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Abstract

The present thesis is dedicated to the preparation of new Metal-Organic Framework
(MOF) and zeolite based membranes as well as the development of new membrane con-
cepts for the purification of hydrogen from simulated waste gases. Different experimental
approaches were followed to improve the membrane quality as well as the separation per-
formance of said membranes.

Three new MOF membranes with varying pore sizes and linker functionalities as well
as their corresponding composite membranes, such as Mixed-Matrix-Membranes (MMMs)
and multilayers were synthesized on ceramic alumina supports for hydrogen purification.
As a first candidate, NH,-MIL-125 with uncoordinated amino functions in the porous
framework allows the adsorption based separation of hydrogen from carbon dioxide as
supported MOF layer as well as corresponding MMM with different weight fractions.
Furthermore, the partly reaction of these amino functions with the polymer matrix ensures
a gapless embedment and, therefore, good separation capabilities of the MMMs. Another
candidate for hydrogen purification is the MOF Ui0O-66, which was prepared highly orient-
ed via a modulated synthesis approach and showed a soft molecular sieve separation be-
havior with increasing gas size, due to the linker flexibility within the framework. By
covering this MOF layer with an additional thin polymer layer, the separation capabilities
could be drastically enhanced, thus resulting in a membrane with a sharp molecular sieve
cut off. The third investigated MOF was MIL-96, which features a very narrow pore size
as well as a virtual two dimensional pore system as a consequence of the unique pore struc-
ture, thus resulting in crystal facet dependent separation capabilities. The corresponding
MMMs gave insight in problems occurring during preparation in dependence of the used
filler size.

Supported FAU membranes and corresponding ion-exchanged powder based MMMs
were also prepared to separate hydrogen. The quality of the neat FAU layers showed in-
creased separation performance as a consequence of different support pre-treatments, such
as functionalization with APTES (3-aminopropyltriethoxysilane) or PDA (polydopamine).
In contrary, the MMM performance could be related to the ionic potential of the cation
used for the post-synthetic ion-exchange.

A commercial short-circuited Nafion based proton exchange membrane (PEM) fuel
cell was investigated as new concept for the hydrogen purification. By using an inert sweep
gas, hydrogen was separated with 100 % selectivity from different simulated waste gases.
The proton flux became adjustable by inserting a resistor in the electron’s way of migra-
tion. The fuel cell was also used as catalytic membrane reactor for olefin hydration.

Keywords: Metal-Organic Framework membrane, Zeolite membrane, Mixed-Matrix-
Membrane, hydrogen purification, pre- and post-synthetic modifications, PEM fuel cell
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Kurzfassung

Die vorliegende Arbeit behandelt die Herstellung von MOF- und Zeolith-basierten
Membranen sowie die Entwicklung neuer Membrankonzepte zur Aufreinigung von Was-
serstoff aus simulierten Abgasen. Verschiedene experimentelle Ansdtze wurden verfolgt,
um die Membranqualitit und dadurch deren Trenneigenschaften zu verbessern.

Drei neue triagergestiitzte MOF-Membranen mit verschiedenen Porengrofien sowie
Linkerfunktionalititen und entsprechende Kompositmembranen, wie Mixed Matrix Mem-
branen (MMMs) und Sandwich-Membranen, wurden fiir die Aufreinigung von Wasser-
stoff hergestellt. NH,-MIL-125 besitzt frei zugéingliche Aminogruppen im Geriist und
erlaubt somit die adsorptionskontrollierte Trennung von Wasserstoff und Kohlenstoffdi-
oxid. Zudem stellt die Reaktion der Aminogruppen mit der Matrimid-Polymermatrix eine
liickenlose Einbettung und daher gute Trenneigenschaften der MMMs sicher. Der MOF
Ui0-66 als weiterer Kandidat zur Wasserstoffaufreinigung wurde mittels modulierter
Synthese als orientierte Schicht hergestellt und zeigte, aufgrund der Geriistflexibilitit, nur
schwaches Molekularsiebverhalten in der permeativen Trennung unterschiedlich groBer
Gase. Durch Aufbringen einer diinnen Polymerschicht konnten die Gastrenneigenschaften
dieser MOF-Membran drastisch verbessert werden, sodass die Membran nun einen Mole-
kularsiebcharakter aufwies. Der dritte untersuchte MOF, MIL-96, besitzt eine geringe
PorengrofBe sowie ein virtuelles zweidimensionales Porensystem. Aufgrund der einzigarti-
gen Porenstruktur resultieren anisotrope Separationseigenschaften, die von der Kristallori-
entierung, d.h. den Kristallfacetten abhidngen. Bei der Prdparation der entsprechenden
MMMs wurden Probleme wie Sedimentierung, Aggregation und sekundire Kristallisati-
onsprozesse in Abhéngigkeit der Grofle des Additivs identifiziert.

Triagergestiitzte FAU(Faujasit)-Membranen und entsprechende MMMs mit ionenaus-
getauschten FAU-Pulvern wurden hergestellt und hinsichtlich der Wasserstoffabtrennung
untersucht. Die Zeolith-Schichten zeigten dabei verbesserte Eigenschaften in Abhingigkeit
der Funktionalisierung des Tridgers mit APTES (3-Aminopropyltriethoxysilan) oder PDA
(Polydopamin). Das Trennverhalten der MMMs konnte mit dem Ionenpotential des ausge-
tauschten Kations korreliert werden.

Eine kurzgeschlossene Nafion-basierte Protonenaustauschmembran-Brennstoffzelle
wurde als neues Membrankonzept zur Wasserstoffabtrennung untersucht. Durch Spiilen
mit einem inerten Gas konnte Wasserstoff mit 100 % Selektivitit aus verschiedenen Abga-
sen abgetrennt werden. Der Protonenfluss wurde durch den Einbau eines Widerstands in
den Pfad der Elektronen einstellbar. Die Brennstoffzelle wurde zudem als katalytischer
Membranreaktor fiir die Olefinhydrierung verwendet.

Keywords: MOF-Membran, Zeolith-Membran, Mixed-Matrix-Membran, Wasserstoffab-
trennung, Funktionalisierung, PEM-Brennstoftzelle
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Abbreviations

APTES
CPO
DFT
DMF
EDXS
EXAFS
FAU
IR
LTA
MIL
MMM
MOF
PCN
PCP
PDA
PEM
PSA
PSPM
SBU
SEM
Uio
XRD
ZIF

3-aminopropyltriethoxysilane

Crystal Preferred Orientation

Density Functional Theory
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Energy Dispersive X-ray Spectroscopy
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Proton Exchange Membrane
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Scanning Electron Microscopy
Universitetet i Oslo
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Setting the Scene

1. Setting the Scene

1.1 Historical Membrane Development

Earliest investigations on membrane phenomena date back to the 18th century. For in-
stance, in 1748 Jean-Antoine Nollet experimented on water permeation through a dia-
phragm (pig’s bladder). He found a direction-dependent mass transport and applied the
word “osmosis” for the first time''!. About a century later (1855), Adolf Fick recognized
empirically that compounds move from the concentrated to the less concentrated side of an
interface, as a result of a gradient in concentration. Therewith, he established the two diffu-
sion laws of molecules in dependence of position and time'”. Ten years later (1864) Moritz
Traube developed the first synthetic semipermeable glue-based membrane, which was later
used for experiments by other scientists. Furthermore, he suggested the atomic sieve theory
for the first time to explain the semipermeable behavior of his artificial membrane™. In
1866, for the first time, Thomas Graham separated gases via a rubber membrane!®. Tt
follows from his findings that different gases feature varying diffusion velocities and that

the latter is dependent on the molecular mass of the gases'™.

L4 oM

Figure 1: Scientists, which pioneered the modern membrane science for sepamiion. Jean-Antoine
Nollet, Adolf Fick, Moritz Traube, Thomas Graham (from left to right).

All these scientists were pioneers in the early membrane science and had a formative
influence on the later research fields. However, it lasted until the early 1930’s, since mi-

6781 From

croporous collodion (nitrocellulose) membranes were commercially available!
this on to the early 1950’s, membranes were tried to bring to the industrial relevant level
for separation processes. Despite the availability of versatile polymer materials, useful
membranes for separation were non-producible at this time. Ever since the works of Sidney
Loeb & Srinivasa Sourirajan in the early 1960’s, the membrane research was brought to a
new level. Their developed process ensured the defect-free production of high-flux reverse
osmosis membranes, which consisted of thin selective top layers on much thicker non-
selective microporous supports for stability and mechanical strength®'®. This break-
through in membrane fabrication and the following period from 1960 to 1980 brought out a
significant change in the status of membrane technology. Progression of the original Loeb-

1
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Sourirajan process and the use of composite materials or other membrane geometries led to
a lot of high-performance membranes''""'>'*!. However, despite the development of thou-
sands of different materials to yield high-performance membranes during the last four
decades, only a few of them are used in practice-relevant separation processes up to now,

since roughly 90 % off those membranes are made from less than ten materials"*',

1.2 Motivation

Membrane assisted gas separation technology has gained a lot of interest during the last
four decades, especially with respect to the conservation of energy and the associated cost

reduction in comparison to conventional methods like (cryogenic) distillation or pressure

1617 " Compared to the latter methods, the energy demand of a

[18]

swing adsorption (PSA)'
membrane process is lower, since it gets along without a regeneration step, for instance
In general, a membrane can be simply defined as a discrete material barrier, having lateral
dimensions greater than its thickness, which enables a preferential pathway of one species
in a mixture of two or more adjacent components under a variety of driving forces!'”.
Depending on the aided driving force such as a concentration gradient, membrane
technology can be employed on industrial relevant processes like O,/N, separation, H,
recovery from process gas streams, CO, removal from flue gas, hydrocarbon gas separation
or dewatering™”. Nevertheless, if looking at the importance, hydrogen purification seems
to be one of the most interesting tasks due the ever-increasing energy consumption and the
associated environmental problems®!). At the moment, hydrogen is mainly produced by
steam-gas reforming of fossil fuels (e.g. coal, natural gas, oil) followed by the water-gas
shift reaction, thus getting converted to a Hy/CO, gas mixture by several partial oxidation

22231 However, before the hydrogen is utilizable as energy source for

and reforming steps'
the production of electricity (combustion in a turbine or fuel cell) it has to be de-polluted
from the remaining contaminants, such as CO, CO, and CH,™¥. As mentioned above, this
purification can be done more economic than compared to other methods like PSA or
cryogenic distillation with the help of suitable membranes. Especially the simplicity of
installation and operation, low requirements in terms of maintenance and space and the
good process flexibility are beneficial versus the traditional methods. Moreover, the possi-
ble up scaling or down scaling speak for membrane assisted separation processes 51 Con-
sequently, the chemical industry has paid a lot of attention to the membrane assisted sepa-
ration technology recently.

Membranes, in general, can be classified in terms of their chemical composition and
their operating principle. The former can be roughly divided into organic (polymeric) and
inorganic materials, while the latter is broadly an interplay between diffusion- and adsorp-

tion based separation'*®’.
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Due to their mechanical and chemical stability, low costs and their simple processing,
polymeric membranes have great potential for industrial relevant processes>>>’
quently, the majority of industrial membrane separation processes is realized with polymer-
ic materials so far. Unfortunately, they may suffer from instability at high temperatures,

1. Conse-

low fluxes and low selectivities, thus limiting their performance as predicted by Robe-

(28.29] Hence, the interest in new membrane materials as well as new membrane con-

son
cepts is still continuing.
Inorganic membranes, for example, can be roughly classified in dense (metals or per-

3931 and porous membranes (zeolites, microporous silica)**!. However, the clas-

ovskites)!
sification in dense or porous membranes is solely a matter of the different permeation
mechanisms through the materials. Dense membranes transport species (e.g. molecules,
protons, oxygen ions) via the solution-diffusion mechanism™®®. Thus the separation is
based on the difference in solubility and mobility of the different solutes in the membrane.
In contrary, porous membranes can have several diffusion based separation principles such
as convective flow, surface diffusion, Knudsen-Diffusion or molecular sieving depending
on the pore size of the material*®’.

Molecular sieve zeolites, for example, have attracted a lot of interest during the past
thirty years, due to their uniform pore structure and their great thermal and chemical stabil-
ity. Furthermore, the possibility to modify their framework by structure directing agents
(SDAs) or post synthetic approaches, such as ion-exchange, and the easy synthesis speak
for them as membrane materials®®**,

However, among all available porous materials, Metal-Organic Frameworks (MOFs)
have gained the greater interest during the past two decades. The diversity of MOF chemis-
try allows the tailored synthesis of an almost unlimited number of microporous struc-
tures®®). Additionally, these structures can be modified with functional linkers or can pos-
sess unsaturated accessible metal sites as adsorption centers for different gases>”. Based
on their synthesis via the building block concept and the associated adjustable pore sizes
and adsorption properties, MOFs are promising candidates for versatile separation process-
s ¥ However, despite some pioneering activities and plenty work in the development
of supported MOF-based membranes, the scale up and reproducibility of these defect-free
MOF membranes is still a major challenge, due to their fragile nature. Consequently, sup-
ported MOF membranes have not yet been used for industrial relevant separation. An
interesting approach to overcome this problem is the fabrication of so called Mixed-
Matrix-Membranes (MMMs).

MMMs, a combination of a polymer matrix and embedded filler particles (MOFs, zeo-
lites, carbon etc.), combine the good properties of both, the inorganic filler (permselectivi-
ty) as well as the polymer (mechanical stability)“*”. Moreover, MMMs may be able to
close the gap between neat MOF-layers and neat polymer membranes, due to the combina-
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1421 Ag a conse-

tion of all the positive properties of both materials in one composite
quence of the latter, they may be applicable for membrane-assisted processes like separa-
tion of different gases, pervaporation or removal of undesired contaminants'****. Addition-
ally, by preparing the MMMs as hollow fibers or as coiled modules there is great potential
to become competitive to existing techniques and the successful preparation of nano-scale
MOFs will allow the preparation of high-permeance MMMs which can compete with
polymer membranes.

The aim of this thesis is, therefore, the preparation of new Mixed-Matrix-Membranes
based on MOFs or zeolites as well as the development of new membrane concepts for the
purification of hydrogen from different simulated waste gases.

1.3 Metal-Organic Frameworks (MOFs)
1.3.1 History and Designation of MOFs

About twenty years ago the appellation Metal-Organic Framework (MOF) appeared for

51 Since then, the development of new MOFs literally exploded.

the first time in literature
However, there was no clear definition in terms of their name and consequently they were
also called Porous Coordination Polymers (PCPs) or Porous Coordination Networks
(PCNs), making a uniform definition inevitable*®. Following the common zeolite naming
system, MOFs were then most frequently classified with three letters plus one number.
Nevertheless, due to the lack of a distinct clarification, MOFs with different names often
are still quite the same (e.g.: M,dhtp, MOF-74)471,

Thus, scientists developed different approaches to categorize MOFs in to different clas-
ses. For instance Kitagawa et al. divided the MOFs in terms of their stability upon
de-/sorption processes, while others like Férey classified MOFs with respect to the connec-
tivity of the so called secondary building unit (SBU)P*®, Until now the classification is
commonest based on the university’s origin (e.g. UiO: Universitetet i Oslo, MIL: mate-
riauxs de I’institut Lavoisier) or specific similarities, such as topologies (c.f. ZIF: Zeolitic
Imidazolate Framework)!***". Since the beginning of MOF research in the year 1995 up to
now a huge quantity of new MOF structures have been developed and investigated in terms
of their properties and concomitant use for gas purification and several other promising

applications.
1.3.2 MOFs: Structure and Properties

Metal-Organic Frameworks (MOFs) are hybrid inorganic-organic materials, consisting
of metal-containing clusters or discrete metal ions as inorganic nodes and organic linker
molecules, bridging them to well-defined periodic structures®®. As shown in Figure 2, the
network structures of MOF-5 and ZIF-8 were chosen to describe the general buildup of
MOFs, consisting of inorganic metal clusters or discrete coordinated metal ions as second-

4
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ary building unit (SBU) and organic linkers (1,4-benzene-dicarboxylate, 2-methyl-
imidazolate) ",

As a result of their building-block construction in a tailor-made fashion, MOFs are one
of a kind in terms of their variable properties. They can be designed by well-wrought plans,
thus resulting in unique requested properties, such as large specific surface area, adsorption
sites or pore sizes”>”*!. Furthermore, by using the right starting materials, MOFs can also
work as smart materials, therefore, being applicable as sensors or re-/acting as a conse-
quence of external stimuli®”. By means of Figure 3, the variability of MOF synthesis for

specific applications and the inserting of different exemplary functional groups can be

demonstrated.
organic linker
organic linker i
‘@ »

l,lmnncdtubelyille n,0(C0)), § L2-Mmethylimidazolate N,

MOF 5

Figure 2: General construction of MOFs with different kind of linkers. MOF-5 structure, consisting
of terephthalate bridged Zn,0%" clusters, thus forming a cubic structure (left). Zn** cations coordinat-
ed via 2-methylimidazolate, resulting in the sodalite topology of the ZIF-8 framework (right).

-OH

-COOH

-NH,

-NO,

X (F, €1, Br, 1)

-SH

-SO,H

-Alkyl (CHy, CHs, ...)

POGENS P+

Figure 3: Exemplary demonstration of inserting different common functional groups during MOF
synthesis by using linkers with specific functionalities.

Due to the unlimited possibility to modify the MOF’s properties, they are promising
candidates for several applications. For example, they feature potential for gas storage,
separation, catalysis, drug release, sensing, or as remote controlled materials®”***?!, Con-
sequently, the research area of MOFs has boomed in the past two decades.
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1.3.3 Structures and Properties of NH,-MIL-125, UiO-66 and MIL-96

NH,-MIL-125 is an example of a MOF structure with a functional linker. It is con-
structed of cyclic TiO, octamers, which are connected via the 2-amino terephthalate linkers
and forms a tetragonal structure. The construction results in two different cages, which are
connected by windows of round about 6 Al35455] The position of the NH,-function is not
precisely defined up to now. However, since it does not coordinate in the structure, the
NH, group displays an adsorption center'>. Furthermore, it also decreases the pore size to
a reasonable degree. Due to the latter facts and the overall robustness of NH,-MIL-125 in
harsh conditions, it is under intense study as a candidate for adsorption of acidic gases,
such as CO, or H,S. For instance, in comparison to the un-functionalized counterpart, NH,-
MIL-125 shows a drastic enhanced adsorption capacity for CO,, as reported in different

57581 Furthermore, it has been well investigated in terms of the adjustment of parti-

works!
cle size and morphology by appropriate modulators™. The mentioned facts make NH,-
MIL-125 an interesting material for membrane fabrication as well as filler material for the
preparation of composite materials. The latter could benefit from the interactions between

amino group and matrix, resulting in a gapless embedment.

Figure 4: Structure of NH,-MIL-125 (left) and schematical representation of the corresponding 3D
channel system (right). Each cage (octahedral: orange; tetrahedral: green) is filled with several
amino functions (blue spheres).

The reaction of zirconium chloride and terephthalic acid reveals another MOF struc-
ture, which is termed UiO-66 (Universitetet in Oslo). Like a lot of other zirconium-based
MOFs®¢"2 UJi0-66 shows exceptional stability against chemicals, temperature and me-
chanical stress®*®. Therefore, it is a promising material for the fabrication of robust mem-
branes as already shown for CO,/N, separation under harsh conditions recently®®. Further-
more, it has already been well investigated in terms of the pore functionalization®®®’, dif-
ferent synthesis routes®®, flexibility and mechanical properties’. Additionally, the struc-
tural characteristics including the crystallographic positions of the atoms were investigated
in detail via DFT calculations in combination with EXAFS measurements and Rietveld
refinements by Lillerud et al. and Lamberti et al.”"’>. Their works clarified, that the 3D
structure of UiO-66 consists of ZrsO4(OH), nodes as inorganic subunit, which are each
twelvefold bridged to other nodes via the benzene 1,4-dicarboxylate linker, resulting in

6
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triangular windows with a size of 6 A A (o f. Figure 5). These windows connect two
types of cages (octahedral: 11 A @, tetrahedral: 8 A @)°.

Figure 5: Structure of UiO-66 (left) and schematical representation of the corresponding windows of
about 6 A ( right), which connect both the octahedral (orange) and tetrahedral (green) cages.

Like the majority of Zr-based MOFs, also a lot of Al-based MOFs show great potential
for fabrication of membranes, due to their good stability. For instance, the reaction of
AI(NO;)3-9H,0 with the tridentate linker trimesic acid (1,3,5-benzene-tricarboxylic acid)
results in a MOF termed MIL-96, which is stable in water and up to 300 °CU"7%7], The
alumina octahedral building units show a very rare structure, containing corner-sharing
chains of metal octahedra bridged by 3u-oxo centered trinuclear units in the c-direction of
the hexagonal unit cell as characteristic element (c.f. Figure 6)B8%8U The 3D MOF structure
has a unique feature, since there is no direct connection between two equal cavities, as a
result of the 3pu-oxo clusters baring the passage. Hence, one of the cavities acts as junction
between the other ones. Furthermore, the window size in a certain crystallographic direc-
tion is very narrow, thus sealing this path gas-tight. The above mentioned idiosyncrasies
result in a virtual 2D pore network, which allows solely a “zigzag” gas transport. The latter
features a dependence on the crystal morphology, as already shown for other systems'®?'.

2D ,zigzag" gas path

Figure 6: Structure of MIL-96 in c-direction showing the characteristic 3u-oxo clusters baring the
passage (left). Schematical representation of the corresponding “virtual” 2D pore system, which
solely allows a gas transport between cavity B and C.
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1.3.4 Differentiation to Zeolites

In comparison to MOFs, zeolites are sheer inorganic materials. These aluminosilicates
are minerals, commonest constructed from connected tetrahedral SiO4 and AlO, units and
counter ions, such as alkali metals like Na*, K* or alkaline earth metals like Mg?* or Ca’*,
for charge neutrality™. By changing the Si/Al ratio, the properties (e.g. hydrophilicity,
iconicity, acidity, stability) of the resulting zeolite can be affected™. As an example,
zeolite faujasite is most often prepared as NaX with a Si/Al ratio of 1.2-1.5. It consists of
sodalite cages, which are bridged to a 3D network via 12-membered oxygen ring pores
with a size of approximately 7.4 A. Furthermore, in activated state, NaX features dehydrat-
ed metal ions, which affect the adsorptive interactions with different gases (e.g. CO,, eth-
ylene, propylene)®>
still promising materials for separation approaches or other potential applications such as
adsorbents, catalysts or sensors, due to their uniform pore structure, the opportunity for
post-synthetic functionalization, such as ion-exchange or grafting, and their overall robust-
ness in harsh conditions and high temperatures.

