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Abstract

Thin films of a few um thickness for particle filtration and gas separation cannot be applied as
self-supporting layers since they are mechanically insufficiently strong. Therefore, these top
layers for particle filtration and gas separation are usually deposited on porous mechanically
strong supports with a hierarchical pore structure. To reduce the pressure drop of a gas stream
over the membrane and to ensure high fluxes in filtration and gas separation, the cross section
of the support is usually asymmetric or graded with a small thickness of the layer with the
smallest pore size called top layer. Since the pressure drop over a capillary with radius r is ~
r*, the layer with the smallest pore size should by as thin as possible. The disk-like planar
supports are usually prepared by sequential tape casting which is an expensive technology.
Tubular supports with hierarchical cross section can be prepared in one step by hollow fiber
spinning, double mantle spinning or centrifugal casting.
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1 Why are inorganic membranes often hierarchical?

Inorganic - but also organic - membranes very often have an asymmetric or graded hierar-
chical wall structure as shown in Fig. 1. The hierarchical disk-shaped planar membrane con-
sist of a stack of layers of different pore size on a mechanically stable coarse support. De-
pending on the pore size of the top layer, such hierarchical stacks can be used (i) for particle
filtration (micro, ultra and nano filtration with pore sizes up to 100 nm, 10 nm and 1 nm, re-
spectively) and (ii) for gas separation with an additional molecular sieve top layer (zeolite,
MOF, carbon ... with pores in the A-region) or a non-porous dense gas-selective top layer
(perovskite, ionic liquid, polymer).

However, also hollow fiber membranes - produced by spinning technologies — can show a
hierarchical cross section of their porosity as shown in Fig. 2. By tuning the parameters of the
spinning process, the graded asymmetrical pore structure can be obtained. Other concepts to
prepare membranes with hierarchical cross section are double mantle spinning (Fig. 3) or cen-
trifugal casting (Fig. 7).

Liquid filtration is achieved by porous organic or inorganic membranes with pore sizes larger
1 nm. To reduce the flow resistance, the top filtration layer is relative thin. Since tis layer is
not self-supporting, it is deposited on a mechanically strong wide-pore coarse support which
results in a hierarchical cross section. The advantage of inorganic filter materials is their
thermal stability, fouled membranes can be regenerated by oxidative thermal and chemical
treatment. Inorganic membranes do not swell in organic vapors or solvent, they can be steri-
lized. Ceramic filter membranes can have a relative narrow pore size distribution which gives
a sharp cut-off which will be discussed in chapter 2.

Gas separation by membrane permeation can be very energy-efficient and it usually requires
less investment costs than the competing technologies such as pressure swing adsorption and
cryogenic distillation. Correspondingly, permeation technologies have been developed for e.g.
nitrogen production and hydrogen recovery which are based on organic polymer membranes.
The separation factor of these organic polymer membranes is typically located in a moderate
range, of around 5 up to 10, but rarely higher than 20. Inorganic porous and non-porous
membranes can show much higher selectivities.Three examples of inorganic gas separation
membranes with hierarchical cross section are discussed in chapter 3: Zeolites, MOFs, and
perovskites.

The organic polymers can be easily fabricated as cheap and flexible hollow fibers or spiral
wound (plate and frame) membranes which is an important advantage of organic over inor-
ganic membranes. However, (i) their selectivities are rather moderate, (ii) they can be dam-
aged or even destroyed by solvents, and (iii) they are not thermally stable at temperatures
necessary for regeneration by calcinations (combustion of the organic residues). Inorganic
membranes like porous metals, carbons or metal oxides do not show these disadvantages.
However, they suffer from brittleness, thermal expansion problems and relative high produc-
tion costs.
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Fig. 1 Typical planar ceramic membrane obtained by sequential tape casting with a gas selec-
tive layer on top. a) A metal-organic framework (MOF) type ZIF-8 layer on an asymmetric
graded titania support [1], b) Principle of a supported membrane: The um-thick separation
layer is deposited on a macroporous ceramic or metallic support. To reduce the pressure drop
across the support, i.e. to minimize the flow resistance, usually asymmetric (graded) supports
with hierarchical cross section are used.

