiO2 layers for H2 separation [93]. Dip coating is
much more attractive for this purpose, both from an economic
and a practical perspective. Experience has shown, however,
that the colloidal process described above is impracticable for
synthesizing layers with pore diameters <2 nm. The most com-
monly used alternative method is a polymeric sol process. This
involves the condensation of partially hydrolyzed metal alkox-
ide precursor molecules in an alcoholic solution while splitting
off water, creating oligomers that form a polymeric network
during the coating process [94]. This method is currently used
to fabricate microporous layers on the basis of amorphous
SiO2, hybrid SiO2, and TiO2, both on a laboratory and an
industrial scale. In the area of zeolite membranes, hydrother-
mal synthesis, which involves the formation of zeolite struc-
tures in the presence of a template under hydrothermal condi-
tions, is usually applied. The membrane deposition techniques
used include in situ hydrothermal synthesis and colloidal
deposition followed by secondary growth. The latter method
involves dip coating a colloidal zeolite suspension of seed crys-
tals onto a substrate surface. The seed layer is then grown to
form a continuous zeolite film under hydrothermal conditions.

In general, it can be said that the commercial-scale produc-
tion of membranes with a pore diameter as small as 1 nm is
currently feasible. As an example, we would like to point to the
work of Petra Puhlfürß et al. at the Fraunhofer Institute for
Ceramic Technologies and Systems (IKTS) in Hermsdorf,
Germany, who succeeded in producing such membranes on
the basis of TiO2 [84]. These membranes are currently mar-

keted on an industrial scale by the company Inopor GmbH.
Other commercial-scale manufacturers of porous ceramic
membranes include Atech Innovations GmbH, TAMI GmbH,
Pall, GEA, Nanostone, Kerafol, LiqTech, and CTI-ALSYS, all of
which sell membranes primarily for microfiltration (MF) and
ultrafiltration (UF). As mentioned above, membranes with
pore diameters < 1 nm for gas separation and pervaporation
have also been developed on a laboratory scale. One of the key
challenges will be to produce these membranes on an industrial
scale with the necessary chemical, thermal, and hydrothermal
stability. It should also be mentioned here that preliminary
commercial-scale pervaporation/vapor separation applications
have already been implemented, e.g., with zeolite membranes
[95].
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