1. Consequently, despite the longish awareness of zeolites, they are

1.3.5 Introduction to Porous MOF and Zeolite Membranes

Porous membranes of MOFs or zeolites can either be prepared as self-supported (sym-
metric) or supported (asymmetric) layers. However, so far, there are only some occasional
reports of self-supported membranes of both material classes, since they always suffer from
mechanical instability®”®. Due to the latter, these self-supported layers have become
uninteresting for separation applications, since their tough processability and handling go
with severe issues. Consequently, MOF and zeolite membranes were merely used as sup-
ported layers (e.g. on ceramic alumina disks). But the defect-free, reproducible preparation
of such supported membranes is still a challenging task'®**"!. Furthermore, up to now, only
a few supported zeolite membranes are applied for an industrial separation process (e.g.
LTA for alcohol dewatering)[34], while supported MOF membranes still wait for their turn.

1.4 Mixed-Matrix-Membranes (MMMs)
1.4.1 General Aspects and Opportunities of MMMs

As mentioned above, the defect-free preparation of supported zeolite or MOF mem-
branes is a great issue in terms of their usage for separation processes. Therefore, the suc-
cess of the future membrane market requires a breakthrough in terms of high-performance
membranes, which combine low-costs, easy processability and mechanical stability. The
mentioned breakthrough should give rise to a membrane, which can compete with the
efficiency of molecular sieve (MOFs and zeolites) and polymer membranes.
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All aforementioned may be within reach via the concept of the Mixed-Matrix-
Membranes (MMMs)*****!1. The latter is an organic-inorganic hybrid composite material
consisting of a continuous polymeric matrix and dispersed/embedded inorganic filler mate-
rials (c.f. Figure 7). The incorporated particles can either act as a simple transport barrier or
as separation-active filler. Mixed-Matrix--Membranes provide all positive features of both
materials. The polymer ensures favorable mechanical properties (flexibility, long-term
stability, reproducibility) while the inorganic filler entails high permselectivity™®"*%,
Hence it is assumed, that MMMSs may close the gap between supported inorganic and
polymer membranes. Despite all the positive features mentioned above for MMMs, there
are still some problems to face. One severe problem is the incompatibility (low interaction)
between the polymeric matrix and the embedded filler, due to a mismatch in polarity. Other
difficulties to overcome are sedimentation, aggregation or even re-crystallization phenom-
ena, depending on the nature, particle size and shape of the filler, for instance'**¥,

»

i

N

Figure 7: Schematic representation of a Mixed-Matrix-Membrane. The smaller component H, (black

v
"‘ »

arrow) can easily pass the filler while the bigger CO, (red arrow) has to go the longer way around the
molecular sieve particles, thus resulting in a separation of both components.

1.4.2 Classification of MMMs

As mentioned in chapter 1.4.1, a MMM is a composite material consisting of dis-
persed/embedded filler particles in a polymer matrix. The latter can either be a rubbery or a
glassy polymer. The difference between these two types is the operating temperature in
relation to the glass transition point and the concomitant transport behavior. Rubbery pol-
ymers, like a lot of Siloxanes, operate above their glass transition temperature. This allows
an easy rearrangement of the polymer chains, thus affecting the separation performance.
Consequently, rubbery polymers generally show great permeabilities at medium or low
selectivities. The majority of these polymers separate components as a consequence of their
solubility in the polymeric matrix and can, therefore, be used for the sequestration of vola-
tile organic compounds, for example. In contrary to this, glassy polymers, such as Matri-
mid, operate below their glass transition temperature. Consequently, the polymer rear-
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rangement is very unlikely, resulting in imperfectly packed chains, which goes hand in
hand with the formation of excess free volume. Due to the presence of these micro-voids, a
lot of glassy polymers work diffusion controlled. As a result of the facts mentioned above,
glassy polymers often show great selectivities but medium or low permeabilities. They
might, therefore, be utilizable for the separation of light gases®>*7-%1,

Besides the polymeric matrix, also the filler can be classified into two different clas-
ses, namely inorganic and inorganic-organic fillers. Examples for the former class are
silica, carbon or zeolites, for instance. A lot of these materials were already used in dense
as well as porous form to investigate their capabilities as transport barrier or separation
active filler'®”. For instance, the incorporation of zeolites has attracted a great interest for
the preparation of MMM in the past two decades, due to the combination of the molecular
sieve properties of the filler with the mechanical features of the polymer'®”). However, as
mentioned above, a severe intermittent issue with sheer inorganic materials is their incom-
patibility with the polymer matrix. Although there are measures to overcome these prob-
lems, such as the post-synthetic grafting with appropriate silanes'°*!!l, zeolite based
MMMs show a declining tendency.

In contrary to this, MOFs as inorganic-organic materials feature a hybrid nature. Fur-
thermore, by using appropriate linker molecules, MOFs can be functionalized during the
synthesis!'® or even post-synthetic with diamines or other bidentate bridging components,
for instance, to ensure a good interaction with the polymeric matrix and to increase their

1031041 Thys, the formation of voids between the filler

compatibility with their surroundings
and the polymer can be avoided to a great degree. The reasons mentioned above go hand in
hand with the fact, that the trend is towards MOF based MMMs and that they will more

and more corner the market!'%%.

1.4.3 Limitations of MMMs

As mentioned in chapter 1.4.1, there are several problems to overcome, depending on
the size, shape and nature of the used filler materials. For instance, if pm-sized crystals are
used for preparation, the MMMSs may suffer from precipitation and the formation of re-
maining unselective voids. In contrary, if the particles are nm-sized, they can form aggre-
gates and even recrystallize to bigger crystals during conditioning, thus also leading to

11061071 These problems lead to inhomogeneous MMMs

voids inside the polymer matrix
and non-optimal separation performances. As mentioned in chapter 1.4.2, one measure to
eliminate these problems is the adjustment of the filler-polymer matching, thus increasing

1108109 A second important parameter to

their compatibility by covalent or direct coupling
solve this issue is the viscosity of the casting solution. However, it turns out a difficult task
to find and adjust the right viscosity for every casting approach and every polymer-filler

pair anew.

10
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Other effects affecting the MMM performance are the polymer rigidification around
the embedded fillers or partial pore blockage due to polymer chains penetrating the filler’s
pore system. All these mentioned limitations affect the separation performance of the
MMMs to a great degree but with different impacts. Figure 8 schematically demonstrates
the mentioned theoretical problems and the concomitant effects on the gas separation capa-
bilities of the MMMs.

Case [ is the ideal MMM interfacial morphology, since the filler is embedded without
any voids or changes in the polymeric structure. This is the most desired case, since it
results in increased permeability as well as enhanced selectivity. Cases II and III belong to
the same family of interfacial effects where the filler is not embedded ideally, resulting in
huge (case II) or very small A-sized — roughly the size of gaseous penetrants - voids (case
IIT). These effects can be attributed to a weak polymer-filler interaction and result in in-
creased permeability at constant or slightly reduced selectivity. However, it is very difficult
to distinguish between both cases, since the transmembrane transport can also be a conse-
quence of overlaying effects. Also cases IV-VI belong to the same origin of interfacial
morphologies. While case IV and V can be attributed to a reduced permeability region in
the whole zeolite (case IV) or the outer layer of the zeolite (case V), the origin of case VI is
a rigidified and more structured polymer layer around the filler. All described phenomena
result in decreased permeability and un/-modified selectivity. Nevertheless, as mentioned
earlier, the determination of the exact interfacial effects is very hard, due to overlaying

transport phenomena of the components through the membrane®>?>94110.1111

neat
polymer
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Figure 8: Non-ideal effects & interfacial morphologies (left) and their corresponding theoretical
result on the separation performance of MMM with respect to the neat polymer membrane (right).
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1.5 Mass Transport in Membranes
1.5.1 General Aspects and Important Parameters

The quality of a membrane can be assessed by the overall mass transport properties,
namely the amount of the permeated components and their resulting ratio at the permeate
side. The former can be categorized in three general termini: 1) flux F, 2) permeance /7 and
3) permeability P'*). The flux F (Eq. 1) is the permeated amount n of a gas species i divid-
ed by time ¢ and membrane area A. The permeance /7 can be calculated by division of the
flux by the pressure difference Ap between retentate and permeate side, while the permea-
bility P is the product of the permeance with the membrane thickness d (c.f. Egs. 2 & 3).
The permeability is the fairest and commonest parameter to describe the transport proper-
ties of a membrane, since it reveals the material’s intrinsic capabilities.

F=2 (Eq. 1)
;1

n=_"t o (Eq. 2)

P= t_:_iAp- (Eq. 3)

The membrane selectivity in terms of the permeated components i and j can be ex-
pressed with the mixture separation factor o,;, which is the fraction of the component’s
(i, j) molar ratio in the permeate, divided by the molar ratio of these components at the
retentate side!'”’. The latter can roughly be approximated with the feed composition, since
only a small amount permeates through the membrane, resulting in a neglectable change in
the retentate composition (Eq. 4).

Nip/Mjp
" niy/n jr

(Eq. 4)

With the help of the aforementioned parameter pool, the membrane quality can be rated
by permeation measurements. However, to generate a mass transport across a membrane,
the presence of a driving force such as a partial pressure difference and the concomitant
concentration gradient is inevitable. Therefore, the next two chapters introduce the permea-
tion behavior in porous and dense membranes as well as some insight in diffusion and
adsorption for said systems.

12
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1.5.2 Mass Transport in Porous Membranes

The permeation across a membrane, except for molecular sieving, is always the inter-
play of diffusion and adsorption!"'>''"*!. Therefore, the mass transport of components runs
through different stages in general. First, the components adsorb on the outer surface of the
porous membrane, followed by surface diffusion and bulk diffusion through the porous
system. Lastly, after effusion from the porous system, the components desorb from the
membrane surface again'''*l. Figure 9 schematically displays the different separation
mechanisms, namely molecular sieving as well as diffusion and adsorption controlled

separation.
- diffusion controlled adsorption controlled
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separation separation
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Figure 9: Different separation mechanisms for porous membranes as a consequence of an outer
driving force such as a pressure difference.

As a rule of thumb, the overall membrane selectivity can be roughly predicted by mul-
tiplication of the diffusion selectivity with the adsorption selectivity!''>!"*!. Diffusion can
generally be described as the enrichment of a component at a certain region and the deple-
tion of the component density at the starting point. It can be expressed in the easiest form
by Fick’s first law (Eq. 5),

ac;

Ji=-DiV¢ with V¢ =—* (Eq. 5)

where J; and D; are the material flux and the Fickian diffusion coefficient, respectively,
while Vc; is the concentration gradient in x direction. Based on Eq. 5, the material flux is
assumed to be proportional to the concentration gradient, if the latter is not too high!'!.
Following Fick’s law, which is also utilizable for multi-component systems by some modi-
fications including the mixture component diffusivity and the assumption, that one compo-
nent is liquid, the diffusion is a consequence of the concentration gradient on the diffusion
rate. The latter is formally right, however, the correct driving force is the chemical poten-
tial gradient Vu;""'®, which is implied by another diffusion law, namely the Maxwell-
Stefan model. If the diffusion is considered as a mass transport driven by the chemical

13
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potential gradient and a frictional force, evoked by the diffusive velocity of another com-
ponent, the easiest case - a two component system - can be described by the following
equation 6

_ 19[—19]' . _ ou;

-V = RTX] (F]”‘) with  Vy; = O (Eq. 6)
where R, Tand x are the ideal gas constant, the temperature and the molar fraction of com-
ponent j, while ¥ are the gas velocities of components i and j. fDZ-l is the mixture Maxwell-

MI718 For single component Maxwell-Stefan diffusion, the

Stefan diffusion coefficient
resulting physical law can be written in similar style as Fick’s law of diffusion, if the chem-
ical potential gradient is expressed with the help of the relationship between chemical

potential and partial pressure p as well as the concentration gradient, like in equation 7.

dinp;
Ji=0i-c=-Dj" (a;:;) Ve (Eq.7)
where D; is the single gas Maxwell-Stefan diffusion coefficient of component i. If compar-
ing Eqgs. 5 and 7, the relation between the Fickian and the Maxwell-Stefan diffusivity can
be expressed as follows:

D =9 (502 (Eq. 8)

As mentioned earlier, the second important parameter to describe the mass transport
through a porous membrane is the adsorption. The latter is a thermodynamic process, since
there is an equilibrium with specific kinetic constants for adsorption k.45 and desorption
kg4es- In principle, the adsorption can result from chemical (chemisorption) or physical
(physisorption) interaction of gaseous species with a surface. However, since chemisorp-
tion is a rather seldom phenomenon, the physisorption is more popular to describe adsorp-

[119

tion processes 1. At isothermal (constant temperature) conditions, the amount of adsorbed

molecules at the surface is solely a function of pressure. A very feasible model to describe

the adsorption of a single component on a surface is the Langmuir-Model'"®”, according to
equation 9
— _Kipi : - — kaas
t = Tk with  K; = Kdes (Eq.9)

where 6; is the degree of coverage for component i, while K; is the equilibrium constant.
The Langmuir model can also be used for multi-component, multi side adsorption. For
instance, the degree of coverage for component j in a binary mixture with component i can
be expressed with equation 10.

14
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Kjpj

| = (Eq. 10)

When looking at Eqs. 9 and 10, the linear relationship for the degree of coverage 6 in
dependence of the partial pressure becomes obvious, if the partial pressure is small. At

1201 Degpite the presence

higher feed pressures, the Langmuir isotherm runs into saturation
of several other isotherms and models for the explanation of adsorption phenomena, the
Langmuir model is sufficient enough to describe the adsorption processes and their impact

on mass transport in porous membranes.
1.5.3 Mass Transport in Dense Membranes

Similar to porous membranes, the separation performance of polymeric membranes or
MMMs also depend on the interplay of diffusion and adsorption. The diffusion in these
membranes can be described with the same physical laws as discussed in chapter 1.5.2.
However, the impact of adsorption on the separation performance is slightly different,
since these types of membranes separate components via the solution-diffusion mecha-
nism™?. Consequently, the amount of adsorption for a specific gas molecule depends on
the ability to be “soluted” in the polymeric matrix. This solubility strongly depends on
interactions - like van der Waals forces - of the gaseous species with the polymer. As a rule
of thumb, the solubility can be approximated with the help of the condensability of a gas
(e.g. C4H,y > C3Hg > C,Hg > CH4 > N, > H,), which goes roughly hand in hand with the

21 Thys, large more condensable molecules are favored in terms of sorp-

molecular size
tion selectivity. That is why CO,, for instance, shows preferable sorption in polyimides in
comparison to hydrogen. However, the solubility of components is strongly dependent on
the temperature (after van’t Hoff). Consequently, H,/CO, separation should be done at
higher temperatures to suppress the CO, adsorption. The permeability for polymer mem-
branes and MMMs can then be written as the product of a diffusivity/mobility term D and

solubility/sorption term S (equation 11)°,

P=D-S (Eq. 11)

Equation 11 can be used as a first benchmark for the prediction of the MMMSs’ separa-
tion performance. However, the balance between the mobility term D and the solubility
term S is different for glassy and rubbery polymers. For instance, the diffusivity in glassy
polymers decreases far more drastically with increasing molecule size in comparison to
rubbery polymers. Also the solubility shows different behaviors for the two polymer types.
For glassy polymers the mobility term is usually dominant in comparison to the sorption
term. Consequently, small molecules permeate preferentially. In contrary to the latter, in
rubbery polymers the sorption term is usually dominant. Thus, larger molecules permeate
preferentially, in general*?,

15
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1.5.4 Dense Membranes: Subgroup Conductive Membranes

A specific type of dense membranes are conductive membranes, which generally sepa-
rate components with infinite selectivity, since only one mixture component is able to
permeate through the material of choice. For instance, conductive ceramics such as perov-
skites were already investigated as oxygen ion or proton conducting materials''>*'>*!. But
also polymeric materials are known to be able for the use as conductive membranes. For
example, Nafion as a sulfonated polytetrafluoroethylene is known to be an anion barrier
but a cation conductor. Therefore, it is utilizable for proton transport”'*>!?%1. Nonetheless,
all these mentioned materials have in common, that the mass transport is based on ion
conduction. Thus, the separation with these materials runs through different stages as com-
pared to those mentioned in chapter 1.5.2. First, the gas molecules adsorb on the membrane
surface, followed by splitting into ions and electrons with the help of an appropriate cata-
lysts, if necessary. The ions then migrate through the membrane materials by various pos-
sible mechanisms (vacancy diffusion, Grotthus-mechanism, etc.)“”‘]m. The electrons can
either go the same way through the membrane (e.g. dual phase perovskites) or have to take
a detour, if the membrane material is insulating for electrons (Nafion). At the permeate
side, the gases recombine and desorb from the surface for further use.

For instance, the overall material flux of hydrogen through a proton conducting materi-
al such as Nafion in a fuel can then be described as

Ju, = —L— 70 (Eq.12)

zy+ed

where o+ and zy+ are the proton conductivity and charge, while e and d are the elemen-
tary charge and the membrane thickness, respectively. The term V@ is the electrostatic
potential gradient across the membrane, which is generated by the oxidation of hydrogen at
the anode side as well as the reaction of hydrogen with oxygen at the cathode side. Alto-
gether, the ion transport through the membrane material is also affected by a concentration
gradient Vc as well as a pressure gradient Ap, since both the latter affect the electrostatic
potential gradient V@ to a certain degree! (Eqs. 13 & 14). Thus, all above mentioned
gradients are more or less the driving force of the transport through conductive membranes.
However, concerning the transport through Nafion, the proton conductivity is the rate-

determining step, which is solely influenced by the electrostatic potential gradient!'”).
V) < Ve (Eq.13)
Vo < Ap (Eq.14)
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Figure 10: Schematic representation of the generalized proton transport through a Nafion membrane
as a consequence of the chemical potential gradient Vi, between feed and sweep side. Herein, ;122,
y,fiz and y,’_’,zdenote the standard chemical potential as well as the chemical potential at the feed side
and the permeate side, respectively. po, py and pydenote the standard pressure, the partial pressure of

hydrogen at the feed side and the partial pressure of hydrogen at the sweep side.

The generalized case of a hydrogen transport through a proton conducting material
such as Nafion is shown in Figure 10. Therein, platinum is used as catalysts for the split-
ting as well as the recombination of hydrogen. By using oxygen or simply air at the sweep
side, the normal operating mode of a fuel cell can be set up. The electrons have to take the
detour, since Nafion is insulating for electrons. However, following the above mentioned
principle, also the separation of hydrogen from a simulated waste gas should be possible,
by using an inert sweep gas (e.g. Nitrogen, Argon) instead of a reactive one (e.g. air, oXy-
gen).
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2. Membranes for Hydrogen Separation based on Metal-
Organic Frameworks (MOFs) and Zeolites

2.1 Summary

Due to the ever-increasing energy consumption and the close-knitted demand for clean
energy, hydrogen purification is a crucial task for industry. In relation to the common
methods like cryogenic distillation or PSA, membrane based hydrogen purification can be
done more economical and is, therefore, an interesting alternative. Zeolite or MOFs and
membranes resting upon their composites such as MMMs have become famous for this
separation task in the last ten years, due to their tailorable pore size and their adjustable
properties. The first three publications in this chapter introduce three novel MOF based
membranes, which can be applied for hydrogen purification. The fourth publication reports
on the usage FAU as supported membranes and ion-exchanged FAU particles as filler for
MMM fabrication.

The publication in chapter 2.2 reports a supported NH,-MIL-125 membrane and corre-
sponding MMM s with different filler content and good H,/CO, selectivity. Although the
3D framework of NH,-MIL-125 features pore sizes of about 6 A, the non-coordinating
amino functions in the framework possess good potential for retaining CO, in a gas mix-
ture, thus resulting in improved selectivity. Furthermore, in the MMMSs some of these
amino functions can react directly with the carbonyl functions of the Matrimid via a ring
opening polymerization reaction, thus ensuring good filler embedding inside the polymeric
matrix.

A highly oriented UiO-66 membrane with large hydrogen permeance is introduced in
chapter 2.3. The latter membrane was prepared by a benzoic acid modulated synthesis and
went in accordance with the van-der Drift growth model, thus resulting in a high crystal
preferred orientation. Furthermore, by covering this membrane with a thin polymer layer,
the “soft” molecular sieve UiO-66 was transferred into a system with a sharp cut off, most
likely due to suppressed linker mobility in this multilayer membrane.

The publication in chapter 2.4 outlines two MIL-96 MOF membranes with different
crystal habits and corresponding MMMs with five different filler sizes for gas separation.
Since the 3D framework of MIL-96 has transport limiting paths in some directions, result-
ing in a virtually 2D framework, the corresponding supported MOF membranes show
interesting transport properties in dependence of their crystal habit. Additionally, the publi-
cation reports filler size dependent problems in terms of the MMM fabrication such as
aggregation, segregation or recrystallization inside the polymeric matrix.
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Supported FAU membranes and ion-exchanged FAU based Mixed-Matrix-Membranes
are reported in the publication in chapter 2.5. It highlights the separation performance in
dependence of the support pre-treatment as well as the used filler material for MMM fabri-
cation. The separation performance is in accordance with the ionic potential of the used
metal ions, thus explaining the varying separation capabilities.
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2.2 NH,-MIL-125 as Membrane for Carbon Dioxide Sequestration: Thin
Supported MOF Layers contra Mixed-Matrix-Membranes
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Reprinted (adapted) with permission from Elsevier (2016).
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A novel supported thin NH;-MIL-125 MOF layer has been prepared and evaluated as a new membrane in
the separation of an equimolar hydrogen (Hz)/carbon dioxide (CO,) mixture at different temperatures.
Additionally, Mixed-Matrix-Membranes (MMMs), consisting of the NH,-MIL-125 MOF powder and
Matrimid as continuous polymer matrix, were prepared and investigated for the same separation pro-
cess. Permeation measurements were performed at 150 “C and varying feed pressures (3, 4, 5 bar), thus
simulating the pre-combustion process for CO; sequestration. Since NH,-MIL-125 has free amine groups
in its pore system, the attractive interaction with the polar acidic molecule CO; is expected to retain it in
comparison to Hy, resulting in an enhanced separation performance. For the neat supported NHz-MIL-
125 membrane, the H, permeability is indeed by the factor of 8 larger than that of CO, at room tem-
perature. In case of the MMMs, the addition of the MOF powder enhances both the permeability and the
selectivity in comparison to the neat polymer Matrimid.

Amine-functionalization

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Currently, one of the main environmental problems is the
global climate change, due to the emission of greenhouse gases
(e.g. CO,) through human activities. As a result of this, the research
field of environmentally friendly, economical and energy efficient
carbon dioxide capture technologies gains more and more atten-
tion [1-4]. At the moment, three main carbon capturing processes
(post-combustion, pre-combustion and oxy-fuel combustion) are
of interest [5]. Post-combustions aim is the separation and capture
of CO,, from flue gases. The oxy-fuel process uses oxygen instead of
air in the energy conversion, which results in a high purity CO,
stream as flue gas [6-8]. In the pre-combustion process, fossil fuels
(e.g. coal, natural gas, oil) are transformed into a H2/CO, gas
mixture (synthesis gas) by several partial oxidation and reforming
steps [1,9]. The separated hydrogen can be used as energy source
for the production of electricity (combustion in a turbine or fuel
cell). Consequently, the development of new materials for gas
storage and gas separation is a rapidly growing field of material
science. Metal Organic Frameworks (MOFs) with their large sur-
face area, high porosity and the possibility to tailor their pore
system by combining various types of metal ions and linkers, have
recently become attractive for gas storage and separation [10].