Fig. 2 Typical organic and inorganic hollow fiber membranes with hierarchical cross section.
In a) and b), the hierarchical wall structure is obtained by tuning the parameters of the phase
inversion spinning. a) Polysulfon hollow fiber membrane for controlled insulin release [2]. b)
Alumina hollow fiber membrane with asymmetric hierarchical cross section obtained by spin-
ning. (A) entire and (B) partial cross section, (C) inner and (D) outer surface [3]. Reproduced
with permission from the American Chemical Society.
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Fig. 3 The hierarchical structure is produced by double mantle spinning. a) Double mantle
spun polylactide hollow fiber membranes for the use in hemodialysis [4]. b) Sintered metal
membrane that combines high permeability and very low pressure drop, yet retaining all the
advantages of sintered metal filters [5].

To minimize the flow resistance, i.e. to minimize the pressure drop over the membrane, the
supports are of hierarchical structure. This hierarchical structure - as shown in Figs. 1 to 3 - is
also called graded or asymmetric. Since the pressure drop over a porous layer is the larger the
smaller the pore diameters are, the layer thickness in a hierarchical membrane becomes small-
er in the direction of the small pore layers. Besides the pressure drop, there is another practi-
cal reason to built graded asymmetric structures. The layers are deposited consecutively, i.e.
layer-by-layer. First the coarse layer is deposited, followed by a microfiltration layer, by an
ultrafiltration layer and finally by a nano filtration and top layer (zeolite, MOF, carbon, metal)
which give the selectivity. Becoming increasingly smaller in the pore size it can be avoided
that in a certain deposition step the slurry to be deposited infiltrates the pores of the previous
layer thus blocking them. Also for the deposition of the gas selective top layer it is advanta-
geous if this layer does not penetrate the graded support thus blocking the transport pores.

It has to be noted that the development of membranes with hierarchical cross section is na-
ture-inspired. Fig. 4 shows the cross section of a privet leaf, of a planar commercial TiO, ultra
filtration membrane and of a hollow fiber polymer membrane. Biology often uses hierarchical
networks to bridge scales and facilitate transport [6]. In context of chemical engineering, this
approach is called nature-inspired chemical engineering (NICE) [7].

Fig. 4 Nature-inspired hierarchical membrane structures. (a) Cross section of a privet leaf [8].
(b) Fracture of a commercial TiO, ultrafiltration membrane of the company inopor [9]. (c)
Cross section of a commercial blood hemodialysis membrane of Gambro’s Polyflux Re-
vaclear dialyzers [10]. The main components separated are urea and 3, (beta-2-microglobulin
is a large molecule with a molecular weight of about 11,600 Daltons).
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During the last few years, numerous inorganic membranes with hierarchical cross section
have been developed not only zeolite and MOF but also supported metal and carbon mem-
branes such as shown in Fig. 5 for supported metal and carbon membranes.

(b)

Fig. 5 Examples of inorganic membranes with hierarchical cross section. (a) 0.6 pm Ag/Pd
(23% Ag) membrane on a ceramic support obtained by current less plating [11]. (b)An about
1 um carbon layer on top of a ceramic support obtained by pyrolysis of a polymer blend [12].

In his contribution to this issue of Chem. Soc. Rev., W. Schwieger gives a clear definition of
hierarchical materials (Fig. 6). It follows from Fig. 6 that supported membranes as shown in
Figs. 1 - 5 fulfill the definition of Type I hierarchical materials.

No hierarchy

Type ll

Fig. 6 Hierarchical materials
after Schwieger et al. [13]. Re-
produced with permission from
the Royal Society of Chemistry.
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As mentioned above, the selective separation layer is in general deposited on one or several
supporting layers having larger pores. For the sake of simplicity the mass transfer through
such composites is frequently modelled using integral parameters. However, this simplified
description has serious limitations, e.g. it is not capable to quantify the often observed effects
of direction dependencies of flow and selectivity. In ref. [14] the mass transfer is studied sim-
ultaneously to the production process of asymmetric membranes. The dusty gas model was
capable to describe the overall transport in a wide parameter range for both flow directions.