* Corresponding author.
E-mail address: sebastian.friebe@pci.uni-hannover.de (S. Friebe).

http:f/dx.doi.org/10.1016fj.memsci.2016.06.015
0376-7388/= 2016 Elsevier B.V. All rights reserved.

Concerning the CO, capture, especially amine-functionalized MOF
structures gained a lot of interest, due to their affinity for CO,
molecules. This approach to develop NH;-containing adsorbents is
based on the fact, that the most prevalent industrial process for
CO, separation is the absorption in aqueous solutions of alkano-
lamines [11,12]. However, one drawback of the washing method is
the formation of strong bonds between the amine containing
solvents and the CO,. Therefore, the regeneration of the solution
suffers from parasitic costs and so alternatives are inevitable. The
adsorptive separation by porous adsorbents may be one of the
suitable alternatives, For instance, amine containing MOF-struc-
tures allow a reversible CO, capture with good selectivity. Herein
the amine function not only decreases the pore size of the fra-
mework but also shows an affinity for CO,, due to van-der-Waals
forces [13]. Additionally, the regeneration of the porous sorbent is
easy to achieve by heating, evacuation or simple nitrogen flush.
Several works have already shown the potential of amine con-
taining MOF-structures for CO, adsorption [14-16]. Their results
indicated, that amine containing MOF structures show higher
adsorption uptake due to van-der-Waals forces between CO, and
the amine functional groups in comparison to their un-
functionalized counterparts. For instance, one study clarified, that
NH-MIL-125 has a CO; uptake of around 125 mg g~ ' at ambient
conditions, whereas the N, uptake is just around 10 mg g~ " at the
same conditions [14,15]. There is some pioneering work for CO3
separation by using MOF membranes. However, the preparation of
MOFs or zeolites as continuous defect-free layers is a challenging
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task since their reproducibility and up-scalability are still a huge
bottleneck [17,18]. Since these MOF films are not self-supporting,
they are usually prepared on graded ceramic tubular or monolithic
supports. Hence the cost of the membrane is dominated by re-
lative expensive supports [19]. Recent preparations of MOF
membrane layers on polymer supports look promising [20-22].

Consequently, the majority of industrial membrane separation
processes is realized with polymer membranes, due to their me-
chanical stability, low costs and their simple processing [23]. From
the variety of polymers for MMM fabrication, the use of Matrimid
seems to be a good choice for the separation of Hy/CO, mixtures,
Matrimid features high thermal and chemical stability, easy pro-
cessability and an appropriate overall selectivity for several gas
pairs [24]. In addition, it is compatible to a huge number of filler
materials, adheres excellent on several different substrate surfaces
(metal, steel, alumina) and does not require a complicated treat-
ment after the MMM fabrication.

For polymers, Hy/CO, separation can be described by the so-
lution-diffusion model. This model describes the separation pro-
cess with two major effects: (i) diffusion (favors the smaller H»)
and (ii) solubility (favors the better adsorbed CO5) [25]. As a result
of these contradicting effects, the separation of the gas pair H»/CO>
is more complicated compared to other ones and has to be done at
higher temperatures to minimize the CO, adsorption. A general
problem with polymer membranes for gas separation is their low
permselectivity. MMMs, a combination of a polymer matrix and
embedded filler particles (MOFs, zeolites etc.) [26], are an appro-
priate alternative to overcome this problem, since they combine
the good properties of both, the inorganic filler (permselectivity)
as well as the polymer (mechanical stability) [27,28], which was
recently clearly indicated in ref. [29]. In summary, MMMs may be
able to close the gap between neat MOF-layers and neat polymer
membranes, due to the combination of all the positive properties
of both materials in one composite. Due to their unique features,
they may be applicable for membrane-assisted processes like gas
separation of different gases [30-32], pervaporation [33] or re-
moval of undesired contaminants [34,35]. However, it turns out a
practical problem that MMMSs cannot be easily made as sub-mi-
cron thick membrane layers like polymer membranes. The suc-
cessful preparation of nano-scale MOFs [26,36,37] will allow the
preparation of high-permeance MMMs which can compete with
polymer membranes.

MOFs, as thin supported layer or as filler in MMMs, can sepa-
rate gases via size exclusion (molecular sieve) or adsorption in-
teraction, depending on their pore size and their functional groups

inside the porous framework. Our study focuses on the MOF NH-
MIL-125, which features a high thermal stability (up to 300 °C) and
also remains stable in water or heptane [14]. It is isostructural to
the non-functionalized MIL-125 and has a three dimensional tet-
ragonal framework with octahedral and tetrahedral cages, which
are connected via three-cornered windows with a size of ap-
proximately 6 A [38-40], The octahedral cages, in which a majority
of the amine-functions (cf. Fig. 1A and C) is located, are accessible
from all directions through the 3D channel network (cf. Fig. 1B).
The position and geometry of the amine groups in the structure
are not yet precisely defined. Nevertheless, since the kinetic dia-
meters of hydrogen (2.9 A) and carbon dioxide (3.3 A) are both
smaller than the pore size of the NH,-MIL-125, one cannot expect
molecular sieving but adsorption based separation, due to the
attractive interaction of CO; with the NH,-functionalized frame-
work. This adsorptive interaction can have an opposite influence
on the permeation behavior of a Hz/CO; mixture through an NH;-
MIL-125 membrane: The presence of NHz groups increases the
adsorption of CO; but it reduces its diffusivity.

To the best of our knowledge, both the neat NH,-MIL-125 MOF
layer and the NH,-MIL-125 MMMs are prepared and evaluated as
membrane for the first time. The adsorptive interaction of CO»
with the amine functions in the framework and the partly cross-
linkage between the MOF and the polymer chains of Matrimid
were characterized by IR-spectroscopy. Additionally, the textural
properties of the powder and the membrane were investigated
with X-ray diffraction (XRD) and scanning electron microscopy
(SEM). We proposed a ring opening polymerization reaction to be
responsible for the good interaction between the filler material
and the polymer matrix with NHp-MIL-125 as nodes. Further in-
vestigations were considered on the effect of filler content, feed
pressure and operating temperature on the Ha/CO, separation
capabilities of both membrane types. Lastly, the results were
brought into relation to the predicted membrane performance
(Maxwell-Modell) and to the Robeson upper bound for state-of-
the art composite membranes.

2. Experimental section

2.1. Materials

The chemicals in this work were obtained from commercial
vendors at a reagent grade purity or higher and used without
further purification.

Fig. 1. Schematic structure of NH,-MIL-125 in viewing direction of the different windows, which connect (A) the octahedral cages and (C) both cage types. Blue (non-
transparent) balls show the free amine groups inside the framework schematically. B demonstrates the schematic connection between all cages in the 3D porous network,
(For interpretation of the references ta color in this figure legend, the reader is referred to the web version of this article.)
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2.2. Preparation of NH>-MIL-125 powder

The preparation of the powder was done following a recipe
reported elsewhere [14]. For a typical synthesis, 0.355 mL tetra-
propylorthotitanate (TPOT) was dissolved in 10 mL methanol (so-
lution 1). Additionally a second solution, consisting of 0.434 g
aminoterephthalic acid (NH>-bdc) in 10 mL dimethylformamide
(DMF), was prepared (solution 2). Both solutions were heated up
to 70 °C. After heating, the solutions were combined in a Teflon
lined microwave autoclave and heated up to 150 °C for 30 min
(heating rate: 24 °C/min). After the synthesis, the autoclave was
cooled down in an ice bath and the resulting yellowish powder
was washed with methanol several times and activated in an oven
at 80 °C. After activation the powder was stored under Argon at-
mosphere for further use.

2.3. Preparation of supported NHz-MIL-125 layer

The NH»-MIL-125 layer was prepared by a hydrothermal
synthesis following a recipe reported elsewhere with slight mod-
ifications [14,37]. Therefore a solution of 10 wt% NH,-MIL-125
powder in ethanol was produced. This solution was used to get a
layer of seeding crystals on top of the a-Al;03 supports (2.5 ym
pores; Fraunhofer IKTS, former Hermsdorfer HITK, Germany) by
coating. After the coating the seeded support was dried for an
adequate time. For the growth process, 0.434 g NH,-bdc and
0.355 mL TPOT were solved in a mixture of 7.5 mL methanol and
7.5 mL DMF. This solution was filled in a 23 mL Teflon lined au-
toclave. One of the seeded supports was put on the bottom of the
autoclave in face-up orientation. The autoclave was heated in a
conventional oven at 150°C for 24 h. After the autoclave was
cooled down to room temperature, the membrane was washed
with methanol several times, stored in dichloromethane (DCM) for
one day and kept subsequently overnight at 70 °C in an drying
oven.

24. Preparation of supported MMMs

The supported MMMs were produced by a simple casting ap-
proach. Therefore the evacuated NH;-MIL-125 powder and the
Matrimid 5218 were weighed in a glass bottle under inert gas
atmosphere. After that, 1 mL dichloromethane (DCM) was added,
the glass bottle was closed and the resulting mixture was stirred
overnight. At the following day the mixture was first thickened
and then casted on an a-Al03 supports (2.5 pm pores; Fraunhofer
IKTS, former Hermsdorfer HITK, Germany) with the help of an
Eppendorf-Pipette. After casting, the MMMs were stored in an
atmosphere of DCM to allow a slow solvent evaporation. At the
end the membranes were activated at 150 °C in a nitrogen flush for
several hours.

2.5. Characterization techniques

2.5.1. X-Ray diffraction
The XRD measurements were done on a Bruker D8 Advance
Diffractometer with Cu-Ka-radiation in a range between 5° and 30°.

252, FTIR

FTIR spectra were recorded on a Tensor 27 (Bruker) spectro-
meter. Each sample was scanned 15 times with a resolution of
4cm~ ! and averaged to obtain the final spectrum. The measure-
ment in activated state was done in an evacuated sample chamber
(vacuum pump: Pfeiffer Hi Cube, Model TC 110, p~ 10> mbar),
whereas the measurement in low CO, atmosphere was done by
flushing the previously evacuated chamber with a corresponding
amount of pure CO, before measurement start.

2.5.3. Scanning electron microscopy

The scanning electron microscopy (SEM) studies of the samples
were done with a field-emission electron microscope (JEOL JSM-
6700F). Concerning the powder analysis, the accelerating voltage was
set to 2 kV and the working distance was 8 mm. For the SEM in-
vestigation of the membranes and MMMs the parameters were set to
10 kV and 15 mm. Energy dispersive X-Ray spectroscopy (EDXS) was
done at 10 kV accelerating voltage at a working distance of 15 mm
with an INCA 300 energy-dispersive X-Ray-spectrometer.

2.5.4. Gas permeation measurements

Our assumptions of the permeation properties were evaluated by
mixed gas separation measurements. The membranes were sealed in
the permeation cell with Viton O-rings (FKM 70 Vi 370). Gas se-
paration measurements were carried out by feeding an equimolar
mixture of Hz/CO, (25/25 mL/min) by means of two flow-mass
controllers, while the permeate side of the membrane was swept
with a controlled stream of N5 at 1 bar by means of another mass-
flow controller (MOF membrane: 50 mL/min; MMMs: 1 mL/min).
The NH3-MIL-125 layer was investigated in a temperature range
between room temperature and 150 °C. The MMMs were used at a
constant temperature of 150 °C and varying feed over pressures (0, 3,
4 and 5 bar), thus simulating the practice-relevant pre-combustion
conditions. Concentrations of Hy and CO; in the permeate were
analyzed by an Agilent Technologies 7890B online gas chromato-
graph equipped with a thermal conductivity detector.

3. Results and discussion
3.1. Structure analysis

The X-Ray diffraction patterns of NHz-MIL-125 as powder and
as thin continuous supported layer, together with a simulated XRD
from a cif-file (CCDC 751157) are shown in Fig. 2. Obviously, the
characteristic reflexes of the NHy-MIL-125 powder are in good
accordance with the simulated XRD. The main reflexes can clearly
be assigned to the (011), (002) and (121) planes. These char-
acteristic reflexes can also be observed for the membrane, in-
dicating the successful preparation of a supported NHz-MIL-125
layer. Additionally, the comparison between the powder with a
statistic orientation of the crystallites and the MOF layer show,
that the NH,-MIL-125 membrane has grown without preferential
orientation relative to the support.

3.2. Investigation of filler-CO; and filler-polymer interaction

The FT-IR spectra of NH2-MIL-125 in activated state and in CO»
atmosphere are recorded in Fig. 3. By comparing the two spectra,
the difference in the region between 1400-1600 cm ' and 3300-
3500 cm ! is obvious. The IR spectrum in the activated state ex-
hibits more detailed and also more split peaks in the specified
regions. This means, that the specific peaks of the amine shear
vibration (1400-1600cm ') and the amine stretching vibration
(3300-3500 cm ') are suppressed, indicating the adsorptive in-
teraction of NHz-MIL-125 with CO; if the latter is present [13-15].

The FI-IR spectra of a neat Matrimid film and a 10 wt% NH,-MIL-
125 MMM are displayed in Fig. 4. By comparison of the specific peaks
for the symmetric/asymmetric C=0 stretching vibrations (1650~
1800 cm ') and the symmetric/asymmetric aliphatic C-H stretching
vibrations (2850-3000 cm '), one can see, that the signal intensities
for the MMM are much lower. The reduced intensity of the carbonyl
functions may be a hint for a partly cross-linkage between the
polymer chains and the NHz-MIL-125 particles (cf. grey balls in upper
inset Fig. 4) via a ring-opening polymerization reaction as already
shown for several polyimides with diamines as cross-linkers [41,42].
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Fig. 2. X-Ray-diffractograms of the synthesized NH,-MIL-125 powder (red line),
the thin supported NH,-MIL-125 layer (blue line) and a simulated XRD pattern
from the cif-file of MIL-125 (black line). * reflex from the «-Al;05 support. The
measured XRDs have been normalized to the (011) reflex for better comparisan.
(For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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Fig. 3. IR-spectra of NH;-MIL-125 powder in CO; enriched atmosphere (10% CQ;,
90% N) and in the activated state. Inset shows characteristic shear vibrations (blue
dashed line) and stretching vibrations (green spotted line) for the free amine. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

A possible explanation for the suppressed signal intensity of the
aliphatic C-H vibrations is a hindrance of the palymer chain mobility
within the cross-linked bulk material.

3.3. SEM analysis

The morphological properties of the thin continuous NHz-MIL-
125 layer (sawn and polished) and the MMMs with NH,-MIL-125
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Fig. 4. Comparative IR-study of a neat Matrimid film (B) and Matrimid containing
10 wt% NH2-MIL-125 particles (A). The dashed lines indicate the specific peaks for
the symmetric/fasymmetric C=0 stretching vibrations and the symmetric/asym-
metric aliphatic C-H stretching vibrations, respectively. The two small insets clarify
the ring opening polymerization with the NH,-MIL-125 particles as nodes between
the polymer chains.

as embedded filler were observed by SEM analysis. The cross-
sectional image of the NH-MIL-125 layer is shown in Fig. 5A. It
indicates a thin MOF layer of approximately 2 pm thickness on the
®-Al;03 support (2.5 um pores; Fraunhofer IKTS, former Herms-
dorfer HITK, Germany). Fig. 5B-D shows the EDXS results of the
cross-sectional image and the elemental maps of Al and Ti, re-
spectively. Looking at the elemental maps one can see, that the Ti-
Kae signal can not only be found in the continuous layer on top but
also in the pores of the rough support. One can assume, therefore,
that the NH,-MIL-125 synthesis solution infiltrated the support
and most probably NH;-MIL-125 growth started in the pores of
the support and then continued to crystallize to a thin top layer. In
conclusion, from SEM investigation one can expect an appropriate
gas separation performance, since the neat supported NHz-MIL-
125 layer shows no recognizable defects or cracks.

As an example for the MMMs, Fig. 6 shows an SEM of a 10 wt¥%
NHz-MIL-125@Matrimid MMM. The powder used for the MMM
preparation (cf. Fig. GA) shows a circular/tetragonal plate-like
crystal shape, which was previously reported for NHa-MIL-125
prepared in a DMF/methanol solvent mixture [43]. These crystals
have a maximum diameter of approximately 800 nm and a
thickness of around 200 nm. Fig. 6B and C shows the cross-sec-
tional images of a 10 wt% NH,-MIL-125@Matrimid in low and high
magnification. They indicate, that the MMM has a thickness of
nearly 120 ym (cf. Fig. 6B) and that the particles are embedded
very well in the polymer Matrimid, thus revealing a good polymer-
filler interaction (cf. Fig. 6C). The good embedding can be assigned
to the partly cross-linkage between the NHz-MIL-125 particles and
the Matrimid chains as mentioned above (cf. Fig. 4). As recogniz-
able from the EDXS mapping in Fig. 6D and E, the distribution of
the filler is homogeneous in the polymer and there is no sign of
agglomeration. Consequently, one can also expect a good separa-
tion performance for the MMMs.

3.4. Gas separation performance

A thin supported membrane of type NH>-MIL-125 and Mixed-
Matrix-Membranes (MMMs) of the corresponding powder and
Matrimid in weight ratios 10/20 wt% have been evaluated in the
Hz/CO, separation. We expect an adsorption based separation
because of the interaction of carbon dioxide with the free amine
groups (cf. Fig. 3) in the MOF framework rather than molecular
sieving (pore sizes, neglecting framework flexibility are

34



Membranes for
and Zeolites

Hydrogen Separation based on Metal-Organic Frameworks (MOFs)

S. Friebe et al. / Journal of Membrane Science 516 (2016) 185-193 189

Fig. 5. SEM (A) and EDXS image (B) of the NH,-MIL-125 membrane cross section. Color code: epoxy resin (red), NH,-MIL-125 layer (green), a-Al,03 support (yellow). (C) and
(D) show the EDXS element distributions of the support (Al-K,) and the MOF-layer (Ti-K,). (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)

approximately 6 A). As indicated in Fig. 7A, the hydrogen perme-
ability through the thin supported NH,-MIL-125 layer is indeed
approximately eight times higher than those of CO, at room
temperature. Obviously, the permselectivity decreases with higher
temperature, due to a weaker interaction of CO, with the amine
groups, thus counteracting the impact of the NH,-functionaliza-
tion. To get additional information on the permeation mechanism,
we also conducted single gas permeation measurements (cf.
Fig. 7B). Comparing Fig. 7A and B, we can state that the hydrogen
permeability as single gas is slightly increased, but more or less
the same as the mixed gas permeability, indicating that there is no
strong adsorptive interaction. In contrary to this finding, the single
gas CO, permeability is remarkably enhanced (roughly doubled)
compared to mixed gas permeation. This surprising finding ought
to be a result of the interaction of CO, with the limited number of
NH, groups. In the single gas permeation experiment, the CO,
partial pressure is identical with the total pressure and a large
number of adsorbed CO, molecules are in interaction with a lim-
ited number of NH, groups. In the equimolar mixture, the CO,
partial pressure is 50% of the total pressure. Now less CO, interact
with the limited number of NH, groups, they are stronger ad-
sorbed and their translational mobility is reduced. Our results are
in fair accordance to other investigations with deviations between
single and mixed gas permeation measurements [44,45], due to
the interplay of adsorption and diffusion.

The mixed gas separation results of MMMs containing 10 and
20 wt% NH,-MIL-125 and a neat Matrimid membrane are shown

in Fig. 8. In comparison to the neat Matrimid membrane, both
MMNMs exhibit a better gas separation performance, that is to say
higher hydrogen permeability and higher H,/CO, separation factor.
The 10 wt% NH»-MIL-125@Matrimid MMM shows an increased
permeability by approximately 40%, while the selectivity increased
by around 25%. At higher feed pressures the permeability in-
creased even more at a constant (H»/CO,) selectivity of about 7.
Regarding the 20 wt% NH,-MIL-125@Matrimid MMM, the per-
meability increased (60%) at a slightly decreased selectivity (10%)
in comparison to the neat Matrimid membrane. The performance
of the 20 wt% NH,-MIL-125@Matrimid MMM may be a result of
the formation of aggregates and unselective pathways through the
composite, thus lowering the overall performance. However, as a
result of the elevated temperature (T=150 °C), the hydrogen per-
meability is enhanced due to a higher diffusion of the penetrants,
while CO, adsorption on the MOF and solution in the polymer is
suppressed, resulting in a good separation performance. Our
finding of an enhanced membrane performance through embed-
ding amine-functionalized fillers is in good accordance with re-
cently published works [46-50].

The major parameters to describe the gas separation perfor-
mance of a membrane are the permeability of a specific compo-
nent in the gas mixture and the mixture separation factor, which
are related to each other to a high degree. In general, a higher
permeability of a specific gas mixture component results in a de-
creased gas mixture separation factor. As a result of this trade-off
relationship, each gas pair has a limited upper bound of the
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Fig. 6. SEM image of the NH,-MIL-125 powder (A) and the cross section of a 10 wt% NH>-MIL-125@Matrimid MMM in low (B) and high (C) magnification. Image D and E
show the homogeneous distribution of the powder inside the MMM cross section (same image section). Color code: polymer (green), NH,-MIL-125 (red). (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 7. Mixed (A) and single gas permeabilities (B) for H, (V) and CO, (0) and ideal/real separation factors (columns) for an equimolar mixture of H»/CO, at different

temperatures for the neat supported NH,-MIL-125 membrane.

separation factor at a given permeability for one gas component.
This so called Robeson upper bound indicates a trendline for the
separation of an equimolar H,/CO, mixture [51]. To bring the
above mentioned gas separation results of all membranes under
study in relation to this Robeson upper bound, we plotted the
logarithmic mixture separation factor versus the logarithmic hy-
drogen permeability (cf. Fig. 9). In summary, all membranes under
study show a better performance than the upper bound at these
practice-relevant measurement conditions, which was also pre-
viously shown for MMMs based on ZIF-8 in Matrimid for similar
loadings [52,53].

3.5. Prediction and evaluation of MMM performance with the
Maxwell-Model

The Maxwell-model was originally designed to describe the
electrical conductivity through heterogeneous media [54], which
is very similar to the permeation through a MMM with a polymer
as continuous phase (P¢) and embedded MOF as dispersed phase
(Pp) [55,56]. Following Eq. (1), the Maxwell-model can be used to
predict the effective permeability (Pey) for an MMM, when the
permeabilities for the neat continuous (i) polymer (P¢) and (ii)
MOF (Pp) phase are known [57]:
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Hereafter, we will use the Maxwell model for a quantitative
interpretation and correlation of the MMM permeation data.
Normally, this model is valid for spherical particles and does not
account for particle size-distribution, particle shape, and ag-
gregation of particles [58]. Unfortunately, the NH,-MIL-125 parti-
cles are neither spherical nor monodisperse (cf. Fig. 6A) and the
particle distribution seems to be homogeneous (cf. Fig. 6D and E)
but is probably not ideal. Furthermore, the influence of (i) a sup-
pressed framework flexibility and (ii) the polymer-filler coupling
via a ring opening polymerization (c.f. Fig. 4) are also ambiguous.
These above mentioned facts may affect the MMM performance
and lead to an underestimation of the MMM capabilities as shown
in Fig. 10. Obviously there seems to be an optimal weight fraction
for the filler material (approximately 10 wt%). Concerning the
20 wt% NHz-MIL-125@Matrimid MMM, the bigger deviation from
the predicted permeability may be the result of an increased

atmaos ic pressure. Wicke-Kallenbach measurement with both feed and
perineate side at 1 bar.

agglomeration tendency of the filler material, thus forming more
unselective pathways through the MMM, as already mentioned
above, This experimental finding is in complete accordance with
our previous finding on ZIF-8/Matrimid MMMs [53]. However, we
believe that all, the limited validity of the Maxwell-model as de-
scribed above, the suppressed framework flexibility by the sur-
rounding polymer phase as described in [52,59] and the covalent
coupling between the polymer phase and the filler material con-
tribute to the deviating performance of the MMMs,

4. Conclusions

The present study demonstrates the high performance of the
amine-functionalized MOF NH»-MIL-125 as continuous supported
layer as well as corresponding Matrimid-based MMMs in the se-
paration of equimolar H,/CO, mixtures at various temperatures
and feed pressures. IR-spectroscopy clearly shows the adsorptive
interaction of CO; with the amine functionalities of NH3-MIL-125.
Furthermore, via IR-spectroscopy, the partly cross-linkage of the
NHz-MIL-125 particles with the Matrimid chains was experimen-
tally verified. The adsorptive interactions of CO, with NH-MIL-
125 are assumed to be responsible for the high separation per-
formance of this material as neat MOF membrane as well as filler
material for MMMSs. Regarding the thin supported MOF layer,
higher temperatures led to a decrease of the permselectivity, due
to the weakened (compared to lower temperatures) adsorptive
interaction between the amine groups and COs, thus reducing the
retention of the latter. Considering the MMMSs, the amount of
10 wt% filler seems to be optimal, since both the permeability and
the selectivity are enhanced in comparison to the neat polymer
membrane, whereas 20 wt% MOF loading only further increased
the permeability. The separation factor of both MMMs (10 and
20 wt% loading) remained nearly constant with increasing the feed
pressures. Lastly, if bringing the performance of both the sup-
ported thin NH»-MIL-125 layer and the Matrimid-based MMMs in
relation to the Robeson upper bound and evaluating the perfor-
mance of the MMMs with the Maxwell- model, all membranes
under study exceeded the Robeson upper bound.
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ABSTRACT: The 3D metal—organic framework (MOF) structure UiO-66
[Zrg0,4(OH),(bdc),], featuring triangular pores of approximately 6 A, has been
successfully prepared as a thin supported membrane layer with high crystallo-
graphic orientation on ceramic @-Al,Q; supports. The adhesion of the MOF layer
to the ceramic support was investigated in different taxing conditions. Furthermore,
by coating this UiO-66 membrane with a thin polyimide (Matrimid) top layer, we
prepared a multilayer composite. Said membranes have been evaluated in the
separation of hydrogen (H,) from different binary mixtures at room temperature.
H, as the smallest molecule (2.9 A) should pass the UiO-66 membrane preferably
since the kinetic diameters of all the other gases under study are larger. The gas
mixture separation factors for the neat UiQ-66 membrane were indeed found to be
H,/CO, = 5.1, Hy/N, = 47, Hy/CH, = 12.9, H,/C,Hy = 224, and H,/C;Hg =
28.5. The coating with Matrimid led to a sharp cutoff for gases with kinetic

diameters greater than 3.7 A, resulting in increased separation performance.

KEYWORDS: UiO-66, MOF membrane, stability, crystallographic orientation, hydrogen separation, polymer coating

1. INTRODUCTION

The diversity of metal—organic framework (MOF) chemistry
allows the tailored synthesis of an almost unlimited number of
microporous structures. > Additionally, these structures can
feature functional groups or unsaturated a\:c_essible metal sites
as adsorption centers for different gases.'” These two facts
speak for MOFs as candidates for high-quality molecular sieve
membranes. Consequently, this versatile material class is
particularly attractive for membrane assisted separation
processes like hydrogen purification from waste gases, CO,
removal from flue gases, olefin paraffin separation, or removal
of unwanted components (e.g, dewatering or desulfuriza-
tion). 10

Despite some pioneering activities and plenty of work in the
development of supported MOF-based membranes, the scale up
and reproducibility of defect-free MOF membranes are still
major challenges.“"z Nevertheless, there are several publica-
tions with promising approaches to enhance the reproducibility
and membrane quality by synthesis modifications or new
membrane architectures.”*~'” When looking at the diversity of
available MOFs, structures with 3D geometry and pore
apertures of a few A are of particular interest, since they
allow an unhindered gas permeation regardless of the crystal
orientation within the membrane'® unlike 1D geometries.'”
Our group already published results with MOF layers as
molecular sieve membranes prepared by microwave synthesis,"
by reactive seeding,m or by covalent bonding to the suppm't.ZL

Nevertheless, for application in membrane-based separation
processes, the materials have to feature a good mechanical and
chemical stability. Especially, the poor hydrothermal stability of

ACS Publications  © 2017 American Chemical Society
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most MOFs limits their application under harsh conditions.”
However, like a lot of other zirconium-based MOFS,Z‘PZ“ Uio-
66 (Universitet i Oslo) shows exceptional stability against
chemicals, temperature, and mechanical stress.””® Therefore, it
is a promising material for the fabrication of robust membranes
as recently shown for CO,/N, separation under harsh
conditions.”” Furthermore, it has already been well investigated
in terms of the pore functionalization,* different synthesis
routes,”’*” reaction kinetics,”* flexibility, and mechanical
properties.”’ Additionally, the structural characteristics includ-
ing the crystallographic positions of the atoms were investigated
in detail via DFT calculations in combination with EXAFS
measurements and Rietveld refinements by Lillerud, Lamberti,
and co-workers.”*® Their works clarified that the 3D structure
of Ui0-66 (Figure 1A) consists of ZrsO,(OH), nodes as
inorganic subunits, which are each 12-fold bridged to other
nodes via the benzene 14-dicarboxylate linker, resulting in
triangular windows with a size of 6 A (Figure 1B).””** These
windows connect two types of cages (octahedral: 11 A @;
tetrahedral: 8 A ©).*

Another study by Jobic and co-workers™” explored the
idiosyncracies of the benzene ring motion via ’H NMR
spectroscopy and quasi-elastic neutron scattering (QENS).
They pointed out that the aromatic rings feature the lowest
rotational energzv barrier (=30 k_]-mul") in comparison to
other MOFs.*"* Additionally, they proved that the rotational
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Figure 1. (A) Illustration of the 3D UiO-66 structure showing the octahedral cage (orange ball) and the tetrahedral cage (green ball). (B) Triangular
windows between the octahedral and tetrahedral cages with a pore size of 6 A as found experimentally from Rietveld analysis,**"” resulting from the
12-fold terephthalate bridging between the Zr,0,(OH), nodes. {(C) Change of pore entrance size as a result of the 3 orientable benzene rin§s
performing flips around the €, symmetry axis. The resulting pore size fluctuates between 3.7 and 9.2 A. Used cif-file: cm1022882_si_001.cif.™

Software used: Diamond 3.2.

benzene ring motion shows a temperature dependent behavior.
For instance, at room temperature, roughly 7% of the benzene
rings are “static”, whereas the rest perform “flips” (“slow flips”™:
237%; “fast flips”: ~56%), which can affect the pore entrance
size as demonstrated in Figure 1C. We expect the above-
mentioned overall robustness of UiO-66 and the benzene ring
rotation, thus affecting the pore size entrance, to be an ideal
model system to investigate the effect of an additional Matrimid
polymer top layer, which should modify the gas separation
capabilities of the MOF layer to a certain degree.

Here, we present the synthesis and evaluation of an oriented
Ui0-66 layer on flat ceramic alumina supports as membrane for
the separation of hydrogen from several other gases. The
orientation of the octahedral crystals relative to the support is
characterized by different crystallographic preferred orienta-
tions (CPOs) by comparing the statistically oriented powder
and the supported membrane layer. Further, we prepared a
multilayer membrane with a polyimide (Matrimid) top layer on
the UiO-66 membrane. We expect this polymer layer either to
heal present microdefects or to interact with the neat MOF
layer at the interface to a certain degree, thus giving modified
gas separation capabilities. The separation performance of the
prepared membranes has been tested in mixed gas separation.

2. MATERIALS AND METHODS

2.1. Materials. The chemicals and reagents used for the
preparation or investigation include zirconium chloride (ZrCl,,
anhydrous, 98%, Alfa Aesar), terephthalic acid (Hybdc, 98%, Sigma-
Aldrich), benzoic acid (C,H,0, 299.5%, Sigma-Aldrich), dimethyl-
formamide (DMF, 99.8% anhydrous, Sigma-Aldrich), methanol
(MeOH, >99.8%, Sigma-Aldrich), dichloromethane (DCM, 99.8%,
Carl Roth), hydrochloric acid (HCl, 37%, Sigma-Aldrich), and
Matrimid (Matrimid 5218, Huntsman). All these chemicals were
obtained from commercial vendors at reagent grade purity or higher
and used without further purification.

2.2. Preparation of Oriented UiO-66 Membrane and UiO-66/
Matrimid Multilayer. The supported oriented UiO-66 layer was

synthesized via a benzoic acid modulated hydrothermal synthesis
following a slightly modified recipe reported elsewhere." For a typical
approach, 0.28 g of Hybdc and 4.4 g of benzoic acid were dissolved in
10 mL of DMF and heated up to 150 °C. In parallel, a second solution
of 042 g of ZrCl, in 4.5 mL of DMF was prepared and also heated up
to 150 °C. The two solutions were combined in a Teflon lined
autoclave. A ceramic a-ALO, support (70 nm pores in top layer,
Fraunhofer IKTS, former Hermsdorfer HITK, Germany), previously
modified by seeding with 300 nm octahedral crystals (10 wt %
ethanolic suspension; see Figures $1—83), was placed in the solution
in a face down orientation. Subsequently, the autoclave was placed in a
conventional oven at 180 °C for 24 h. After cooling down to room
temperature the membrane was washed several times with MeOH and
then stored in DCM overnight. The membrane was then dried at 80
°C for 24 h.

The UiO-66/Matrimid multilayer was prepared by coating
Matrimid dissolved in DCM on top of the neat MOF layer. This
composite was subsequently stored in a DCM atmosphere (Petri dish)
to allow a slow evaporation of the solvent.

2.3. Characterization. 2.3.1. X-ray Diffraction. The XRD
measurements were done on a Bruker D8 Advance Diffractometer
with Cu Ka radiation in a range between 6° and 20°. The CPOs were

dculated lly while the i p dasap ge
was calculated with the software Topas 4.1,

2.3.2. Scanning Electron Microscopy. The scanning electron
microscopy (SEM, EDXS) studies of the samples were done with a
field-emission electron microscope (JEOL JSM-6700F) at 20 kV
accelerating voltage and 15 mm working distance.

2.3.3. Gas Permeation Measurements. Our assumptions of the

paration cap ies were luated by mixed gas separation
measurements of different equimolar binary mixtures (H,/CO,,
H,'N,, H,/CH,, H,/C,H, and H,/C;H,). Therefore, the membrane
was sealed in the permeation cell with Viton O-rings (FFKM 70 Vi
370). The following measurements were carried out by feeding an
equimolar mixture of H,/X (25/25 em*(STP)/min) at room
temperature by means of two mass flow controllers (MFCs). The
permeate side of the membrane was swept with a controlled N, stream
by means of another MFC (MOF membrane: 50 cm’(STP)/min;
multilayer membrane: 1 ¢cm*(STP)/min) and both feed and sweep
side at 1 bar (Wicke-Kallenbach technique). Gas chromatography
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(Agilent Technologies 7890B) was applied to investigate the
permeated mixture.
3. RESULTS AND DISCUSSION

3.1. Structure Analysis. Figure 2A shows the XRD
patterns of UiO-66 powder, a supported UiO-66 membrane,

n (002)
=) =
. ) 5§ @®% & =%
3 i 3§48
- membrane
>
o=
‘a
c
s er
=
| . simulated
6 10 14 18
20/°
reflection (X/Y) CPO (X/Y)
002/111 4
002/022 20

Figure 2. (A) X-ray diffractograms of the synthesized UiO-66 powder,
the thin supported highly oriented UiO-66 layer, and a simulated XRD
pattern from the cif-file. The measured XRDs have been normalized
for better comparison. (B) CPOs of (002) vs the (111) and {022)
reflections indicating the high orientation of the octahedrons in
relation to the perpendicular line to the support (see Figure 3B).

and a simulated XRD from a cif-file.’ It is obvious that the
powder XRD is in accordance with the simulated XRD.
Evidently, the membrane has grown with a high orientation, as
indicated by the huge intensity change of the (002) and (111)
reflections in comparison to the statistically oriented powder,
meaning that the corresponding layer was grown with high
orientation of the octahedrons relative to the support. Similar
findings of oriented layers have already been published for
several other MOF and zeolite membranes.”"** The orientation
of the UiO-66 layer was most likely achieved by presynthetic
support seeding followed by a van der Drift growth
mechanism™ and the favorable face down support orientation
during the synthesis in combination with the so-called
coordination modulation mechanism due to the presence of
benzoic acid, proposed by Kitagawa and co-workers."”"* The
degree of the orientation can be characterized by the so-called
crystallographic preferred orientation (CPO) via the following
eq 1, where I stands for the intensity of a reflection X or ¥ and
M and P belong to the investigated membrane (M) or the
statistically oriented powder (P), respectively:"”

0 _ (@@ - @0/E)

(¥) /) M
For CPO values >1, the membrane exhibits a preferred

orientation along the direction of (X), whereas a CPO value of

0 means that the membrane shows no specific orientation. To

investigate the orientation of the UiO-66 membrane under
study, we compared the intensities of the major (002) reflection

CPO

with the intensities of the (111) and (022) reflections (see
Figure 2B).

As shown in Figure 2B, the CPO values for the dominant
investigated reflections are CPO (002/111) = 41 and CPO
(002/022) = 20, respectively. This clearly exhibits the
alignment of the (002) planes in parallel to the support,
which is in good accordance with the model of the van der Drift
growth.*® Following the latter, the growth starts from randomly
oriented seed crystals until they contact each other. From this
point, the crystals grow along the direction with the highest
growth rate, thus building the top layer of the membrane.
Consistent with this, the highest growth rate of the UiO-66
crystals takes place in the (002) direction, Additionally, this
above-mentioned finding was also qualitatively proven by a
Rietveld analysis, which roughly resulted in an 85% fraction of
preferred (002) orientation for the UiO-66 membrane™ (see
Figure S4).

3.2. Morphological Analysis. Figure 3 shows the SEM
images of the UiO-66 membrane in top view (A), the cross

Figure 3. Exemplary SEM images of the supported UiQ-66 membrane
in (A) top view and (B) cross section. (C) Schematic representation of
the octahedrons orientation within the UiO-66 layer and their
orentation to the support surface.

section (B), and a schematic illustration for the orientation of
the octahedrons and the resulting structure tilting to the
support (C). The top view (A) indicates well intergrown
crystals, which show the tips of the octahedrons. The taken
cross section images of the UiO-66 membrane (B) reveal a 5
pum thick layer with a high orientation across the whole ceramic
support (tilting angle of the octahedrons &15°). The obvious
tilting angle from Figure 3B was confirmed by measuring the ¢-
axis tilt angle for 25 different crystals inside the layer (see
Figure $5). Furthermore, the average tilting angle of the latter
seems to be in good accordance to the approximated preferred
crystal orientation from Rietveld refinement and the con-
comitant calculation (see Figure S4). From SEM, one can
expect a good gas separation performance, since the supported
Ui0-66 layer shows no recognizable major defects or cracks.
3.3. Stability Analysis. As reported in the literature, the
growth of MOFs on polymer fibers such as polyamides or
polypropylenes can be facilitated by specific buffer layers (e.g,
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Zn0O, TiO, or AlO,) fabricated via atomic layer deposition.
However, some of these layers show a certain incompatibility to
MOFs, thus leading to stability issues."*” Since we also used a-
AlLO; supports for the crystallization of our MOF membrane,
we analyzed, therefore, the adhesion of the prepared MOF
layers to the ceramic support under different (taxing)
conditions. The prepared membranes were (i) stored in
distilled water for 24 h, (i) stored in HCI (10%) for 24 h,
(iii) sonicated in distilled water for 1 h, and (iv) sonicated in
HCI (10%) for 1 h. Said membranes were then investigated via
SEM and compared to the pristine MOF layer (c. f. Figure 4A—

£) 28 h fn 10 % K (2g)

Figure 4. SEM images of the supported Ui0-66 membrane after
adhesion tests in three different taxing conditions: (A) after storage in
10% HCl (aq) for 24 h, (B) after ultrasonication in distilled H,O for 1
h, and (C) after ultrasonication in 10% HCI (aq) for 1 h.

C). The storage in water did not change the appearance of the
UiO-66 layer or the adhesion to the ceramic support.
Consequently, the membrane looked like the pristine
membrane (cf. Figure 3B), which is in good accordance with
stability results reported by several other groupsf‘%m On the
contrary to the latter, the storage in HCl (10%) affected the
appearance of the layer, as shown in Figure 4 A. The spent
membrane shows fewer edges and a smoothed surface, as if
some material was abrased through this treatment. However,
the contact with the support is still present. The membrane
after sonication in water is shown in Figure 4B and also looks
like the pristine membrane. Nevertheless, the sonication
resulted in a loss of contact to the a-Al,O; disk, thus showing
a huge crack between the interface of MOF and support. The
sonication in HCI (10%), which displays the most taxing
condition, stressed the membrane to the greatest degree (cf.
Figure 4C). Hence, the UiO-66 layer not only lost almost all
contact with the support but also was destroyed into several
small slices.

3.4. Gas Separation Analysis. Figure S shows the mixed
gas permeances of H,, CO, N, CH, C,H, and C;H; for
equimolar H,/X (X = N,, CO,, CH,, C,H,, C;Hy) gas mixtures
through the oriented UiO-66 membrane as a function of the
kinetic gas diameter. It is obvious that the permeance of
hydrogen through the UiO-66 membrane is much higher
compared to the other gases (N,, CO,, CH,, C,Hg, C;Hg) and
the permeance decreases steeply with increasing kinetic gas
diameter. This order seems to be in good accordance with the

12881
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Figure 5. Neat UiO-66 single layer membrane: Gas mixture
permeances for CO,, N,, CH,, C;H,, and C;Hg, in binary mixtures
with H; as a function of the kinetic diameter at 25 °C and 1 bar for
both the feed and the sweep side. Inset shows the comparison between
the measured mixture separation factors and the corresponding
Knudsen values for the binary gas mixtures.

concept of molecular sieving, since hydrogen (2.9 A) is the
smallest gas with a size clearly below the estimated pore size of
6 A of UiO-66. However, since the pore size of 6 A is larger
than the kinetic diameter of all gases under study, the UiO-66
membrane works like a “soft” molecular sieve for N, CH,,
C,Hy, and C;Hg, which shows selectivities of H,/N, = 4.7, H,/
CH, = 129, H,/C,Hy = 224, and H,/CH; = 28.5,
respectively. These selectivities are higher than their corre-
sponding Knudsen selectivities of @4,y (A/B) 3.7, 2.8, 3.9, and
4.7, which can be calculated by the following eq 2:

JM(B)
JM(a) @

Since CO, (3.3 A) has the second smallest kinetic diameter
and shows a specific interaction with the hydroxylated Zrg
cluster of the inorganic subunit,” the mixture separation factor
of H,/CO, = 5.1 is found to be close to its Knudsen selectivity
of 4.7. In summary, although there are a lot of publications with
membranes that outperform the represented layer in terms of
the aforementioned gas pairs,”*™" the UiO-66 membrane
shows a good gas separation performance, which is comparable
to several other 3D MOF membranes, such as those reported in
refs 59 and 60.

In a previous paper, we developed the concept that an
additional polymer layer on top of the MOF layer can
drastically enhance the separation performance.®” We prepared,
therefore, a multilayer membrane by coating a Matrimid layer
(~15 um) on top of the UiO-66 membrane. This polymer top
layer can (i) heal present defects in the MOF layer, (ii) modify
the pore entrance size at the MOF—polymer interface, or (iii)
reduce the bulk framework flexibility of the MOF in contact
with the polymer, thus resulting in a modified behavior as
shown for other MOF/polymer pairs.”"*> Another crucial
point, affecting the overall capabilities of such materials in
general and in our composite in particular, is the direct
compatibility between the composite’s components.m_ﬁ“ The
smaller the points of contact, the more important this
compatibility becomes. The latter can be adjusted or improved

igea(A/B) =
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Matrimid

Figure 6. Cross section SEM image (A) and the corresponding EDXS mapping (B) of the Matrimid/UiO-66 multilayer membrane.
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Figure 7. Matrimid/UiO-66 multilayer membrane. Gas mixture permeances for CO,, N,, CH,, C,Hg, and C;Hj in an equimolar mixture with H, as
a function of the kinetic diameter at 25 °C and 1 bar for both the feed and the sweep side. Insets demonstrate suggested reasons for improved

performance.

by several measures such as functionalization with appropriate
groups® or even direct coupling.””

Figure 6A,B shows the results of the SEM/EDXS
investigations for the multilayer membrane. They indicate a
continuous MOF/polymer interface without any detectable
voids and a good contact between the two different layers.
Furthermore, it is obvious that the UiO-66 layer did not suffer
from the coating process and looks unchanged (cf. Figure 3B).
Therefore, one can expect a modified separation behavior in
comparison to the neat MOF layer. As shown in Figure 7, the
permeances for all investigated gases are indeed at least two
magnitudes lower in comparison to the neat UiO-66 membrane
(cf. Figure S). At first sight, this seems plausible and in line with
expectations, since the polymer Matrimid used for the
preparation of the multilayer membrane has relative low fluxes.
However, the decrease of the per e values is especiall
strong for those gases with a kinetic diameter larger than the
minimum estimated pore size (CH,, C,Hg, C;Hg). The mixture
separation factors for H,/CO, and H,/N, are comparable to
the neat UiO-66 membrane, whereas the mixture separation
factors for H,/CH,, H,/C,Hg, and H,/C;Hj are increased to a
high degree, as shown in Figure 8A, makin(’g this multilayer
competitive to other state of the art materials.”"*” The increase
in selectivity might have different explanations: (i) the coating
with Matrimid “heals” present defects in the MOF layer, thus
resulting in improved separation capabilities; (ii) the coating
narrows the pore size by penetrating into the framework
structure to a certain degree; (iii) the polymer layer modulates/

B s
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Figure 8. (A) Comparison of the mixture separation factors a for the
neat UiO-66 membrane and the Matrimid/UiO-66 multilayer. (B)
Exemplary clarification of the interplay between both materials (UiO-
66 and Matrimid) with respect to the separation performance for two
gaseous probe systems.

hinders the linker mobility within the UiO-66 framework. The
latter would also affect the minimum pore size for a certain
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orientation of the 3 benzene rings (cf. Figure 1C). However,
also a combination of the three aforementioned effects is
imaginable. Despite published results, which show Matrimid as
a membrane with great H,/CH, selectivity," our neat
supported layer shows lower gas separation capabilities (cf.
Figure 8B). This lower performance is most probably caused by
improper handling, thus resulting in bubbles within the
polymeric matrix. In conclusion from this experimental finding,
one can deduce that a “soft” porous MOF molecular sieve layer
can be transferred to a membrane with better separation
performance by coating it with a thin polymer top layer.
Although the permeances for the presented composite
membrane are substantially decreased compared to the
noncoated UiO-66 layer, this could fairly be fixed by reducing
the thickness of the polymer cover layer.