Page 6 of 22
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The asymmetric, i.e. graded cross section structure of the supported molecular sieve mem-
branes justify to regard them as hierarchical materials of Type I following Fig. 7. On the other
hand, this hierarchical layered structure as shown in Figs. 1 - 5 is responsible for the high
costs of zeolite or MOF membranes prepared on hierarchical porous ceramic supports. About
80-90% of the costs of a zeolite membrane are contributed to the graded tubular or planar
ceramic (alumina, zirconia, titania...) support [15]. These costs are mainly due to the fact that
after each layer coated, a firing step has to follow before the next layer can be coated which
has to be fired again. Therefore, different concepts are followed for a one-step cheap prepara-
tion of hierarchical supports. One of the concepts is centrifugal casting or rotocasting. This
technique is typically used to cast thin-walled metallic cylinders. A molten metal is centrifu-
gally thrown against the inside mold wall at a high speed (300 — 3000 rpm) where it solidifies
after cooling. The technique of centrifugal casting can be applied also to produce in one step
tubular membranes with hierarchical wall structure [16,17,18], as shown schematically in Fig.
7. Tubes can be produced easily by centrifugal casting of a weakly coagulated aqueous slurry
in rotating tubular molds under accelerations between 20 and 100 times of gravitational accel-
eration. Note, that in this technique a slightly polydisperse suspension has to be taken.

Fig. 7 Principle of centrifugal casting to get tubes with hierarchical wall struc-
ture in one step [19].
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2 Case study one: Use of pore membranes with hierarchical pore structure in filtration

Since inorganic membranes are stable against swelling by organic feeds and solvent mole-
cules, they can be used properly in filtration. Further, ceramics are hydrophilic and, therefore,
especially water can be transported. Fig. 8 shows a TiO, ultrafiltration membrane which is
used in dye works industry for the recovery of dye from waste water. Fig. 9 gives an overview
over micro ultra and nano filtration membranes. Tab. 1 shows the separation performance of
the micro, ultra and nano filtration membranes. Fig. 10 shows as an example that filtration
membranes with ceramic nano-, ultra- and micro-filtration top layers can have relative sharp
pore size distributions in comparison with organic porous membranes.

' Fig. 8 Graded TiO; high-flux nano filtration membrane with
*% a cut-off of 15 A as it is used for the recovery of dyes from

Micro Filtration Ultra Filtration Nano Filtration
Rejected .
s Rejected Rejected
B o Colloids Color
Viruses Hardness  F1g. 9 The three membrane

filtration processes: Micro
(MF) , ultra (UF) and nano

Permeate Permeate Permeate (NF) filtration [21]
Colloids Color Salts (fraction)
Viruses Hardness Water
Color Salts
Hardness Water
Salts
Water
Table 1 Hierarchy of particle filtration membranes
Process Micro filtration (MF) | Ultra filtration (UF) | Nano filtration (NF)
Pore size I pm—0.1 pm 100 nm — 2 nm <2nm
Objects separated | Microorganisms, plank- Viruses, colloids, Large ions, dissolved
ton, bacteria algae, sus- macromolecules, organic carbon
pended solids, oil-water | milk protein, gelatin, | (DOC), large hydrat-
emulsions protein fractionation, | ed ions, deminerali-
milk and whey frac- zation
tionation
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Fig.10 Pore size distribution for several commercial nano filtration (NF), ultra filtration (UF)
and micro filtration (MF) membranes as well as several supports of inopor GmbH [9].

As stated above, the main reason to build hierarchical pore structures is to minimize the pres-
sure drop over the porous membranes. The volumetric flow F (m’s™) through a capillary is
described by the well-known Hagen-Poiseuille equation (eq. (1)) which gives the pressure
drop AP in an incompressible and Newtonian fluid of viscosity n (Pa-s) in laminar flow flow-
ing through a cylindrical capillary of length L of constant radius r.

_ 8yLF

AP 2 eq. (1)
a

With other words, the volumetric flow F is proportional AP-r*L”. We have to note that eq.
(1) describes the volumetric flow through one capillary. For the calculation of such membrane
parameters like flux density (F per area) or permeance (F per area and pressure difference
over the membrane), we have to consider the pore density per membrane area.