4. CONCLUSIONS

In summary, the present study describes the synthesis of a 3D
supported, oriented UiO-66 membrane layer on flat ceramic
supports. The orientation of the octahedrons to the support
was characterized via CPOs and approximated via Rietveld
refinement. Furthermore, the stability as well as the adherence
of the prepared layer was investigated in different stressful
conditions. Regarding the mixed gas separation performance,
the neat UiQ-66 layer exhibits reasonable gas selectivity with
separation factors higher than the corresponding Knudsen
selectivity. Due to the framework flexibility and the relatively
large pore size of 6 A, no sharp molecular sieving was observed.
However, this soft porous MOF material UiO-66 was
transferred to a membrane with better separation performance
by coating the MOF layer with a thin Matrimid polymer top
layer. The latter can be a result of a plethora of different
reasons. Nevertheless, we believe that the additional polymer
layer most likely has three ramifications: (i) it fills present
defects in the MOF layer; (ii) it reduces the pore size by
extending into the framework to a certain degree; (iii) it affects
the framework flexibility at the polymer—MOF interface.
Consequently, the UiO-66/Matrimid multilayer membrane
shows improved separation performance and better molecular
sieving. Our finding raises the question of the effect’s origin and
whether this could be conferred or even be multiplied by
incorporating (nano)particles of UiO-66 or other MOFs
completely in a polymeric matrix as a so-called mixed-matrix
membrane. Corresponding studies are on the way.
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ABSTRACT: MIL-96(Al) layers were prepared as supported metal—organic
frameworks membrane via reactive seeding using the -alumina support as the
Al source for the formation of the MIL-96(Al) seeds. Depending on the solvent
mixture employed during seed formation, two different crystal morphologies,
with different orientation of the transport-active channels, have been formed.
This crystal orientation and habit is predefined by the seed crystals and is kept
in the subsequent growth of the seeds to continuous layers. In the gas
separation of an equimolar H,/CO, mixture, the hydrogen permeability of the e
two supported MIL-96(Al) layers was found to be highly dependent on the MIL-96 MOF layer MiL-96@Matrimid
crystal morphology and the accompanied channel orientation in the layer. .’ MR

In addition to the neat supported MIL-96(Al) membrane layers, mixed-matrix

membranes (MMMs, 10 wt % filler loading) as a composite of MIL-96(Al)

particles as filler in a continuous Matrimid pilymer phasi3 have been prepared. LTS

Five particle sizes of MIL-96(Al) between 3.2 ym and 55 nm were synthesized.

In the preparation of the MIL-96(Al)/Matrimid MMM (10 wt % filler loading), the following preparation problems have been
identified: The bigger micrometer-sized MIL-96(Al) crystals show a trend toward sedimentation during casting of the MMM,
whereas for nanoparticles aggregation and recrystallization to micrometer-sized MIL-96(Al) crystals has been observed. Because of
these preparation problems for MMM, the neat supported MIL-96(Al) layers show a relatively high H,/CO, selectivity (~9) and a
hydrogen permeance approximately 2 magnitudes higher than that of the best MMM.

KEYWORDS: MIL-96(Al), MOF membrane, hydrogen/carbon dioxide separation, mixed-matrix membrane (MMM),

crystal morphology

1. INTRODUCTION

Current politics and industry are interested in materials for % . w
environmentally friendly,' economical,” and energy-efficient ! o~ """
processes, especially with respect to gas purification and CO, ? A q e
capture.” Established materials like zeolites or novel materials like g '
metal—organic frameworks (MOFs), hybrid inorganic—organic

solids, and one of the latest class of porous crystalline solids are ?\

possible candidates to solve these problems of CO, capture.
MOFs that exhibit a permanent porosity, tunable composition,
and pore and cage sizes show high inner surfaces and are often

b c a
’\< b“\
c
a

.found to have aldsorptiun properties favoring gas uptake.” For use Figure 1. Schematic structure of MIL-96(Al) and its three main cavities
in gas separation, the MOF has to be water-stable and heat- with volumes of approximately (a) 420 A%, (b) 635 A*, and (c) <100 A%,
resistant and has to feature appropriate pore sizes or functional Drawn with the software Diamond.

gmupsf' The investigated MOF in this study—both the neat MOF

layer as well as the powder filler in mixed-matrix membranes . 1o . .

(MMMs)—is MIL-96(Al).” Like most Al-carboxylate-based (ef. Figure la_c_)' " The _*hree’d'm.msm"_al (3D) MQF
MOFs, it shows goocl hydrothermal stability and is stable in air structure has a unique feature since there is no direct connection

up to about 300 °C.*° The alumina octahedral building units show between two equal cavities. Cavity (c) acts as a junction between
a very rare structure, containing corner-sharing chains of metal
octahedra bridged by three y-oxo centered trinuclear units in the Received: December 22, 2015
c-direction of the hexagonal unit cell as characteristic element. The Accepted: February 17, 2016
pores connect three types of cavities with different free volumes Published: February 17, 2016

ACS Publications  © 2016 American Chemical Society 7536 DOk 10.1021/acsami5b12541
V ACS Appl. Mater. interfaces 2016, 8, 7536-7544
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the other cavities. However, the window size between cavity (a)
and cavity (c) is very narrow, close to 1 A, thus sealing this path
gastight in some degree. In contrast, the window size between
cavity (b) and cavity (c) is around 3.5 A. This results in a virtual
two-dimensional (2D) pore network, which allows a “zigzag” gas
transport for CO, and H, between cavities (b) and (c).

As a consequence of the features of MIL-96 mentioned above,
it could be optimal for hydrogen separation in precombustion
CO, capture technologies. "> Precombustion hydrogen separa-
tion means that the carbonaceous fuel (e.g, natural gas, coal) is
transformed by several partial oxidation and reforming steps
in a H,/CO, mixture. The separated hydrogen can be used
energetically (combustion in a turbine or fuel cell) whereas the
captured CO, can be sequestrated.

Therefore, two types of MIL-96(Al) membranes have been
developed here and evaluated in the H,/CO, mixed gas
separation: (i) Neat continuous MIL-96(Al) layers of a few
micrometers thickness on ceramic alumina supports and (ii)
MIL-96(Al) powder in Matrimid as MMM, also casted as layers
on alumina supports.

For the preparation of MMMSs, MIL-96 crystals of different
sizes had to be prepared. Regarding the synthesis of MIL-96,
several groups have already investigated the adjustment of
MIL-96 particle sizes and shapes by various modulation routes, like
different solvents and solvent mixture ratios'* and pH adjustment
and competing reactions."””'” As shown recently in ref 18,
following the MMMs concept, the good permselectivity of an

and 8 mL of DMF at 80 °C in an ultrasonication bath. The clear
solutions were put together in a Teflon-lined autoclave at 80 °C and
0.5 mL of a 10 mM acetic acid solution was added. The autoclave was
sealed and put in an oven at 210 °C for 2 h. After the reaction the
particles were washed with methanol in the first step and deionized
water in a second step using a centrifuge at 10 000 rpm and an ultra-
sonication bath to redisperse the particles. After that, the particles were
dried at 150 °C for 2 h and stored in a sealed bottle for further use.

2.3, Mixed-Matrix Membranes. The supported 10 wt % MMM
and the neat Matrimid membranes were produced by a simple drop-
casting approach. Therefore, the d MOF powder and the
Matrimid 5218 were weighed in a glass bottle under an inert gas
atmosphere in the desired ratio (10 mg of MOF, 90 mg of polymer).
After that, 1 mL of DCM was added, the glass bottle was closed, and
the resulting mixture was stirred overnight. On the following day, the
mixture was thickened to $00 L by evaporation and casted onan ALO,
support (2.5 ym pores; Fraunhofer IKTS, former Hermsdorfer HITK,
Germany) with the help of an Eppendorf-Pipette. After casting, the
MMMs were dried in an atmosphere of DCM to allow a slow solvent
evaporation. At the end, the membranes were activated at 100 °Cin a
drying oven for several hours,

24. Neat-MOF Membrane. MIL-96(Al) MOF layers in the
thickness of only a few micrometers for mixed-gas separation measure-
ments were produced using a slightly modified reactive-seeding
procedure previously reported by Nan et al.”* and Sindoro et al,™
respectively. Reactive seeding with toluene was carried out mixing 4 mL
ofa0.02 mM aqueous H;BTC solution with 4 mL of toluene and adding
68 L of 10 mM acetic acid. In the case of the DMF seeding, 1.26 g of
H,BTC was dissolved in a 4 mL DMF and 4 mL water mixture.

The DME and toluene seedings were performed on rough ceramic

inorganic filler material (MOFs like zeolitic imidazolate frame-

pp These were put in the Teflon-lined autoclaves in a vertical

works (ZIFs) and Materials Institute Lavoisier (MILs) and zeolites)
and the mechanical properties of the polymeric material can be
combined in the composite material called MMM.' ' These
studies reveal all the positive features of MMM, for example, easy
and low-cost production as well as favorable mechanical properties
of the polymer (flexibility, long-term stability, and reproducibility).
Additionally, by incorporating separation-active filler materials,
one can also overcome the negative asJ]ects of the neat polymer
membranes, especially of low fluxes.'™* ™" It is assumed that
MMMs may close the gp between neat MOF layers and neat
polymer membranes.”” " Regarding the MMM fabrication, the use
of Matrimid seems to be a good choice since it shows high thermal
and chemical stability and easy processability.” Despite all the
positive features mentioned above for the MMMs, several problems
might occur, for example, low interaction between filler and poly-
mer’" as a result of a mismatch in polarity, sedimentation, and also
- depending on the nature, particle size,

aggregation phenomena,”
and shape of the filler.

2, MATERIALS AND METHODS

2.1. Materials. The chemicals in this work were obtained from
commercial vendors and used without further purification. The chemicals
in this work were Al(NO,);-9H, 0 (Merck, Darmstadt, Germany, 98.5%),
benzene tricarboxylic acid (H,BTC) (Sigma-Aldrich, Schnelldorf,
Germany 95%), acetic acid (Sigma-Aldrich, 99.7%), dimethylformamide
(DMF) (Sigma-Aldrich, 99.8%), toluene (Carl Roth, Karlsruhe,
Germany, 99.9%), ‘methanol (Sigma»Aldrich, 99.8%), and dichloro-
methane (DCM) (Sigma-Aldrich 99.9%).

2.2. Particle Synthesis. MIL-96(Al) particles were produced by
hydrothermal synthesis following a synthesis of Sindoro et al.** with

orientation and heated up to 210 °C. The reaction time for the DMF
seeding was 72 h, while it was 12 h for the toluene seeding,

For the actual brane growth and achi of a dense, defect-
free layer the reaction temperature was 130 °C and the reaction time was
36 h. In both cases 3 mL of DMF and 12 mL of deionized water were
used with 2.35 g of aluminum nitrate nonahydrate and 1.26 g of H;BTC.
Afterward, the membranes were rinsed with methanol and water and
then dried, first for 4 h at 70 °C and second at 180 °C for another 4 h.

2.5. Characterization. Scanning electron microscopy (SEM)
studies of the membranes were done with a field-emission SEM (JEOL
JSM-6700F). Concerning the powder materials and the neat MOF layers,
the accelerating voltage was set to 2 kV and the working distance was
8 mm. The MMMs were investigated at 5 kV and 15 mm working
distance. All membranes were coated with a thin carbon film (Leica, EM
SCDS500) via evaporation to minimize surface charge effects.

Dynamic light scattering (DLS) measurements were performed on a
Zetasizer Nano ZSP from Malvern Instruments. The measurement was
made by dispersing the nanoparticles with ultrasonic treatment in DCM
and the actual casting solution with Matrimid for $ min. After that, the
solutions were measured in a glass cuvette with a 633 nm laser at a laser
position of 178° dependent on time up to a total time of 9 min. The
integration time per measurement point was 10 s, Between ultrasonica-
tion and measurement start a delay of approximately 1 min occurred
(attenuater adjustment and sample adjustment). The attenuator was
8 for all measurements. Refraction indices for DCM (1.42) and AL O,
(1.77) were used for the analysis. The particle size was calculated as
Z-average diameter, which is the harmonic intensity averaged particle
diameter.

2.6. Permeation. The gas separation properties were evaluated
by mixed gas separation measurements of an equimolar mixture of
hydrogen (2§ mL/min) and carbon dioxide (25 mL/min) as feed gas.
The sweep side was rinsed with nitrogen (50 mL/min for the MOF
membranes, 1| mL/min for the MMMs). The membranes were sealed

slight modifications, In this work we for the first time report a synt

for monodisperse nanometer-sized MIL-96(Al) particles. Particles with
average sizes of 3.2 ym, 1.1 gm, 160 nm, 116 nm, and S5 nm were
produced. In the first step 0.42 g of aluminum nitrate nonahydrate was
dissolved in 4, 4.5, 5.25, 6, and 8 mL of deionized water at 80 °C,
respectively. In parallel, 0.21 g of H,BTC was dissolved in 4, 4.5, 5.25, 6,

7537

in the p cell with Viton O-rings (FKM 70 Vi 370). The neat
MOF layers were investigated at ambient conditions. The 10 wt %
MMMs were investigated at 150 °C and varying feed pressures (3, 4,
and 5 bar), thus simulating the precombustion process conditions.
Gas chromatography (Agilent Technologies 7890B) was applied to
investigate the permeated mixture.

DOI: 10.1021/acsami.5h12541
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3. RESULTS AND DISCUSSION

MIL-96(Al) was prepared as powder with different crystal sizes
for application in MMMs with Matrimid as continuous polymer
phase and as thin continuous MOF membrane layer with
different crystal orientation in the layer. Both the MMM and the
neat MIL-96(Al) membrane layer have been evaluated as supported
membrane to investigate their potential in gas separation of an
equimolar H,/CO, mixture as a practice-relevant probe system.

3.1. Preparation and Characterization of MIL-96-
Matrimid MMM. Figure 2 shows the XRD patterns of the

intensity / a.u.

Figure 2. XRPDs and SEM images of the MIL-96(Al) particles of
different size and morphology. A simulated XRD of MIL-96(Al) from a
cif file is added.”” CCDC 622598,

as-synthesized MIL-96(Al) powder with different particle sizes
(3.2 ym, 1.1 gm, 160 nm, 116 nm, and 55 nm) and a simulated
X-ray powder diffraction (XRPD) from a cif file for comparison.
The insets reveal the SEM images of the corresponding particles,
clarifying their particle shape. All XRPD are in good accordance
with the simulated one, thus indicating the successful MIL-
96(Al) synthesis for each particle size. In addition, a tendency
to broader reflexes for smaller particle sizes according to the
Scherrer Law is obvious. The sizes determined by SEM are in
fair accordance with those calculated by Rietveld refinement
(cf. Table 1). Depending on the fit (Gauss, Lorentz) of the XRD

Table 1. Particle Size from SEM and the Corresponding
Calculated Particle Sizes from Rietveld Refinement”

particle size via SEM Gauss Lorentz @
55 nm 42 35 48.5
116 nm 87 154 120.5
160 nm 93 175 134
L1 ym ne’ ne
32 pm nc nc.

“@ is the arithmetic average of the crystal size calculated by the
programm TOPAS fitting the XRD line by a Gaussian or a Lorentzian
line shape. n.c.: not calculated, due to physical correctness.

line, different particle sizes have been obtained. The average @
corresponds roughly to the size derived from SEM. As expected,
the formation of a distinctive crystal shape needs a certain minimal
crystal size. Every particle shows the hexagonal morphology, but
only the micrometer-sized particles show the truncated crystal
shape characteristic of MIL-96(Al). This finding is very similar to
crystallization processes of other MOFs, Recently, the controllable
synthesis of MOF crystals with a desirable morphology and pore
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structure has been reviewed.” For ZIF-8 as an example, the shape
and size of the crystals can be controlled by adding the surfactant
hexadecyltrimethylammonium bromide which adsorbs selectively
to the hydrophobic ZIF-8 as a capping agent.* The formation of
ZIF-8 nano- and microcrystals can be controlled by modifying the
reactivity of different zinc salts’ and the ZIF-8 crystal morphology
develops with time from cubes to the rhombic dodecahedrons as
equilibrium morphology.**

The MIL-96(Al) particles have been used for the fabrication of
10 wt % MIL-96(Al) in Matrimid MMMs to study binary gas
permeation to identify a possible size dependence and polymer—
filler interaction. The MMM in Figure 3 was prepared with the

Figure 3. (a) SEM cross section of 10 wt % MIL-96(Al)@Matrimid
MMM with 3.2 ym particles. (b) Embedded MIL-96(Al) particles in
cavelike holes due to a poor MIL-96(Al)-Matrimid interaction. (c)
Sedimented MIL-96(Al) particles near the support surface as an ca.
15 pm thick layer.

3.2 um sized MIL-96(Al) particles, then thermally conditioned
at 150 °C under nitrogen flow for 24 h, and used for H,/CO,
permeation measurements at 150 °C. The corresponding SEM
image (Figure 3a) indicates that the thickness of the supported
MMM is approximately 140 ym. The two insets (Figure 3b,c)
show two interesting phenomena. One can first derive from
Figure 3b that the MIL-96(Al) particles are hosted in cavelike
holes of the polymer Matrimid, thus indicating a low polymer—
filler interaction as already found for another filler—polymer pair
(Udel/Zeolite 4A).”° This can be assigned to the high amount of
inorganic component compared to the organic linker molecules
of the MOF. In the other inset (Figure 3c}, one can see an ca.
15 pm thick sedimented layer of the MIL-96(Al) particles in the
Matrimid on top of the support. Obviously, this sedimenta-
tion took place between homogenization by ultrasonication of
the MIL-96 powder in the Matrimid/DCM mixture and the
evaporation of the solvent DCM.

‘While MMMs with micrometer-sized particles can suffer
from sedimentation, the MMMs with nanometer-sized particles
(55 nm, 116 nm) might face other issues. The as-synthesized
MIL-96(Al) nanoparticles, used for the casting solution for the
MMM preparation, are initially comprised of a well-dispersed
powder with little aggregation. From SEM analysis, a maximum
diameter around 116 nm was found, as shown in Figure 4a. This
size distribution was achieved by counting a total amount of
approximately 150 particles. As indicated by time-dependent
dynamic light scattering (DLS) measurements in Figure 4b, the

DOI: 10.1021/acsami.5b12541
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Figure 4. (a) Particle size distribution by counting 150 MIL-96(Al) particles on an SEM image with a maximum crystal size at 116 nm, including a
Gaussian fit (red line). (b) Dynamic light scattering of nanometer-sized MIL-96 particles in pure DCM and in the actual MMM casting solution
(mixture of Matrimid and DCM) as a function of time. (c) Agglomerates of 116 nm MIL-96(Al) in the MMM. (d) Micrometer-sized MIL-96(Al) crystal
grown in the center of the aggregated 116 nm MIL-96 in Matrimid as shown in (c) after 36 h at 150 °C.

nanoparticles tend to aggregate to bigger micrometer-sized
aggregates in DCM and also in a diluted actual casting solution
(DCM/Matrimid). This diluted casting solution is far from the
reality when the MMM is prepared. Nevertheless, one has to
deduce from this measurement that the particles show a
tendency toward aggregation in the polymeric solution since it
is impossible to measure the nondiluted casting solution via DLS.
We explain the slower aggregation for the latter solution by a
hindrance through the polymer chains of the Matrimid, which
results in a higher viscosity, thus slowing down the aggregation
kinetics of the suspended MIL-96(Al) particles. The polymer
chains may stabilize the colloidal solution, thus resulting in a
limited aggregation. From comparison of the particle sizes
as-derived from SEM and DLS, one can conclude that the
aggregation shall occur right after the end of the homogenization
by ultrasonication, casting, and evaporation of the solvent DCM.
Consequently, the micrometer-sized aggregates made from
initial nanometer-sized MIL-96(Al) as detected for the DCM/
Matrimid casting solution in the DLS can also be found in the
MMM (cf. Figure 4c). However, a ripening of these aggregates
into micrometer-sized MIL-96(Al) crystals (cf. Figure 4d) occurs
at higher temperatures, in our case at 150 °C in the MMM.
A similar finding of an Ostwald ripening was also previously found
for ZIF-8 nanosized crystals during the homogenization of the
MMM casting solution by intense ultrasonic treatment. "’ Therefore,
a stable dispersion of the nanometer-sized MOFs in the continuous
polymer phase seems important to avoid aggregation and
crystal growth. As shown recently in various publications, the
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polymer—filler interaction and the resulting MMM quality can be
enhanced by chemical or thermal modification to some degree.*' ™

3.2. Preparation and Characterization of Neat MIL-96
Membrane Layers. Depending on the solvent and the crystalli-
zation conditions, the MIL-96(Al) crystals can exhibit various
shapes, as shown recently.” For instance, MIL-96(Al), grown
in DMF/water, shows truncated hexagonal crystals, whereas
crystallization of MIL-96(Al) in toluene/water results in
c-elongated crystals. The third crystal shape of MIL-96(Al) is
the hexagonal-bipyramidal shape which can be obtained at low
DMF concentrations.

Inspired by these studies, we prepared supported MIL-96(Al)
membranes with different shapes of the crystals in the layer.
In the reactive seeding step, the crystal facets orientation and
crystal shape of the future MIL-96(Al) membrane was predefined.
Reactive seeding means that the alumina support served as Al
source for the MIL-96(Al) seed crystals, as already shown for
several Al-based MOF structures.”” When the reactive seeding
was done in DMF/water, truncated hexagonal bipyramidal MIL-
96(Al) seeds were obtained, whereas the use of the solvent
mixture toluene/water gives hexagonal MIL-96(Al) platelike seed
crystals (cf. Figure 5). In the following step the seeded supports
were grown to continuous MOF layers in identical DMF/water
mixture. However, the cross sections of the MIL-96 layers show
that the two membranes are of different thicknesses (cf. Figure 5).
The MIL-96 layer seeded in DMF and grown in DMF is about
2 pm thick, and the MIL-96 layer seeded in toluene and grown in
DMEF is about 8 ym thick.

DO: 10.1021/acsami.5h12541
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Figure 5. Reaction scheme for the synthesis of differently shaped and oriented seed crystals and MOF layers. The solvent mixture DMF/water results in
hexagonal-truncated bipyramidal seed crystals, whereas toluene/water gives hexagonal platelike seeds. These seeds grow to continuous layers in the

DMF/water mixture, keeping their crystallographic orientation and habit.
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Figure 6. X-ray diffractograms of the two neat supported MIL-96(Al) membranes under study. Insets (a) and (b) show the differences between the two
layers. (c) and (d) schematically clarify the crystal orientation relative to the support and the different crystal habit. The broad hump around 26 = 13°
results from the amorphous polymer holder used for the XRD measurement. Because of the different thicknesses of the MIL-96(Al) layers (2 and 8 ym,
respectively), the intensities of both XRDs have been normalized to the (012) reflex. CCDC 622598.

In addition to the SEM, from XRD in 6—6 geometry detailed
information on the crystal orientation in the MIL-96 layer
relative to the support and the crystal habit in the layers can be
extracted, as shown in Figure 6. The seeding solvent mixtures—
DMF/water or toluene/water/acetic acid—clearly affect the
preferential growth direction of MIL-96(Al) seeds. Afterward,
this seed crystal preference is maintained in the growth of the
oriented MIL-96 seeds to a continuous layer of crystals with
different outward facets. The (002) reflex is smaller for the
MIL-96 layer seeded and grown in DMF, while it is quite intense
in the case of the layer seeded in toluene and grown in DMF

7540

(cf. Figure 6a). It has to be clarified that the crystals in both layers
are oriented with the c-direction parallel to the support. However,
reflex intensity differences between the two XRDs are visible, thus
indicating the preferential growth of lattice directions. This is in
fact attributed to the different shapes of the crystals. In the case
of the MIL-96 layer grown on the toluene-seeded support, the
reflexes for the lattice planes (h00), (0k0), and (00!) are more
intense (cf. Figure 6a). In contrast, the layer grown on DMF
seeded supports shows more intense reflexes for the lattice
planes forming the trigonal facets, especially (011) and (022)
(cf. Figure 6b). The outward facets in the layer have an influence

DOI: 10.1021/acsami.5b12541
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on the gas transport through the membrane since the blocked
cavity mentioned above acts like a barrier (cf. Figure 1c). The two
reflexes between 15 and 16” 26 have reversed intensities, thus
indicating a directional influence of the crystal growth toward
the (0kI) or the equivalent (h0I) lattice planes as an effect of the
crystal shape (cf. Figure 6b). The crystal shape resulting from
toluene/water/acetic acid seeding is elongated in the c-direction
(cf. Figure 6d), which was previously reported for MIL-96(Al)
particles grown under toluene/water influence,” whereas the
crystal morphology resulting from DMF/water seeding (cf.
Figure 6¢) is truncated bipyramidal. In summary, from XRD
analysis one can say, on the whole, that the seeding procedure
(DMF, toluene) results, on one hand, in a preferential crystal
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Figure 7. Permeation measurements for the MIL-96(Al)@Matrimid
MMMs at 150 °C. Left: H, (O) and CO, (/) permeabilities in Barrer.
(One Barrer = 3.347 X 10~ mol-m™":s™"-Pa.) Right: H,/CO, mixed
gas separation factor a (columns). Before permeation, all MMMs were
treated for 24 h at 150 °C under nitrogen. The sweep side was at 1 bar for

orientation. On the other hand, these seeding crystals subsequently
grow to continuous layers in DMF/water, under conservation of
the preferred habit of the seed crystals.

Also in other studies, oriented MOF layers on solid supports
have recently been obtained. With use of the layer-by-layer liquid
phase epitaxial growth, oriented MOF layers can be prepared
on very smooth surfaces such as gold,'“("ig Si wafer,™ or indium
tin oxide.”" Since the surface of a porous support is rather rough,
only in a few cases oriented membrane layers have been obtained
such as for ZIF-8" and ZIF-69.”

3.3. Gas Permeation Tests for the H,/CO, Mixture. Both
the MIL-96(Al)/Matrimid MMMs and the neat MIL-96(Al)
membrane layers have been evaluated in the separation of an
equimolar mixture of H, and CO,. Therefore, the mixture was
permeated through the neat MOF layers at room temperature
and ambient pressure and through the MMMs at 150 °C and
different feed pressures. The permeation measurements for
the different MMMs containing 10 wt % MIL-96(Al) of different
sizes are shown in Figure 7. Before the measurements, the
membranes have been conditioned under nitrogen flux at 150 °C
for 24 h. Because of the (i) aggregation and (ii) the tendency of the
aggregates to crystallize into large crystals (cf. Figure 4a and b),
one could not expect a superior separation performance for
the MMM s containing the nanometer-sized MIL-96(Al) particles
(116 and 55 nm). Because of the shrinking due to the
crystallization of the aggregates of nanometer-sized MIL-96(Al)
into micrometer-sized MIL-96(Al) crystals, new unselective
cavities are formed. The newly formed micrometer-scale
MIL-96(Al) crystals are found inside cavity-like holes in the
Matrimid phase, without contact with the polymer phase as
already seen for the MMM prepared with 3.2 um sized particles
(cf. Figure 3b). In complete accordance with this expectation,
the MMMs prepared with nano-MIL-96(Al) (55 and 116 nm
MIL-96(Al)) show indeed a slightly lower H,/CO, selectivity
than MMMs prepared with the larger micrometer-sized MIL-96
particles and Matrimid itself. But also the micrometer-sized
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Figure 8. (2) H,/CO, mixture separation factor & (columns) and H, (0J) and CO, (/) permeances for the two neat supported MIL-96(Al) membranes
(left, toluene/water seeding; right, DMF/water seeding) at room temperature. Measurements carried out directly after synthesis (as synth.) and after
24 hactivation at 150 °C in a nitrogen flow (act.). (b) Schematic connectivity between the three different cavities (A), (B), and (C), showing that the 3D
pore structure is a virtual 2D pore structure since the gas transport is limited to a “zigzag” pathway (arrows) between the two cavities (B) and (C).
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MIL-96(Al) particles do not improve the separation performance
of Matrimid because of the poor contact between MIL-96(Al)
and Matrimid and additionally because of sedimentation (see
Figure 3¢). In summary, it was found that, (i) at an only slightly
decreased H,/CO, selectivity, the permeabilities of the MMMs
increased by the factor of 2—3 and (ii) the permselectivity shows
no dependence on the used particle size for our MMM samples.

Figure 8 shows the permeation measurement of the two neat
supported MIL-96(Al) layers. However, Figure 8a indicates,
surprisingly, that the permeance for the 2 ym thick membrane
is lower compared to that of the 8 um membrane layer. This
experimental finding is explained by the different shape of
the MIL-96(Al) crystals in the membrane layer as previously
clarified in Figure 6. The formed (0k0)-equivalent facets of the
MlL—96(Al) membrane from the toluene/water seeding allow
a significantly faster transport through the membrane. The
permeance of the thicker membrane (toluene/water seeded) is
100% higher than the permeance of the thinner MIL-96(Al)
membrane (DMF /water seeded). This is caused by the variation
of aspect ratio of the crystals (as discussed above). The outer
lattice planes in the pathway of the gas molecules from the
DMEF /watei-seeded MIL-96 layer block the gas-transport path
since this MOF is a virtual 2D network. In the MIL-96(Al)
system, diffusion in the a-direction (perpendicular to b—c planes)
and b-direction (perpendicular to a—c planes) is much easier
compared to that in the c-direction (perpendicular to a—b
planes), as mentioned above. Similar findings of gas transport
depending on the differently exposed facets with different
pore sizes were recently observed for various classes of porous
materials (e.g, MOFs and ZIFs),”" >

These data clarify that the permeation flux can be strongly
dependent on the direction of the outward facing crystal facets.
The crystals with elongated (001), thus exposed (0k0) planes
from the toluene-seeded membrane, have shown a significantly
higher flux, while maintaining a good H,/CO, permselectivity of
about 9.

4. CONCLUSIONS

Two kinds of MIL-96(Al) membranes have been prepared: a few
micrometer thick continuous “neat” layers on top of asymmetric
a-Al, O, supports, and mixed-matrix membranes (MMM) with
MIL-96(Al) powder of different crystal sizes in Matrimid, also
supported by porous asymmetric @-Al, Q5 discs.

For the preparation of the neat supported MIL-96(Al)
membranes, two different layer types, depending on the solvent
during seeding, could be obtained. Reactive seeding led to
different orientations of the outward facing lattice planes and
thus crystal shapes. As a consequence of the virtual 2D network
and the varying crystal habits, two different separation behaviors
for the binary H,/CQ, mixture were found. The reactive seeding
in toluene/water and later grown in DMF /water to the continuous
layer led to a membrane with a doubled H, permeance compared
to the layer fabricated by reactive seeding in DMF /water and later
grown in DMF /water. This finding could be explained by different
channel orientation and the outward facing of gastight transport-
ineffective cavities.

For the preparation of MMM, MIL-96(Al) powders of
different crystal sizes have been synthesized and mixed with
Matrimid in DCM, and were homogenized by ultrasonication.
However, during solvent evaporation two effects took place:
(i) when the MIL-96(Al) powder is micrometers in size, the
crystals sediment resulting in an inhomogeneous MMM; (ii)
when nanometer-size MIL-96(Al) are used, these tend to form
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5—10 pm sized aggregates which upon thermal activation
at 150 °C merge into micrometer-sized MIL-96(Al) crystals.
The resulting MIL-96/Matrimid MMMs show higher H,
permeabilities at only slightly reduced H,/CO, selectivities in
comparison with the neat Matrimid membranes.

On comparing the performance of the MIL-96(Al) membranes
for the H,/CO, separation, we can state that the mixed gas
separation factor @ (H,/CO,) for the neat supported MIL-96(Al)
layer is about 10, which is approximately 2 times higher than the
separation values obtained for the best MMMs of MIL-96(Al) in
Matrimid. Also, the hydrogen flux through the supported MOF
membranes is higher, due to the reasons mentioned above.

However, despite the high performance of the neat supported
MOF layers as membranes, especially of their high fluxes, “there’s
plenty of room at the bottom” to prepare practice-relevant, cheap,
nonbrittle MMMs with acceptable thermal expansion coefficients
with well-dispersed and, therefore, stabilized nanosized MOFs
as filler.
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ABSTRACT

A series of supported membranes with zeolite FAU either as a thin layer or as powder in
Matrimid as Mixed Matrix Membrane (MMM) have been prepared and evaluated in the Hy/
CO; separation. In addition to neat NaX membrane layers, we developed two novel com-
posite materials, namely FAU/Matrimid™ Mixed Matrix Membranes (MMMs) as well as NaX/
Matrimid® multilayer/sandwich membranes, all of them supported by porous alumina
plates. The influence of different pre-synthetic support modifications (APTES = 3-
aminopropyltrietoxysilane, PDA = polydopamine) on the quality of neat supported NaX
membranes grown as layer on these modified supports has been investigated studying the
H,/CO, separation performance. It could be shown that NaX membrane layers grown on
modified supports show an remarkably increased quality and correspondingly higher Hy/
CO, separation factors « (H,/COy) (z = 8.0 for neat NaX, « = 8.9 for NaX/APTES and « — 10.3
for NaX/PDA). In the preparation of MMMs, the separation performance could be improved
by ion exchanged Na-FAU powders. Exchanging the Na* of the as-synthesized NaX parti-
cles for metal ions with higher ionic potentials like Co**, results in enhanced mixed gas
separation factors « in the H,/CO, separation (NaX/Matrimid” MMM « = 4.0 and CoX/
Matrimid® MMM « = 5.6).

© 2016 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction

In academic literature on can find a wide variety of CO,- and

fumed silica MMMs [3], but their problems are insufficient
selectivity and/or stability. Prominent examples for this issue
are palladium based membranes, which are known for
permeating H, at an almost infinite selectivity [4]. However,

Hj-selective membranes for syngas purification at different they suffer from sulfur poisoning, hydrogen embrittlement

pressures like eg FAU [1], ZIF-8/Matrimid” Mixed Matrix ;14 the difficult scale up of [5]. These problems triggered
Membranes (MMM) [2] and polyvinylalcohol-polysiloxan/

* Corresponding author. Fax: +49 51176219121,
** Corresponding author. Fax: +49 51176219121
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0360-3199/© 2016 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.
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increased research and development efforts towards alter-
native materials with a special focus on polymers and MMMs
[1,6,7]. Even though the polymers show lower selectivities
than inorganic membranes, their commercially far more
viable upscalability, high degree of variability (different poly-
mers/fillers) and high mechanical-/pressure-stability more
than compensate for this. Especially MMMs ingeniously
combine the processability of polymers and the superior gas
separation properties of inorganic materials. The key chal-
lenge now is to find the right materials.

One of the more promising candidates is zeolite faujasite
(FAU) — either as filler in MMM or as supported membrane
layer. Zeolite FAU is usually synthesized as NaX with Si/Al
ratio of 1.2—-1.5. Consisting of sodalite cages which are con-
nected through hexagonal prisms, NaX features 12-membered
oxygen ring pores (pore diameter = 7.4 A) in a 3D pore system.
Of special interest for a desired H,/CO, separation are metal
ionsin the activated de-hydrated state (CO; - ion interactions),
the possibility of an ion exchange (e.g. Co?*, Ni?*, Cu®"), high
gas capacity as well as the overall high stability (chemical,
thermal) inherent to zeolites. Potential applications for sup-
ported NaX membranes are e.g. Hy/CO, separation [1], pro-
pane/propene separation [8], dehydration of organic solvents
by steam permeation [9] and separating large molecules
which cannot be handled by other zeclite membranes [10,11].
Growing neat, phase-pure dense NaX membranes without
cracks, pinholes or other defects is very demanding due to
inhomogeneous nucleation on the support surface and the
electrostatic rejection between the negatively charged pre-
cursor species and the often used alumina (z-Aly03) supports
[1,8]. This problem can be solved by pre-synthetic support
surface modifications with “malecular binders” like e.g. poly-
dopamine (PDA) [1,12] and 3-aminopropyltriethoxysilane
(APTES) [1,8]. Both serve as molecular binder to chemically
anchor NaX precursors on the support surface during hydro-
thermal synthesis, resulting in dense and phase-pure zeolite
membranes. In this work, to get a complete picture, we eval-
uated both, the impact of these modifications on the mem-
brane quality as well as on the H,/CO, separation capabilities
of supported NaX membranes.

Among the polymers frequently used for commercial gas
separation (e.g. polysulfones, polycarbonates, poly (ary-
lethers), poly (arylketones) [13,14]), polyimides are of partic-
ular interest because of their high chemical, thermal and
mechanical stability and high gas selectivity [15,16]. Especially
Matrimid®, one of the most frequently studied polyimides,
shows permeability and selectivity properties falling close to
upper bound regions of various Robeson plots [17,18]. There-
fore, Matrimid” is a suitable basis for MMMs with different
filler materials e.g. carbon molecular sieves [19], carbon
nanotubes [20] as well as metal—organic frameworks [21,22]
which have been implemented so far for various tasks,
including the H,/CO; separation [2,6,7,23]. Recent progress in
ZIF-enabled membranes and the barriers that must be over-
come to advance ZIF-enabled membranes beyond the labo-
ratory level are discussed in the reviews [24,25]. In this work
we prepared and evaluated novel FAU/Matrimid® MMMs
using ion exchanged FAU particles as inorganic filler and
investigated their impact/influence on the Hx/CO; separation
performance.

Recently, there have been reports on how coating ZIF (-8
and —90) membranes with an additional Matrimid" top layers
dramatically increases their H,/CH, selectivity [26]. This
improvement is most like due to a suppressed linker distor-
tion in the ZIF/polymer contact zone and the accompanying
enhanced sieving capabilities. To verify whether a similar
enhancement can be achieved in the case of zeolite mem-
branes, maybe due to a “defect healing” or synergistic effects,
we additionally coated several of the NaX/PDA membranes
with a layer of neat Matrimid” and measured the H./CO,

separation  capabilities of this multilayer/sandwich
membrane.
Experimental

Unless otherwise noted, all procedures were performed under
ambient atmosphere. All reagents were obtained from com-
mercial vendors at reagent grade purity or higher and used
without further purification.

Depending on the task at hand, two different kinds of
porous =«-Al,05 supports (Fraunhofer IKTS Hermsdorf, diam-
eter d = 18 mm, thickness h = 1 mm) have been used in this
work, featuring either a medium top layer pore diameter of
dsp = 2.5 pm (called rough/large-pored (r)) or dsp = 70 nm
(called fine/fine-pored (f))

Support modifications

As described in the following, the supports (f) with the fine top
layer have been functionalized by APTES and PDA:

(i) 3-aminopropyltriethoxysilane (APTES) functionalized
a-Al,03 supports were prepared according to a previ-
ously reported [27] but slightly modified procedure. Two
of the porous supports were placed in an APTES (460 mg)
toluene (10 mL) mixture within a sealable reaction vial
(Schott Duran Bottle) and heated up to 120 °C for 30 min.
After subsequently drying in an oven at 60 °C for about
20 min and cooling down in ambient air, the modified
supports were ready for further utilization.

(ii) Polydopamine (PDA) functionalized #-Al,Os supports
were also prepared according to a published procedure
[28]. Dopamine (DPA) (2 mg/mL) was completely dis-
solved in 50 mL of 10 mM Tris—HCI (pH 8.5) in an open
watch glass (d = 180 mm). The neat supports were
simply immersed in this buffered aqueous solution for
24 h at room temperature under continuous stirring.
After drying in the ambient atmosphere, the now dark
brown supports were used for further membrane
preparations.

Preparation of supported NaX and multilayer sandwich
membranes

The crystallization of NaX membrane layers on the modified
as well as unmodified -Al,05 supports has been achieved by
following a previously reported but again slightly modified
procedure by Huang et al. [27]. A synthesis solution with a
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specific molar ratio of 70Na;0:1Al,03:205i0;:2000H,0 was
prepared by mixing a silicate and an aluminate solution at
room temperature. The latter one was obtained by dissolving
7.78 g sodium hydroxide (>99%, Merck) and 0.075 g of
aluminum foil (Fisher Scientific) as Al source in 25 g deionized
water in a sealable reaction vial under stirring. In a second vial
the silicate solution was prepared by mixing 4.17 g LUDOX AS-
40 colloidal silica (40% SiO, in water, Aldrich) as Si source and
22.22 g deionized water. The resulting solution was then
vigorously stirred for 2 h at 60 °C. After this period of time the
still hot silicate solution was poured into the aluminum so-
lution and the resulting mixture was stirred in the closed vial
at room temperature till a colorless, clear and homogeneous
solution was obtained (ca. 12 h). This was then transferred
into a Teflon-lined stainless steel autoclave (Parr Instruments
Germany). The treated or non-treated «-Al,0; supports were
jammed into special Teflon-holders and placed face down in
the autoclave/solution too. After in situ growth for 24 h at
75 °C in an oven, the solution was decanted of and the
resulting membranes were transferred into a sealed vial filled
with deionized water for 24 h (washing step). Subsequently
they were dried in ambient air at 60 °C in an air conditioned
oven for about 2 h. In this membrane synthesis, also NaX
powder has been formed which sedimented at the bottom of
the autoclave. This powder has been used for ion exchange
and MMM preparation.

The preparation of the FAU sandwich membranes was
done as follows. First of all Matrimid® 5218 was solved in
Dichloromethane. This mixture was stirred overnight and
sonicated at the following day to remove air bubbles. After the
sonification, the polymer solution was casted on top of the
neat FAU membrane with the help of an Eppendorf pipette.
This sandwich membrane was stored under dichloromethane
atmosphere and activated as described below.

Ion exchange of NaX powder for MMM preparation

All ion exchanges were done, respectively, with Cobalt (II)
nitrate hexahydrate, Nickel (II) nitrate hexahydrate, Copper
(1) nitrate trihydrate and Lead (II) nitrate as “ion sources”.

The liquid state ion exchanges were done by suspending
the FAU powders (100 mg each) in an aqueous solution of the
metal salts (100 mg of salt in 20 ml distilled water) for 24 h at
room temperature. Afterward, the solutions were decanted,
and the powders were washed with water a few times and
dried in an oven at 60 °C for 2 h.

Preparation of supported mixed matrix membranes (MMM)
with ion exchanged FAU powder

The supported Mixed Matrix Membranes (MMMs) were pro-
duced by a simple casting approach. Therefore, the Matrimid"™
5218 and the dried (still hydrated) ion-exchanged FAU (Na”,
Pb?*, Co®*, Ni**, Cu®") powders (10 wt%) were weighed in a
glass bottle. After that 1 mL Dichloromethane was added, the
glass bottle was closed and the resulting mixture was stirred
overnight. At the following day the mixture was casted on a
rough =-Al,05 support (2.5 pm pores; Fraunhofer IKTS, former
Hermsdorfer HITK, Germany) with the help of an Eppendorf
pipette. After casting, the MMMs were stored in an

atmosphere of Dichloromethane to allow a slow sclvent
evaporation. At the end the membranes were activated at
180 °C in vacuum for several hours and subsequently stored in
a glove box (Ar).

Activation and permeation measurements

A full dehydration/activation of membranes and powders was
achieved by heating (180 °C) under vacuum over 2 h followed
by storage in a sealed Schlenk flask in a glove box (Ar). The
assembly of the permeation cells, including the mounting of
the membranes, was done under protective gas atmosphere
within the glove box.

For the actual permeation measurements, the assembled
cells were transferred to sealable vials filled with argon and
discharged from the glove box. The installation into the
permeation apparatus took place under a nitrogen current to
prevent a deactivation of the membranes. All permeation
measurements carried out for this work, single gas as well as
equimolar H,/CO, mixtures, were done with a modified
Wicke-Kallenbach-apparatus at room temperature following
the Wicke Kallenbach principle with equal gas pressure on
feed and permeate side of the membrane. As feed we used an
equimolar 50 ml/min stream (25 mL H; and 25 mL CO,). As
sweep we used N, with a flow rate of 50 ml/min. Since the flux
of the polymer-based MMMs is only 1/50 of the flux of the neat
NaX membrane, the sweep gas rate was adjusted accordingly
(1 ml/min N, for polymer-based membranes).

XRD and SEM

The XRD patterns of the Na-X samples (powder and mem-
branes) were obtained on a Bruker D8 Advance X-ray
Diffractometer using Cu K,, (2 = 1.54 A) radiation. All shown
Scanning Electron Microscopy (SEM) micrographs were taken
on a JEOL JSM-6700F with a cold field emission gun operating
at 2 kV and 10 pA.