By a hierarchical structure, in ref. [22] polysulfone, polyvinylpyrrilidone or blends of these
polymers with enhanced fluxes for the separation of oil-water nano-emulsions have been de-
veloped. The challenge of this membrane development can be described as follows: The thin
nanoporous layer is necessary for the high selectivity but it is linked to a high pressure drop,
while the thick microporous layer yields high high flow rates with low flux resistance and
pressure drop, giving the mechanical stability. The thickness of the microporous layer must be
sufficient to render the membrane mechanically robust. However, the thickness and the pore
size of the nanoporous layer must be carefully optimized since especially the pressure drop
AP and the volumetrix flow F depend on the pore size r*. The aim is to find out the maximum
flow rate while still rejecting the water droplets. The optimized hierarchical membrane struc-
ture is shown in Fig. 11.
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Fig. 11 Image and schematic of hierarchical membrane. (a) Photo of the polysulfone mem-
brane. (b) SEM of the cross section of PSf membrane showing the hierarchical geometry fea-
turing a skin layer. (c) Idealized schematic of a hierarchical membrane showing a skin layer
with small pores and a support layer with larger pores [22].

However, the Hagen-Poiseuille law (eq. (1) describes the volumetric flow (V in m3s'1)
through one capillary — or normalized per membrane area — the volumetric flow through an
ensemble of parallel straight capillaries. Since real filter membranes consist of a hierarchical
system of branched pores (as shown in Fig. 12), the bifurcation angle becomes an important
parameter. By using computational fluid dynamic simulations in ref. [23] the effect of porosi-
ty, pore size, and bifurcation angle on the fluid behavior and pressure drop for flow networks
with hierarchical bifurcation flow passage as shown in Fig. 12 has been studied. The amount
of fluid that travels through the tree-like membrane before passing through the porous disks is
highly dependent on the bifurcation angle. The effect of bifurcation angle on pressure drop
was found to be highly dependent on porosity and pore size. The bifurcation angle had the
greatest impact on pressure drop at low porosities and small pore sizes.

Fig. 12 Nomenclature and coordinate system for branching flow networks. The numbers k=
0...3 indicate the k™ order branch (reproduced from ref. [23] with permission).

10
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3 Case study two: Gas separation membranes with hierarchical cross section

The top layer of the particle filter membranes with the smallest pore size as discussed in the
previous chapter is about 1 nm for nano filtration. This pore size allows Knudsen separation
of gas mixtures but no molecular sieving. Therefore, another gas-selective top layer has to be
brought on the graded asymmetric wall, a permselective porous (zeolite, metal-organic
framework (MOF)) or dense (perovskite).

3.1 Zeolite membranes with hierarchical structure

The state of the art of zeolite membrane preparation, characterization, permeative testing and
industrial application is just recently reported in [24]. As an example, Fig. 13 shows a sup-
ported ZSM-5 layer on a graded asymmetric titania support giving a pore membrane with
hierarchical pore structure. It is interesting to note that in this special case titania instead of
alumina supports have been selected to avoid any acid sites in on the silicalite I (Al-free
ZSM-5) top layer since this membrane was designated for olefin separation [25].

Fig. 13 SEM images of the cross section of
a supported ZSM-5 membrane on a hierar-
chical TiO; support . The cross section
shown in (a) was simply broken. (b) shows
a cross section polished with Ar ions. Ener-
gy dispersive X-ray spectroscopy (EDXS)
shown in (c) was applied to identify the
element distribution: Si in orange, Ti in
turquoise [26]. Reproduced with permission
from Elsevier.

ZSM-5 membrane ZSM-5 membrane

O, sUpport

Often, an orientation of the grown top layer zeolite film can be stated from the comparison of
the powder XRD with the XRD of the supported zeolite film. Fig. 14 gives 2 examples.

11
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Fig. 14 Powder XRD and SEM (top view with crystal orientation) and cross section as de-
duced from comparing the XRD of the powder with the supported layer: LTA (left) and SOD
(right) [27]. Reproduced with permission from Elsevier.