Results and discussion

Support modification by APTES and PDA, NaX membrane
layer preparation

As shown in a previous paper [8], there are huge problems to
prepare defect-free NaX membranes on our standard a-Al,05
supports — even when using identical synthesis protocols. All
NaX membrane preparations on the neat supports resulted in
a ca. 2 pm thick and defect-rich membrane layer. These de-
fects include all kinds of cracks, pinholes and other flaws
which are counter-productive for gas separation and stem
most probably from the electrostatic rejection between the
negatively charged NaX precursor macro molecules
(=-43 mV [8]) and the also negatively charged o«-alumina
=~-32 mV [8]) support at the pH 11 (NaX preparation condi-
tion) as for the first time shown by our group in Refs. [1,8]. The
quantity and quality of the defect occurrence seems to be
highly erratic, what results in the widely fluctuating mem-
brane quality mentioned above. Eventually, only approxi-
mately 1 out of 10 preparations resulted in relatively dense
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neat NaX membranes, which were used for the permeation
studies in this work (Table 1).

In comparison, all membranes grown on Al,O; supports
which had been pre-synthetically functionalized with APTES
(from now on called NaX/APTES) are dense and nearly defect-
free (no cracks, pinholes or other defects could be observed,
see Fig. 1A). This is most probably due to the fact that APTES-
meodified z-Al;05 has, in stark contrast to the unmodified/neat
material, a nearly neutral surface charge (Zeta potential of
APTES/AlLO; = —3mVat pH 11 8]), minimizing the electrostatic
rejection between the negatively charged FAU precursor species
and the modified Al,O; support. This then greatly benefits the
homeogeneous nucleation and growth of the Na-X membranes
and, subsequently, their capability for separating H, from CO,
and results also in a slightly thicker (ca. 3 um) NaX layer.

Also support modification by a PDA layer was successful. A
little bit contradictory at the first glance is that an enhanced
membrane quality (Fig. 1B) and the improved H»/CO, selec-
tivity (Table 1) are achieved despite the Al,02/PDAs highly
negative Zeta potential (=-43 mV at pH 11 [8]) and the sub-
sequent electrostatic rejection between the modified support
and NaX, which is even higher than the one between the neat
support and the NaX zeolite. The positive effect of PDA coating
of the support for the subsequent growth of the NaX layer is
probably due to one of PDAs special features, namely the ability
to chelate metal ions. Along with the abundance of metal ions
within the synthesis solution, which enables PDA to effectively
shield its charge and consequently minimize or even equalize
the otherwise disruptive electrostatic forces between the
functionalized support and the charged FAU precursor species.
Because most of the chelated metal ions are also NaX building
blocks, the functionalized support surface now additionally
features more direct nucleation points for the zeolite layer
growth. Together, these two phenomena facilitate an unob-
structed growth and almost defect-free membranes [8].

The NaX powder, later on used for ion exchange and MMM
preparations, was obtained as a sedimentation by-product
from the membrane syntheses. It consists of polycrystalline
microparticles with a size range of =1—4 ym (diameter) which
are distinguished by their high crystallinity and overall qual-
ity, as proven by accompanying XRD measurements (Fig. 3
black line).

Multilayer membrane preparation

The preparation of the multilayer sandwich membranes,
consisting of an NaX membrane layer grown on a PDA-

functionalized support and subsequently covered with a
Matrimid® layer, turned out to be rather challenging due to a
lack of interaction between polymer and zeolite. In most
cases, the Matrimid” cover completely peels off from the
supported NaX membrane during the drying, thus partially
damaging the latter in the process. Various adjustments to the
polymer casting procedure eventually enabled us to prepare
several intact multilayer sandwich membranes of the desired
composition, as shown in Fig. 2A.

The greatly differing thickness of the individual layers
(crystalline NaX = 2-3 ym and Matrimid® = 10-15 ym) is
due to the applied preparation techniques and their
accompanying problems as described earlier. Fig. 2B shows
that, despite the improved casting procedure, the overall
adherence between polymer and zeolite layers is still
limited to a small number of “anchor points” scattered
throughout the “cavernous” border region. Obviously, the
inorganic NaX layer and the Matrimid" — despite the latter's
hydrophilicity — do not match. This finding differs from
known published results which showed that polymer
coatings easily adhere on MOF (Metal-Organic Framework)
layers [26].

The mentioned few “anchor points” (see Fig. 2B left side),
where a much better interaction between zeolite and polymer
can be found, are possibly due to small defects (cracks and
pinholes) and impurities within the surface of the zeolite
membrane. Those “former” defect sites, now sealed by a plug
of Matrimid", could provide a better “grip” for the polymer
(e.g. a filled crack) and consequently a much needed mini-
mum of interaction between the two layers.

Ion exchange of the NaX powder for MMM preparation

Ion exchanged FAU particles have been used as inorganic filler
phase in mixed matrix membranes (MMM). The ion
exchanged particles show, apart from the expected color
changes according to the ion source, no significant changes in
XRD patterns (Fig. 3). However, all ion exchanged FAU pow-
ders seem to suffer from a slight loss of crystallinity compared
to the NaX source material, as indicated by the overall
decrease in signal intensity, due to the forced exchange of
monovalent sodium ions for multivalent metal ions

Mixed matrix membrane preparation

The hydrated ion exchanged FAU powder crystals have been
used as inorganic filler phase (10 wt%) in supported (pressure

Table 1
mixture (Knudsen separation factor
sweep.

Mixed gas permeation data on supported (fine «-Al,0s, top-layer pore dso = 70 nm) for an equimolar H,/CO,

4.7) at 1 bar (Wicke Kallenbach technique), room temperature and 50 ml/min N,

Support Al;04 Al;02
Modification = =
Membrane = NaX
Mixed gas o (H,/CO) 46 80
Flux H, mL min~* cm 2 6.3 45
Flux CO; mL min * cm 2 14 0.6
Permeance H, mol/m?® s Pa 4.4.1077 3.1-1077
Permeance CO, mol/m” s Pa 9.8-107° 3.9-10°%

Al,O5 AlLO; AlO3 ALO;
APTES APTES PDA PDA
- NaX - NaX
57 89 6.3 10.3
5.8 0.7 0.0042 0.09
1.0 0.08 0.0007 0.009
4,0-107 5.1-10°% 2.9-1071° 6.4:10°°
7.1-10°8 57-10~° 46107 62107
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Fig. 3 — XRD patterns and photos of the original NaX as well
as ion exchanged FAU p (ob d by liquid state
ion exchange). The hump at low 20 angles is due to the
amorphous plastic XRD sample holder.

stability) Matrimid"-based MMMs. The results of the MMM
preparations (casting and drying), thin glassy looking polymer
layers with distinct discolorations (compared to the pure
yellow of neat Matrimid®) due to the differently colored
embedded FAU particles on top of the white corundum sup-
ports, are shown in Fig. 4. At first glance, the particles appear
to be evenly distributed over the entire area, with exception of
the fringe.

Matrimid® matrix
with ion exchanged
FAU particles

222 323
LSRRI LS

a-ALO, support

Fig. 4 — Photo of the Matrimid*-based MMMs prepared
with ion exchanged FAU particles (10 wt%).

The average thickness of these casted MMM layers on top
of the alumina support, as estimated respectively from several
SEM cross section images, is around 100 ym. Fig. 5 exemplarily
shows the transitional area between loaded polymer layer and
support for a CoX/Matrimid® MMM. The majority of the
embedded FAU particles seem to be located at exactly that
border (see Fig. 5A). This is probably due to the sedimentation
by gravity forces during the long drying time (2 h).

The corresponding element map (Fig. 5B) is further proof
that the performed ion exchange was successful. By utilizing
the element distribution obtained via EDX measurements, we
were additionally able to determine that, in the special case of
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Fig. 5 — SEM image (A) of CoX/Matrimid® MMM and the corresponding Co element map (EDX) (B).

CoX as an example, around 75% of the initial Na* ions were
exchanged with Co?" jon during the fluid state ion exchange
(atomic % of Na* = 0.28 and Co®* = 0.41 after ion exchange).
This value is in good agreement with literature data [29,30].

Permeation measurements on supported NaX and
multilayer membranes

An examination of the results summarized in Table 1,
regarding the mixed gas permeation studies done with sup-
ported NaX membranes, clearly reflects the known trend that
APTES and PDA treatments of the support can not only deci-
sively improve the quality of the resulting NaX membranes
but also subsequently ensure a distinct improvement in the

H,/CO, separation capability compared to the NaX
A n
Supports (neat and
10 functionalized)
B NaX membranes
8—- 9
=
=
8
g
&
]
2 7
£
Z
& 6
s
4

membranes grown on non-treated supports (e.g. Ref. [10])
(fine-pored o-Al,05 ceramic discs exhibit their own basic gas
separation capability (Knudsen, see Table 1)). All membranes
under study are hydrogen-selective, i.e. they more or less hold
back the CO;, what is in accordance with the well-known rule
of thumb: Permeation Selectivity =  Adsorption
Selectivity x Diffusion Selectivity [1,31-34]. This behavior is
basically due to the strong electrostatic potential of the FAU
structure as well as the easily accessible site II (SII) sodium
ions located near the six-membered oxygen rings, which are
able to interact with various polar molecules [1,33]. In the
special case of CO,, these adsorption complexes are due to
quadrupole—monopole interactions between it and single
unsaturated Na* ions within the super-cages of the activated
FAU structure. A strong adsorption like this inevitably entails

B
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1 a | ¢ d e f
£ l
o i
H |
g
e <2 m
¥

3 ™
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a: untreated AL,O; support (top-layer pore dso = 70 nm)
¢ Al,O; support functionalized with APTES
e: Al,O; support functionalized with PDA

: Knudsen separation factor

b: NaX membrane grown on untreated ALO; support
d: NaX membrane grown on APTES-modified Al,O; support
. NaX membrane grown on PDA-modified Al,O; support

Fig. 6 — Neat supported NaX layer membranes prepared on the untreated as well as PDA and APTES functionalized supports
in comparison with the untreated and modified supports without NaX layer: (A) H,/CO, mixed gas (50:50) separation factors
(derived from Table 1), and (B) their H, and CO, mixed gas fluxes (derived from Table 1) in logarithmic representation.
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Table 2 — Mixed gas permeation data of supported (rough «-Al,0;, pore ds, = 2.5 pm in top layer) Matrimid“-based MMMs

(thickness = 100 pm) containing ion exchanged MeX crystals for an equimolar H,/CO, mixture at 1 bar (Wicke Kallenbach
technique), room temperature and 1 ml/min N, sweep.

Support AlyO5 AlyOg Al,O5 Al,O5 Al,O5 AlO5 AlO3
Matrix - Matrimid®  Matrimid®  Matrimid® = Matrimid®  Matrimid®  Matrimid®
Filler - - NaX PbX CuX NiX CoX
Mixed gas 2 (Ha/CO2) 1.0 30 4.0 438 5.2 5.6 5.6
Permeance H; mol/m’ s Pa 4.8-10°% 5.7-1071 17:107% ZAE O 9.8-1071L 8.7-1071 7.7.10731
Permeance CO, mol/m?sPa  4.7-10°% 19-10°1 43101 1.5.107 2 19-10°1 1.6-10° 1 14-10°1
Ionic radius® - — Nat Pb2t Cu®t Ni** Coit
pm 102 119 73 69 75
lonic potential - - 0.0098 0.0168 0.0274 0.0290 0.0267
e/pm

* Empirical ionic radii of the exchanged two-valent metal ions (coordination number 6, derived by the comparison of bond length in ionic,

metallic and covalent crystals and molecules) [39].

a decreased diffusion, causing lower CO, permeation than
found for other small molecules like H,, N, or CHy [1,35]. Be-
sides these well-known one-on-one interactions (cation-COy),
CO, additionally seems to be able to simultaneously adsorb on
two neighboring cations at once (cation—CO,—cation) [36,37],
creating an even stronger adsorption.

Allin all, NaX/PDA turned out to be the best supported FAU
membrane for separating H, from CO, from the neat sup-
ported NaX membranes under study with a mixed gas sepa-
ration factor (o Hp/COy) of 10.3 (Table 1 and Fig. 6A), which is
not only higher than the ones for neat supported NaX (u (Ho/
CO,) = 8.0) and NaX/APTES (z (H2/CO,) = 8.9), but also exceeds
the known literature values (see Tzble 3). This superiority of
Na-X/PDA is caused, on the one hand, by the improved
membrane quality due to the PDA functionalization, as
mentioned above. The second reason for the higher separa-
tion capabilities of NaX/PDA in comparison with the other
membranes under study, is possibly the residual PDA within
the support pores itself. As one can see in Table 1, even the
PDA-modified support, without a NaX membrane layer grown
on top, shows a clearly increased selectivity compared to the
Knudsen separation factor of the microporous neat support.
This phenomenon is most likely due to strong interactions

This is clearly proven by the very similar gas fluxes through
both supports (see Table 1 and a/c in Fig. 6B).

As mentioned before, the sole purpose of adding a Matri-
mid" top layer to the NaX/PDA membranes was to use
possible “defect healing” effects like sealed cracks to further
enhance their the Ho/CO; separation performance. Unfortu-
nately, adding a polymeric top layer nearly halfed the sepa-
ration factor (multilayer membrane « (H,/COy) = 5.4, see Table
3) compared to the starting membrane (NaX/PDA o (Ha/
CO,) = 10.3) rather than increasing it. Possible explanations for
this are the previously mentioned very weak interaction be-
tween Matrimid” and NaX as well as further defects in the
zeolite membrane caused during the casting and drying/
shrinking of the polymeric top layer. The “defect healing”
could also have a negative effect in the form of not only
sealing existent cracks and pinholes but also widening them
in the process. The permeances of the multilayer membranes
(H 1.9-107'° mol/m?® s Pa, see Table 3) are, as expected,
lower than the ones of the starting NaX/PDA
(Hy = 6.4-10 % mol/m? s Pa) membranes due to the additional
dense polymeric top layer.

between CO, and PDA (free amine groups [38]) on the one 6
hand and a furthermore reduced CO, permeability because of z Co?*
the 1-2 pm thick polymeric top layer (small chaotic pores) and & 55 * ’_\"y
narrowed top layer support pores (due to intruded PDA g“ &
(dso = 70 nm without)) on the other hand. The latter two as- < 5 Pb Cu?*
pects are also responsible for the very low (lowest measured) E *
fluxes (Fig. 6B). 2 4s
While lacking the mentioned PDA top layer, which was E
dissolved during membrane preparation, NaX/PDA still fea- g N:’
tures the PDA residue within the topmost support pores in :&;. 4
addition to the highly selective zeolite membrane. This com- ”
bination results in the high H,/CO, separation capability with s 0 0.01 0.02 0.03 0.04

o (H,/CO,) = 10.3 and low fluxes.

The slightly improved gas separation capabilities of the
APTES-modified support in comparison with the neat support
can also be attributed to extra interactions between free
amine groups and CO,. But in contrast to PDA, the APTES
monolayer isn't able to seal hermetically the support pores.

Tonic potential [e/pm]

Fig. 7 — Influence of the ionic potential (derived from Table
2) on the Hp/CO, separation factor of Matrimid®-based
MMMs containing different ion exchanged MeX particles
as filler.
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Permeation measurements on FAU/Matrimid® mixed matrix
membranes

The second series of Hy/CO; separation tests, this time per-
formed with supported FAU/Matrimid® MMMs (large-pore o-
Al;,05 ceramic discs without own gas separation capability
(see Table 2)), clearly show, on the one hand, that the sepa-
ration performance of the neat polymer Matrimid” can easily
be enhanced by embedding NaX particles. On the other hand,
one can see that using ion exchanged FAU particles (Pb?",
Co”*, Ni**, Cu”) instead of the source zeolite (Na*) to prepare
those MMMSs always (in all studied cases) resulted in improved
separation capabilities (Table 2). These improvements in Hy/
CO, selectivity are anything but random and follow a clear
trend: o (H/CO,): Na™ < Pb?t < Cu?t < Ni*t = Co?*.

The decisive factor, which determines whether one ion
exchanged FAU crystal is better suited for Hy/CO, separation
than another, seems to be the so called “ionic potential”. This
indicator for the charge density at the surface of an ion (ionic
charge/ionic radius see Table 2 and Fig. 7) provides evidence

for how strong the interaction between the ion in question
and gases like CO, may be. In the special case of H,/CO, sep-
aration, this stronger interaction between carbon dioxide and
the zeolite within the matrix in turn should induce a higher H;
selectivity.

The veracity of this assumption is shown in Fig. 7. As one
can see, the H,/CO, separation factor of the FAU/Matrimid*
MMMs rises, as expected, with increasing ionic potential of
the exchanged bivalent metal ions in the FAU filler, and ions
with similar ionic potentials show comparable influences.
Similar observations, but with other ions, have already been
reported in the literature [37,40]. Due to the dense glassy
Matrimid” matrix, all MMMs displayed very similar, regard-
less of the used ions within the inorganic phase, very low
fluxes/permeances and comparable only with the PDA layer
mentioned earlier (Table 2).

A comparison between the Hy/CO, separation perfor-
mances of our Matrimid®-based MMM and literature data
shows that our approach is quite promising. Although our
FAU/Matrimid MMM system is not quite the best yet in terms

able 3 — Comparison of H,/CO, separation performances of different supported membrane types.

Membrane Temperature Feed pressure Permeance Separation Reference
EG bar H, mol/m? s Pa factor Hy/CO,
Supported NaX" 20 1.0 6.4-10° 10.3 This study
Supported FAU” 100 1.0 5.0-10°7 8.0° [1]
Supported LTA 20 1.0 2.3-107 6.7 [41]
Supported MFI 25 30 7.9-10°° il [42]
CoX/Matrimid® (10 wt% CoX) 20 1.0 7.7-10° % 5.6 This study
MOF-5/Matrimid” (5 wt% MIL-53) 25 6.0 7.9-107" 0.9" (6]
MIL-53/Matrimid® (37.5 wt% MIL-53) 35 2.0 33.1010 2.0% 71
ZIF-§/Matrimid” (60 wt% ZIF-8) 5 2.7 11-1071 7.0 2]
Zeolite 4A/PDMS 35 7.0 a 35° [43]
(40 wt% Zeolite 4A)
NaX/PDA with Matrimid® cover 20 1.0 1.9-10 5.4 This study
# Prepared on PDA-modified supports.
® Prepared on APTES-modified supports.
© Ideal separation factor.
410,000 Barrer.
509 This work:
] O NaX/PDA with Matrimid® cover
¥ CoX/Matrimid® (10 wt.% CoX)
20 © NaX/Matrimid® (10 wi.% NaX)
- Y NaX (a-ALO, + APTES)
=} o D O NaX (a-ALO, + PDA)
= e B NaX (e-ALOy)
= o VF C -
; 1 £C Literature:
4 A LIA [41]
24 B B Zeolith 4A/Matrimid® (10 wi.%) [44]
' Robeson yppe C IF-8[26)
: ) ———Lber bound [1g) D ZIF-90 [26]
v Ve v . o E ZIF-8/Matrimid® (10 wt.%) [26]
1 18 2000 2500 3000 35004000 | & 71k o Vatrimid® (10 wt.%) [26]
H2 permeahility / Barrer G ZIF-90+EDA/Matrimid* (10 wi.%) [26]

Fig. 8 — Hydrogen permeabilities and separation factors o (H,/CO5) for all membranes under study relative to an assortment

1

e and the

of comp

upper bound [18,44].
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of separation factor and permeance (see e.g. ZIF-8/Matrimid®
in Table 3) it offers a lot of potential and room for improve-
ment. Some possible ways to enhance the current separation
performances are e.g. smaller FAU particles for a better dis-
tribution within the matrix, a higher ion exchange rate, higher
particle crystallinity after ion exchange as well as an
increased volume fraction of the inorganic phase within the
matrix to maximize the occurring effects.

For an even better comparison and benchmarking of our
membranes, we use the established Robeson plot [18]. It fol-
lows from Fig. 8 that some of our preparations are above the
upper bond. In the field of high-permeability membranes, the
NaX layer grown on APTES-modified alumina supports, as
well as the NaX layer grown on the non-modified alumina
supports show a much better performance than the existing
polymers. The MMMs show medium permeability and me-
dium Hy/CO; selectivity, but their advantage is a cheap prep-
aration and easy scale up.

Conclusions

Different types of supported FAU membranes have been pre-
pared: (i) neat NaX membrane layers on chemically supported
Al,0;5 carriers, (ii) multilayer NaX/Matrimid® sandwich mem-
branes, and (iii) FAU/Matrimid® Mixed Matrix Membranes
(MMM). Said membranes have been evaluated in the H»/CO»
separation. They all showed a certain H; selectivity, that is to
say they hold back CO, because of differently pronounced
internal interactions. We found that the NaX membrane
quality highly depends on the kind of pre-synthetic alumina
support functionalization (no treatment, APTES or PDA func-
tionalization). Both PDA and APTES coating of the alumina
supports result in higher selectivity of the FAUmembrane and
a better reproducibility of FAU membrane formation.
Compared with the pure Matrimid®, the Matrimid*-based
MMM containing 10 wt% cation exchanged FAU powder as
filler showed an almost doubled mixed gas separation factor «
(H2/CO,), which seems to be proportional to the ionic potential
of the ions in the FAU filler.
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3. New Membrane Concepts for Hydrogen Purification

3.1 Summary

As mentioned in chapter 1.3.5, MOF or zeolite membranes are quite difficult to prepare
and the up-scale is still the bottleneck in terms of their usage in practice-relevant separation
processes. Furthermore, among the diversity of available materials, the search for mem-
branes or their corresponding composites - such as MMMs as mentioned in chapter 1.4 -
with great selectivities and high fluxes is still a challenging task. Therefore, the develop-
ment of new membrane concepts is an inevitable task for modern membrane science. The
publication in this chapter reports a new revolutionary membrane concept for hydrogen
purification from different simulated waste gases with 100 % selectivity.

A commercial short-circuited Nafion based PEM fuel cell is introduced as membrane
in chapter 3.2. Since Nafion works like a doorkeeper for anything but hydrogen, the purifi-
cation of the latter from different simulated waste gases is demonstrated. Furthermore, by
applying a resistive cascade, the hydrogen flux can be switched in dependence of the used
resistor. Lastly, the fuel cell is reported as catalytic membrane reactor for olefin hydration.
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3.2 Inverted Fuel Cell: Room Temperature Hydrogen Separation from an
Exhaust Gas by Using a Commercial Short-Circuited PEM Fuel Cell
without Applying any Electrical Voltage

S. Friebe, B. Geppert, J. Caro

Angewandte Chemie International Edition 2015, 54, 7790-7794.
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Abstract: A short-circuited PEM fuel cell with a Nafion
membrane has been e d in the 1 Ji e
separation of hydrogen from exhaust gas streams. The
separated hydrogen can be recovered or consumed in an in
situ olefin hydrogenation when the fuel cell is operated as
catalytic membrane reactor. Without applying an outer elec-
trical voltage, there is a continuous hydrogen flux from the
higher to the lower hydrogen partial pressure side through the
Nafion membrane. On the feed side of the Nafion membrane,
hydrogen is catalytically split into protons and electrons by the
Pt/C electrocatalyst. The protons diffuse through the Nafion
membrane, the electrons follow the short-circuit between the
two brass current collectors. On the cathode side, protons and
electrons recombine, and hydrogen is released.