Zeolite membranes match very well to ceramic or metal supports since (i) most zeolite struc-
tures are prepared by means of structure-directing agent (SDA), also called template. The or-
ganic SDA molecules become incorporated during zeolite crystallization into the zeolite latte
and have to be removed before zeolite application by thermal calcination in air at about 500
°C. (ii) Some zeolite structures like LTA, FAU and to some extent MFI can be prepared with-
out SDA, but also in this case inorganic supports are necessary for the thermally-oxydative
regenation of zeolite membranes blocked by accumulated traces of high-boiling impurities.
However, if the graded asymmetric structure of the ceramic support is produced by sequential
tape casting, the costs of the supported zeolite membrane are dominated by the support and
not by the zeolite film [28]. Therefore, zeolite membrane costs are a major factor to be con-
sidered for industrial applications. An estimated price limit of membranes for petrochemical
applications is € 200m™ [29,30]. In contrast, at present the prices for zeolite membranes are
estimated to be close to € 1.000 m™. For comparison: The price of a typical polymer mem-
brane in flat geometry is approximately €10 m™ hollow fibers are approximately €5 m™ [31].
Although the manufacture of inorganic membranes is more expensive than the production of
polymeric ones, the long-term cost implications due to their chemical and thermal stability
make the use of inorganic membranes a viable option. A reduction of the prices of zeolite
membranes can be expected by using honeycomb substrates with a higher membrane area per
membrane element.

12
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3.2 Metal-organic framework (MOF) membranes with hierarchical structure

There are some intrinsic properties of MOFs in comparison with zeolites, which allow an easy
and cheap synthesis:

e Most MOFs can be formed at low, even room temperature, by repeated dipping of a
substrate in linker and metal solutions.

e The linker molecule of a MOF allows chemical functionalization which enables a co-
valent link of a MOF to the substrate or to attach seed crystals to the substrate surface.

e After synthesis, MOFs contain only solvent molecules in their pore system which can
be removed by evacuation at soft temperatures (< 100°C) thus allowing the formation
of MOF layers on organic substrates.

As shown in case study one, there is some progress in the development of zeolite membranes.
However, especially the long-term stability, T-cycling, regeneration and the difficult housing
have prevented so far a major industrial use of zeolite membranes. Nevertheless, there is a
healthy optimism that MOFs as a new star at the sky of nanoporous materials can solve these
problems [32]. As hybrid organic-inorganic material, MOFs consist of metal cations or cati-
onic oxide clusters that are linked by organic molecules thus forming a crystalline network.
MOFs, often also termed as coordination polymers. As a coordination network, the MOFs are
mechanically less stiff and brittle as zeolites [33]. Therefore, MOFs frequently show a high

degree of framework flexibility, which results in effects such as “breathing”, “gate opening”
and “linker dynamics” [34].

All the tools from the preparation of supported zeolite membranes such as seeding, micro-
wave heating, ceramic porous supports, or intergrowth-supporting additives can be applied for
the synthesis of MOF membranes. The organic linker molecules have a high potential for spe-
cific functionalization allowing (i) the tuning of adsorptive interaction and (ii) the control of
the pore size and accessible pore volume via the size of the functional groups.

Therefore, in a relative short time the first MOF membranes with molecular sieve properties
have been developed. Highlights are the highly permeable ZIF-8 membrane for CO,/CHj4 sep-
aration [35], the copper-net supported HKUST-1 membrane with H,/N; selectivity of about 7
[36], the Co3(HCOO)¢ membrane with a CO,/CHy selectivity of up to 16 [37], a small pore
MOF with 0.32 nm pore size for H»/N, separation on alumina support [38], or the supported
ZIF-69 membrane with a broad selectivity for different gas mixtures [39]. However, these
MOF membranes show still a lower CO,/CH,4 selectivity than the best zeolite membranes
SAPO-34 [40] and DDR [41] membranes with separation factors above 115 and 4000, respec-
tively. In our group we developed ZIF-7 [42], ZIF-8 [43], ZIF-22 [44], and ZIF-90 [45]
membranes for the molecular sieving of hydrogen. These ZIF membranes have been operated
up to 200 °C and they were found stable at this temperature even in the presence of up to 3
vol.% steam.

The zeolitic imidazolate frameworks (ZIFs) form a sub-family of MOFs. In ZIFs, metal cati-
ons (e.g. Zn*", Co*", Cu*") are tetrahedrally coordinated by imidazolate linkers frequently
resulting in a relative thermally and hydrothermally stable network showing zeolite topolo-
gies. A well-known ZIF structure is ZIF-8, in which 2-methylimidazolate anions are linked to
Zn*" cations resulting in an expanded SOD structure. Another well-known MOF structure is
ZIF-7 where the Zn”" ions are interconnected by benzimidazolate anions (Fig. 15).

13
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Fig. 15 SOD
frameworks of
ZIF-7 and ZIF-

|
benzimidazolate 2-methylimidazolate

ZIF-8
cubic sodalite

znb

ZIF-7
hexagonal distorted sodalite

Fig. 16 shows a typical cross section of a supported ZIF membrane with “molecular sieving”
properties. The MOF layer was relative thick (30 um). By applying seeding in combination
with microwave heating, the ZIF layer could be reduced to about 1 um as shown in Fig. 17.

The concept of this widely used technique consists in the decoupling of (i) nucleation and
seed formation at high supersaturation, and (ii) growth of the seed crystals to a continuous
layer at low supersaturation. Usually, in the crystal growth step a new nucleation can be
avoided and only the seeds grow to the molecular sieve layer. Therefore, the layersw obtained
by secondary growth are less polycrystalline.

Fig. 16 Cross section of a ZIF-8
membrane on a macroporous titania
support. Left: Scanning Electron Mi-
croscopy. Right: Energy dispersive X-
ray spectroscopy (EDXS) in mapping
mode, the element Zn is in orange and
)i the element Ti in cyan showing the
" sharp transition between MOF layer

S0 kM Uil g b o 30 . and support [43]. Reproduced with

permission from the American Chemical Sorcrzriety.

Provided, that the support surface is covered by a homogeneous and dense seed layer, relative
thin zeolite and MOF layers can be obtained. This seeding or secondary growth technique can
be combined with a quick heating up of the autoclaves by microwaves. In the case of micro-
wave heating, a new nucleation at heterogeneous surfaces (support, autoclave walls) is kinet-
ically suppressed by the quick heating up, and only the seeds grow to the layer. As an exam-
ple, Fig. 17 shows, that an about 1 um thin supported ZIF-7 molecular sieve layer could be
obtained by combined seeding and microwave heating.

T e

Fig. 17 About 1 um thin MOF ZIF-7 layer on
an alumina support prepared by seeding (sec-
ondary growth) in combination with micro-
wave heating [46]. Reproduced with permis-
sion from Wiley-VCH.

14
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In the above examples, the gas-selective MOF layer has been crystallized on top of a graded
asymmetric ceramic support. Since MOFs contain after crystallization no structure-directing
agent (SDA) but only solvent molecules, MOFs can be activated for adsorption or permeation
by heating at reduced pressure or under a sweep gas to temperatures 100 — 200 °C. Therefore,
MOFs can be grown on polymeric supports that can stand this mild activation. On the other
hand, the termal-oxidative regeneration of blocked MOF membranes (e.g. by high-molecular
residues) is not possible. There are novel low-temperature synthesis strategies for MOF mem-
brane layers.

Some commonly used approaches for MOF thin films preparation are growth from sol-
vothermal mother solutions (using self-assembled monolayers, SAMs) [474849], colloidal
deposition, layer-by-layer or liquid phase epitaxy of SURMOFs [5051525354], electrochemi-
cal synthesis [55565758], evaporation induced crystallization gel-layer synthesis and micro-
wave-induced thermal deposition [5960].

If a porous support separates an aqueous and an organic solvent, one of the solvents contains
the metal ion, the other the linker molecule, then a MOF layer forms at the contact zone pol-
ymer support — aqueous solvent [6162] or inorganic support — organic solvent [63].Recently,
a concept for a scalable and inexpensive for processing MOF membranes in polymeric hollow
fibers has been developed [64].

In the layer-by-layer (LbL) deposition technique [65], a support is repeatedly dipped into a

solvent containing metal ions or linker molecules with a washing step in-between. Recently a
spraying technique for the deposition of MOF layers on solid surfaces has been reported [66].