Hydmgen is a high-demand product that is mainly pro-
duced by steam reforming and used for ammonia and
methanol synthesis. Hydrogen is also used in oil reforming
for the production of high-grade petrol and to remove sulfur
compounds. Hydrogen is becoming increasingly attractive as
an energy carrier because it can be combusted with oxygen
(from air) to water. A proton-exchange membrane fuel cell
(PEM FC) with a Nafion proton-exchange membrane (PEM)
is usually applied to transform the chemical energy liberated
during the electrochemical hydrogen combustion into elec-
trical energy. The heart of the PEM FC is the proton-
conducting Nafion membrane. Hydrogen is split on the anode
side at the Pt/C electrocatalyst of the PEM FC into protons
and electrons. The protons diffuse through the Nafion
membrane, and the electrons follow the outer circuit and
perform “work™. On the cathode side of the PEM FC, water is
formed from the protons, electrons, and oxygen from the air
(Supporting Information, Figure S1). For the function of the
PEM FC it is crucial that the Nafion membrane conducts only
protons and no electrons because this would result in an
“inner short-circuit™. In our concept of a reverse PEM FC for
hydrogen separation, we have deliberately caused this short-
circuit by connecting the two brass current collectors which
are attached to the Pt/C electrocatalyst layers on both sides of
the Nafion membrane by a cable (Figure 1a).

Herein we study a new principle to separate hydrogen
from an exhaust gas that contains a few vol% hydrogen
through a Nafion membrane using a commercial PEM FC
with an external short-circuit. Our concept is similar in a way
to oxygen or hydrogen high-temperature permeation through
mixed conducting ceramics. Mixed conductivity means that
these ceramic membranes show at their working temperature
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Institute of Physical Chemistry and Electrochemistry
Leibniz University Hannover
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Figure 1. Principle of a reverse fuel cell for hydrogen recovery and
olefin hydrogenation. a) Voltage-free hydrogen production and olefin
hydrogenation in a fuel cell with an external short-cut. b) Setup of the
fuel cell.

of about 800°C sufficient oxygen-ion/electron' or proton/
electron**! conductivity in the case of oxygen and hydrogen
transport, respectively. There are some attempts to increase
the oxygen or hydrogen transport by an external short-circuit
between the feed and the sweep side. For instance, Zhang
etal. investigated the permeation of the above mentioned
gases through short-circuited ceramics at high temperatures.
However, the short-circuit was realized with silver paste and
the fluxes of oxygen and hydrogen could be slightly improved
at temperatures between 800 and 900°C.""'"

Our concept for the hydrogen separation from exhaust
gases works with a Nafion membrane in a commercial PEM
FC at room temperature. As Nafion only conducts protons,
the nascent electrons are conducted to the other side of the
Nafion membrane via a cable between the two brass current
collectors. The driving force for hydrogen transport is the
concentration gradient of hydrogen between the two sides of
the Nafion membrane. The steady-state concentration gra-
dient is formed by supplying new hydrogen-containing gas to
the feed side and using a sweep gas such as nitrogen to remove
the permeated hydrogen from the cathode side. We could also
reduce the hydrogen partial pressure on the anode side by
consuming the hydrogen in a chemical reaction such as the
ethylene hydrogenation to ethane. Additionally we analyzed
the hydrogen permeance as a function of an adjustable
resistor between the two brass current collectors, thus
controlling the hydrogen flux by the electron flow as limiting
parameter. Furthermore we calculated the proton conductiv-
ity across the membrane with the help of the Nernst-Einstein
equation.

First of all we investigated the hydrogen separation from
binary gas mixtures hydrogen/methane with different hydro-
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gen concentrations between 0 and 100 vol% (Figure 2).
Figure 2a shows the hydrogen permeance for two operation
modes: When nitrogen is used as a sweep gas to reduce the
hydrogen partial pressure on the permeate side of the
membrane, a remarkable hydrogen flux can be observed
even for a gas mixture containing 5 vol %. This hydrogen flux
comes to saturation with increasing hydrogen concentration
in the feed. In a second experiment, air has been used as
reactive sweep gas. In this experiment, the permeated hydro-
gen is burnt at the Pt/C electrocatalyst with the oxygen from
air. Since in this operation mode the hydrogen partial
pressure is reduced drastically on the permeate side by
hydrogen combustion, the concentration gradient as driving
force for hydrogen transport increases, and correspondingly
the hydrogen permeance is doubled in comparison with the
inert sweep gas nitrogen. We also studied the separability of
hydrogen from other gases, namely N,, CO,, helium, and
argon. For this we analyzed the permeances of the hydrogen
in equimolar gas mixtures with the above-mentioned gases
and checked if hydrogen is the only signal in the gas
chromatograph. Figure 2b shows the results for the different
gas mixtures.

Since the proton conductivity depends strongly on the
moisture of the Nafion, small variations of the moisture can
lead to even larger variations in the proton conductivity.
Additionally, varying compression of the Nafion membrane
can lead to changes in performance.'” Nevertheless there
were no other signals except the hydrogen signal in the gas
chromatograph, meaning that the separation of hydrogen
from other gases is also possible with a short-circuited fuel
cell.

The idea behind these experiments was to identify the
rate-limiting step of our hydrogen separation. Along with the
measurements above, we analyzed the hydrogen permeance
as a function of an adjustable resistor. Therefore, we placed
a resistor in the “short-circuit way” and changed its resistance
between 0 and 100 kQ. Figure 3a indicates that the proton
conductivity is rate limiting for the hydrogen permeance. If
the resistance of the adjustable resistor is zero, the hydrogen
permeance is identical to the measurements without resistor.

With increasing resistance, the hydrogen permeance
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decreases. Already a resistance of 100 Q decreases the
permeance to 10% of its starting value, meaning that the
electron transport becomes more and more the limiting
parameter. With even higher resistances than 1kQ the
permeance is approximately zero. This measurement clarifies
that not only the proton conductivity through the Nafion is
important to understand the mechanism of this process but
also the flow of electrons.

Figure 3b shows the proton conductivity of the Nafion
membrane as a function of the hydrogen concentration in the
binary mixture hydrogen/methane. Therefore, we used differ-
ent ratios between hydrogen and methane and calculated the
proton conductivity by using the Nernst-Einstein Equa-
tion (1).

The PEM FCs work with Nafion membranes.""! Nafion as
a sulfonated tetrafluoroethylene polymer (Supporting Infor-
mation, Figure S3) is known as a cation conductor and as an
anion barrier. The highly selective proton exchange across the
membrane proceeds over the sulfonic acid groups. The proton
conductivity oy. depends strongly on the moisture of the
polymer membrane. Investigations on the influence of the
moisture showed that more wet membranes lead to higher
proton conductivity, but it should be annotated that an
excessive moisture can also inhibit the protons to cross the
membrane."*" The conductivity of the dense polymer can be
concluded with the help of the Nernst-Einstein equation (1):

(n

where Jy, is the hydrogen flux, zy. the proton charge, ¢ the
elementary charge, L the membrane thickness, and A¢ the
potential gradient.

Figure 3b clarifies that the proton conductivity is nearly
constant over the whole range of hydrogen concentration in
the mixed gas which recommends Nafion as a separating
membrane also for low hydrogen concentrations. This means
that if hydrogen is available in the gas mixture, the proton
transport through the Nafion membrane is almost the same
for any hydrogen concentration. This result is in good
agreement with Figure 2a, which shows the fast saturation

50:50 gas mixtures

Figure 2. Hydrogen purification from a simulated waste gas. a) Hydrogen permeance as a function of the hydrogen concentration in a binary gas
mixture with methane at room temperature. b) Hydrogen separation from different simulated waste gases at room temperature. Nitrogen was
used as sweep gas except for the binary mixture of H,/N,, where argon was the sweep gas.
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Figure 3. Influence of electron transport and hydrogen concentration in the feed. a) Influence of a limiting electron flux caused about by an
adjustable resistor on the hydrogen permeance in a binary, equimolar mixture with methane (N, as inert sweep). Inset: the setup for the limiting
electron flux. b) Proton conductivity as a function of the hydrogen concentration in a binary mixture with methane (N, as inert sweep). Inset: the
common Grotthus proton-transport mechanism through the Nafion membrane."” '

of the hydrogen permeance with increasing hydrogen con-
centration in the gas mixture.

Along with the hydrogen separation and purification
processes, we tested our short-circuited PEM FC as catalytic
membrane reactor for in situ ethylene hydrogenation at room
temperature. In this case, ethylene on permeate side of the
Nafion membrane (Figure 1a) can be considered as a reactive
sweep gas that consumes the permeated hydrogen, thus
reducing its partial pressure. Fortunately, we can use for this
hydrogenation the same Pt/C electrocatalyst as for the
hydrogen liberation on the permeate side of the Nafion
membrane by recombining the protons and electrons to
atomic and molecular hydrogen. From the gas chromatogram
in Figure 4 it follows that remarkable amounts of ethane have
been formed by the in situ hydrogenation of ethylene. More-
over, from the absence of any hydrogen signal it can be
concluded that all permeated hydrogen has been consumed in
the catalytic ethylene hydrogenation. As expected, only the
hydrated short-circuited Nafion membrane transports hydro-
gen, since only wet Nafion is an excellent proton conductor.
These results are in good agreement with the dependence of
the proton conductivity on the moisture [

In conclusion, we have shown the room-temperature
separation of hydrogen from other gases by means of a short-
circuited commercial proton exchange fuel cell with a Nafion
membrane without applying an electrical voltage. If there is
a gradient in the hydrogen partial pressure over the proton-
transporting Nafion membrane, hydrogen can be separated
from exhaust gases that contain a few vol% hydrogen. We
separated hydrogen from different gases such as methane,
carbon dioxide, nitrogen, argon, and helium. By using
a vacuum pump or a condensable sweep gas on the permeate
side, hydrogen can be recovered. The hydrogen partial
pressure on the permeate side of the Nafion membrane can
also be reduced by a hydrogen-consuming reaction. As

Angew. Chem. Int. Ed. 2015, 54, 77907794
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Figure 4. Gas chromatogram of the product gas for the olefin hydro-
genation for Nafion membranes of different humidity.

a proof of principle, we showed the in situ hydrogenation of
ethylene to ethane at room temperature operating our proton
exchange fuel cell as catalytic membrane reactor. The hydro-
gen flux can be switched by a resistor that controls the
electron flux in the short-circuit. The short-circuited fuel cell
with proton exchange membrane is a good example of the
combination of separation (hydrogen recovery), energy
production (electric current), and catalysis (olefin hydro-
genation).

Experimental Section

The experimental investigations focused on the hydrogen-separation
performance and insitu olefin hydrogenation with the help of
a Nafion-based PEM FC with an external short-circuit. We used
a commercial Greenerity H600 STD MEA, gas-diffusion layers
(GDLs; Supporting Information, Figure 52) and also Teflon frames
from the company SolviCore GmbH & Co. KG to evaluate our
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principle. The active area on the MEA membranes was 10 cm® with
a platin coating of 0.85 mgem 2. The thickness of the platin coating
was around 8-15 pm. The fuel cell, the flow field of which consisted of
20 equally spaced meander like channels with a total distance of
around 0.6 m between the gas inlet and the exit, was supplied by
Volkswagen AG, Technology Center Isenbiittel (Figure 11).

Before the measurements, the MEA was moistened with distilled
water to enhance the proton conductivity, whereas the used gas
mixtures were purged through a water reservoir to maintain the
moisture. For gas analysis we used a gas chromatograph (Agilent
Technologies 7890 B). For controlling the hydrogen flux via the
electron flux in the short-circuit, a resistive cascade (CML R1-1000)
was used.

Keywords: electrocatalysis - fuel cells - hydrogen - membrane -
separation
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4. Conclusion

4.1 Summary

This thesis gives insight into the comparison between neat MOF and zeolite mem-
branes and their corresponding composite membranes as well as into the development of
new membrane concepts for hydrogen purification.

The first part of this thesis was focused on the preparation and evaluation of several
supported MOF (NH,-MIL-125, UiO-66, MIL-96) and zeolite (FAU) membranes as well
as some corresponding composite membranes (MMMs, multilayers) for hydrogen purifica-
tion at praxis relevant conditions.

The synthesis of the supported NH,-MIL-125 layers was done via a hydrothermal ap-
proach, while the corresponding Matrimid based MMMs were prepared via a simple cast-
ing procedure of the polymer-particle slurry. The attractive interaction between the amino
functions and CO, as well as the direct coupling between filler and polymer in the MMM
were approved with IR-spectroscopy. The neat MOF layers were evaluated from 25 °C up
to 150 °C in single and mixed gas permeation of H,/CO,. The mixed gas selectivity
showed a declining tendency at higher temperatures, due to the weaker interaction of CO,
with the amino functions in the MOF framework, thus resulting in suppressed retardation
of the latter (a0 (Hy/CO»)s50c = 8.0; 0 (Ho/COs)y50oc = 6.0). The corresponding MMMs with
different weight fractions of the filler NH,-MIL-125 (10/20 wt.-%) were evaluated in
mixed gas permeation at 150 °C and varying feed pressures (0, 3, 4, 5 bar). Said mem-
branes showed improved performance in comparison to the neat Matrimid membranes
(0 (Hy/CO)Marimia = 5.5; o (Hy/COx)ymmm = 8.0). Lastly, the performance results of all
membranes were evaluated with the Maxwell-model. The deviations between predicted and
real MMM performance were attributed to the good embedment, due to the direct coupling
of NH,-MIL-125 with the polymeric matrix via a ring opening polymerization reaction
with the filler particles as bridging nodes between neighboring Matrimid polymer chains.

UiO-66 as oriented, dense supported layer was prepared via a benzoic acid modulated
hydrothermal synthesis. The orientation of the layer was verified by comparing the CPOs
of the statistic oriented powder with the crystallized layer. Furthermore, said layers showed
great stability as well as sufficient adherence to the ceramic support in three different tax-
ing conditions (e.g. sonication in water). This oriented membrane was then investigated in
terms of its sieving properties for different binary gas mixtures (H,/CO,, H,/N,, H,/CH,,
H,/C,Hg, H,/C3Hg) at room temperature. The mixture separation factors a for these gas
pairs were determined as 5.1, 4.7, 12.9, 22.4 and 28.5, which displays the “soft” molecular
sieve character without a sharp cut-off, due to the linker flexibility inside the framework.
The “soft” molecular sieve membrane was then transferred into a membrane with a sharp

85



Conclusion

cut-off at around 3.7 A by a thin polymer top layer, which most likely suppressed the linker
mobility, thus giving modified separation factors (5.0, 4.7, 80.0, 130.0, 500.0).

The third supported MOF layer - MIL-96 - was prepared via a reactive seeding ap-
proach with two different synthesis routes. Depending on the used solvent for the reactive
seeding step, we were able to steer the orientation and the crystal morphology in the mem-
brane layer. The crystal orientation and morphology was predefined through the different
seed crystals and was kept during the growth process of the membrane. These two different
membranes were then evaluated in terms of their separation performance for H,/CO, sepa-
ration in pristine and activated state. Said membranes showed a crystal facet depending gas
transport behavior with constant selectivity of a (H./CO,) ~ 9.0 but different fluxes, which
is a result of the virtual two-dimensional pore system with transport in-/active channels in
the framework. As a result of this idiosyncracy, the four times thicker membrane showed,
in contrary to popular belief, the greater permeation fluxes. In addition, MIL-96 was pre-
pared in five different particle sizes for the fabrication of MMMs. We were able to identify
several preparation problems, namely sedimentation, aggregation and even recrystallization
in dependence of the used filler size. Consequently, the gas separation performance of the
MMMs showed only enhanced permeabilities but no increase in selectivity.

As described in chapter 1.3.4, also zeolites can be used as membrane materials for hy-
drogen purification, due to their uniform pore structure and the possibility for post-
synthetic modifications. Therefore, zeolite faujasite (FAU) was prepared as dense mem-
brane layer on different pretreated supports. We were able to increase the membrane per-
formance by using different pre-synthetic support treatments, namely functionalization
with 3-APTES or PDA, from a (Hy/CO,) = 8.0 on the unmodified support to = 9.0
(3-APTES) and =~ 10.0 (PDA), respectively. This increase was brought into relation with
zeta potential measurements, which explain the better interaction of FAU with the modified
supports. In addition, Matrimid based MMMs with the pristine FAU powder (Na*) as well
as ion-exchanged (Co**, Ni**, Pb**, Cu**) counterparts were prepared and evaluated for the
same separation process. All MMMs showed at least 25 % increased separation perfor-
mance in comparison to the neat polymer layer. Furthermore, the separation behavior could
be brought into relation with the ionic potential of the used cation for the ion-exchange.

The second part of this thesis was focused on the development of new membrane con-
cepts. Therefore, a commercial Nafion based PEM fuel cell was successfully evaluated for
hydrogen purification from different waste gases (He, Ar, CO,, CHy, N,) with 100 % selec-
tivity. The driving force was twice the high by using the reactive sweep gas oxygen instead
of the inert gas N,. The hydrogen flux became adjustable by inserting different resistors
into the migration path of the electrons, thus making the electron mobility the rate-
determining step instead of the proton conductivity through the Nafion. By using the
Nernst-Einstein equation, the proton conductivity was demonstrated to be independent of
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the hydrogen concentration on the feed side. Lastly, the fuel cell was applied as catalytic
membrane reactor for the hydration of ethylene. The whole setup for hydrogen purification
as well as the ethylene conversion showed a drastically dependence on the Nafion
humidity.

4.2 Outlook

This work presented four different kinds of supported membranes for hydrogen separa-
tion. Various Metal-Organic Framework and zeolite types with different pore sizes (3.2 A,
6.0 A, 6.0 A and 7.4 A) and unique features were prepared by different synthesis routes.
Supported means that a zeolite or MOF layer of a few um thickness is grown directly on a
porous alumina support. Pre-synthetic support treatments (secondary growth, reactive
seeding, 3-APTES, PDA) resulted in improved membrane layer quality and as a conse-
quence in increased separation performance or in unique transport properties for the crys-
tallized layers. Also post-synthetic modification, such as a polymer cover on top of the
crystallized membranes resulted in modified separation performances. However, the repro-
ducible synthesis and the handling of these membranes are still a difficult task. A simple
cost evaluation of supported MOF and zeolite membrane shows that 1 m* of non-installed
membrane area will be > 1000 €. About 60 - 80 % of the costs originate from the support.
Since the composition of the latter is crucial for minimizing the flow resistance of the
support, their graded fabrication has been developed in different countries. However, the
high support costs are due to the fact that each layer of the support is fired before the next
layer is added. Usually the supports must be fired at least three times: first the main coarse
body (particle size of a few pm), than a microfiltration layer (particle and pore size of the
order of 1 - 0.1 pum) and finally an ultrafiltration layer (particle and pore size of the order of
100 - 2 nm) is added and fired. Nevertheless, there are world-wide about 60 plants with
hydrophilic LTA and FAU zeolite membranes in multi-channel/tube geometry in operation
for the water removal from different solvents like (bio) ethanol, i-propanol, DMF, acetoni-
trile, ethylene glycol. The driving force for these membrane installations is a saving of the
running energy costs of roughly 40 % but only when operating the plant in a combination
of distillation (near to the azeotropic point) combined with steam permeation and of the
order of minus 30 % for the combination of distillation and pervaporation. On the other
hand, the investment costs for the process with membranes implemented is higher in com-
parison to an azeotrope distillation (25 %) or a pressure swing adsorber (10 %). A big
problem with supported zeolite membranes is that in case of defects in the layer
- or even worse - when one ceramic tube brakes, the whole module must be replaced. An in
situ mending like in case of polymer hollow fibers is so far not possible for supported
zeolite layers. Supported MOF membranes are far from an industrial implementation. The
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main bottleneck is their chemical instability in humid atmospheres. Lastly, a huge variety
of promising materials is not even crystallizable as defect-free membrane layer.

Therefore, also Mixed-Matrix-Membranes with different MOF and zeolite filler mate-
rials were investigated, in addition. The incorporation of amino functionalized MOFs as
well as ion-exchanged zeolite powders, for instance, improved the separation performance
of the neat Matrimid polymer membrane in terms of permeability and selectivity. Further-
more, some occurring problems during MMM preparation, their impact on the separation
performance and measures to avoid these problems were identified. The big expectation of
Mixed-Matrix-Membranes is that established technologies for the preparation of polymer
membranes such as hollow fiber spinning or casting for spiral wound module applications
can be applied. Further, the polymer matrix can (if it is hydrophobic) stabilize the chemical
stability of embedded MOF particles. Therefore, there are huge research activities in this
field. We are active in the project M*CO, under the auspices of the 7" Framework Program
of the European Commission (cooperation with 7 companies and 8 universities). Further-
more, in 2016 we have started an R&D project with a big German company in gas separa-
tion on Mixed-Matrix-Membranes containing MOFs.

Despite all the effort, up to now, those membranes are not competitive enough in com-
parison to common methods like PSA or cryogenic distillation for gas separation, in gen-
eral. Moreover, for industrial application the membranes should be manufacturable as
hollow fibers or as coiled modules. The latter is easier to achieve by the concept of Mixed-
Matrix-Membranes in my opinion. However, membranes should feature utopian selectivi-
ties of a (H,/CO,) > 30 and permeabilities of P (H,) = 500 Barrer in order to replace the
abovementioned used methods (PSA & distillation) with comparable or lower costs.
Mixed-Matrix-Membranes will not trigger a revolution in gas separation, but evolutionary
improvements. This is due to the fact that in general not more than 30 vol.-% of the poly-
mer can be replaced by a filler (because of mechanical properties) and the resulting mem-
brane performance is as a rough estimate a linear combination of polymer (90 to 70 vol.-%)
and filler (10 to 30 vol.-%).

In my PhD work I followed indeed two “revolutionary” concepts. The newly devel-
oped concept of a Nafion based PEM fuel cell as membrane apparatus is an interesting
approach for hydrogen purification, which may become competitive after certain challeng-
es like, up-scale, implementation in existing processes and improvements of the present
materials in terms of their conductance and operating temperature, are overcome in the
future. Second, scientists should maybe try to think a bit more outside the box in terms of
new preparation methods and cost-saving fabrications. I have developed and patented
(H2110EP) a quite new and simple preparation for self-supporting molecular sieve mem-
branes to overcome the abovementioned cost issues of common supported MOF and zeo-
lite membranes as well as the non-producibility of promising separation active materials.
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These Polymer Stabilized Percolation Membranes (PSPMs) consist of up to 95 % separa-
tion active filler, which is first pressed into the desired geometric shape followed by infil-
tration of a pore filling agent (un-/selective) and cured by temperature treatment. The re-
sulting molded body features a comparable stability to commercial alumina supports and
can be post-treated accorded to the desired application without losing the separation capa-
bility (e.g. polishing, drilling, cutting). This concept has maybe potential for a broad varie-
ty of applications but whether or not it will give a breakthrough to the field of membrane
processes is still a long way off.
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