15
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3.3 Oxygen transporting perovskite membranes with hierarchical structure

The concept of hierarchical structures to have high fluxes through reduced transport resistanc-
es, has been also applied for oxygen-transporting perovskite-like membranes. Note that in this
case the oxygen-selective top layer must be dense, whereas the support shows a porous struc-
ture to facilitate gas transport. As an example, the asymmetric Bag sSty sCog sFep203-5 (BSCF)
perovskite oxygen transporting membranes consist of a dense oxygen separation layer on a
porous BSCF support layer. Both layers were manufactured by tape casting using a BSCF
powder, which provides perfect chemical compatibility and the same thermal expansion of the
two layers. Two different slurries were prepared for the membrane layer and support layer.
The slurry for the support layer contained 20 wt.% corn starch in relation to the total solid
content as pore former, whereas the slurry used for the membrane layer did not contain any
corn starch as pore former. After sintering at 1100 °C for 3 h in air, the disc membrane con-
sists of a dense top layer of about 70 pm and an 830 pum thick porous support layer with 34%
open porosity [67], as shown in Fig. 18. This membrane has been successfully used in a cata-
lytic membrane reactor for thermal water splitting on the porous support side of the oxygen-
transporting BSCF membrane and oxidative coupling of methane to C,+ hydrocarbons on the
dense side of the BSCF membrane [68].

- Fig. 18. SEM micrographs of the BSCF
membrane: (a) overview of the membrane,
(b) cross section of the dense BSCF part, (¢)
surface of the dense BSCF side, (d) cross
section of the porous BSCF part which acts
. as support for the dense part [67]. Repro-
" duced with permission from Elsevier.

In the last years, the sequential tape casting technology at FZ Jiilich has been developed and
supported membranes with about 20 um dense BSCF perovskite layer can be prepared (Fig.
19) [69]. Such thin BSCF membrane could be used in a novel concept for the transformation
of methane to aromatic fuels and chemicals called methane de-hydro-aromatization [70].

Fig. 19 Cross section of the high-flux
Bay 5519 sCog sFep203.5 (BSCF) perovskite mem-
brane developed at FZ Juelich. The black spots in
Dense BSCF layer the top layer indicate a harmless closed porosity
[71]. Reproduced with permission from Wiley-
VCH.

16
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Another newly developed asymmetric ultrathin perovskite LSCF (Lag¢Sro4Co¢2Fe0s03.5)
membrane [72] is shown in Fig. 20, a thin (25 pm), dense LSCF layer was supported by a
mechanically stable porous LSCF layer of the same chemical composition that was approxi-
mately 800 pm thick. The LSCF material was selected as the oxygen-permeable membrane,
as it combines high permeability with an intrinsic catalytic activity towards the oxidation of
ammonia.

Fig. 20. Cross section of the

Lag 6Sro.4
Cop,Fep30s35 (LSCF) perov-
skite membrane developed at
FZ Jilich and used in the NH3
partial oxidation to NO [73].
passsssssy Reproduced with permission

50 pm from Wiley-VCH.

-

LSCF Iayer

8 Dense
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4 Conclusions

Both organic and inorganic hierarchical filter and gas separation membranes usually
show a nature-inspired asymmetric or graded hierarchical cross section. On a coarse
support, layers with decreasing pore size are deposited. In case of gas separation
membranes, on top of the hierarchical multi-layer membrane is the gas-selective top
layer.

This hierarchical structure helps to have the pressure drop over the membrane (gas
separation) or the transmembrane pressure (particle filtration) as low as possible and
ensures high fluxes.

Inorganic graded or asymmetric membranes as (i) plates and (ii)
tubes/capillaries/fibers with hierarchical wall cross section can be prepared by (i) se-
quential tape casting, and (ii) the graded asymmetric pore structure is obtained by tun-
ing the parameters of phase inversion spinning or by double mantle spinning.

In particle filtration applications, the top layer can have a pore size of 100 nm (micro
filtration), 10 nm (ultra filtration) or 1 nm (nano filtration). In molecular/atomic gas
separation, the top layer on the hierarchical support can be a porous zeolite, MOF or
carbon film, but also a dense metal or perovskite film.

Stacks of ceramic layers with decreasing pore size used in filtration and as support for
gas separation membranes can have very sharp cut-offs in pore sizebut their manufac-
ture is expensive since each layer has to be fired before the next layer can be coated.

Zeolite membranes need inorganic supports since useually a structure-directing agent
(SDA) has to be removed before by calcination in air at about 500 °C.

MOF membranes — in contrast — can be activated by a mild treatment to remove oc-
cluded solvent molecules. Therefore, MOF layers can be grown on polymeric sup-
ports.

High-temperature oxygen-transporting membranes can be prepared as thin dense layer
on a hierarchical porous support of the same chemical composition as the top layer.
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