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Abstract

The present thesis is dedicated to investigation of microporous zeolite and
metal-organic framework (MOF) membranes for pervaporation and gas separation on a
laboratory scale. Different experimental synthesis methods and modification methods
were used to improve the membrane quality, reproducibility, and separation
performance.

Two strong hydrophilic zeolite membranes, SOD and LTA membranes, were
synthesized on alumina supports for vapor permeation or water pervaporation. A
repeated synthesis method was used to prepare zeolite SOD membranes. As the first
candidate to separate water vapor at high temperatures, zeolite SOD membrane shows
high thermal and chemical stability and has a small pore size. The removal of steam
from other components allows the possibility to support the chemical reaction like
methanol, dimethylether (DME) and dimethylcarbonate (DMC) formation. Another
candidate to separate water is zeolite LTA membrane, which we used at room
temperature for water/methanol and water/DMC pervaporation. Na-LTA membrane was
ion-exchanged with K* to further improve the pervaporation selectivity.

Supported Mg-MOF-74, ZIF-90 and ZIF-100 membranes were prepared for gas
separation. For synthesis of these MOF membranes, different pre- or post-modification
methods were used. Mg-MOF-74 membrane was prepared on MgO-seeded alumina
support, and the H,/CO, selectivity could be improved by the post-modification of the
open Mg sites with ethylenediamine. The dense ZIF-100 membrane was prepared on a
polydopamine (PDA)-modified support. After the pre-modification, the ZIF-100
crystals could grow better on the support surface through the formation of covalent
chemical bonds. Attributing to its high CO, uptake behavior, ZIF-100 membrane has a
high H,/CO, selectivity. A post-functionalization method was developed for ZIF-90
membrane by using 3-aminopropyltriethoxysilane (APTES). Via the covalent linkages
between the free aldehyde groups of the ZIF-90 and the amino group of APTES, the
pore was narrowed and the defects were sealed, thus the gas separation selectivity of
ZIF-90 was enhanced.

Keywords: Zeolite membrane, MOF membrane, gas separation, pervaporation,
ion-exchange, pre- and post-modification method.
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Zusammenfassung

Die Arbeit behandelt Synthese, Charakterisierung und Ausprifung mikroporcser
Zeolith- und Metal-Organic Framework (MOF)-Membranen durch Pervaporation und
Gasseparation.  Verschiedenste Synthesestrategien und Modifikationen wurden
entwickelt, um Qualit&, Reproduzierbarkeit und Trennleistung der Membranen zu
verbessern.

Zur permeativen Dampftrennung und Pervaporation wassriger Gemische wurden
zwei hydrophile Zeolithmembranen, SOD und LTA, auf Al,Oz-Tr&ern synthetisiert.
Die SOD-Membran kann fUr Wasser-Trennungen bis zu Temperaturen von mind. 200<C
verwendet werden. Grund hierflr ist die hohe thermische und chemische Stabilit& der
SOD-Geruststruktur und der kleine Porendurchmesser von SOD, der molekulares
Sieben ermdylicht. Die Entfernung von Wasser unter gleichgewichtskontrollierten
Reaktionsbedingungen kénnte z.B. zu einer h&eren Ausbeute bei der Synthese von
Dimethylcarbonat (DMC) oder Dimethylether (DME) in Membranreaktoren fihren. Ein
weiterer Kandidat fUr die Wasserabtrennung ist die LTA-Membran. Diese wurde fUr die
Pervaporation  von  Wasser/Methanol- und  Wasser/DMC-Gemischen  bei
Raumtemperatur verwendet. Die Natriumionen der Na-LTA-Membran wurden durch
Kaliumionen ausgetauscht, um die Selektivit& der Pervaporation weiter zu verbessern.

Tr&agergestiizte Mg-MOF-74-, ZIF-90- und ZIF-100-Membranen wurden fir die
Gastrennung hergestellt. Zur Synthese dieser MOF-Membranen wurden verschiedene
Pre- oder Post-Modifikationsverfahren entwickelt. Die Mg-MOF-74-Membran wurde
auf einem mit MgO-Keimkristallen beschichtetem Al,Os-Tr&yer hergestellt. Nach der
Post-Modifikation  der  Mg-Positionen  durch  Ethylendiamin  konnte  die
H,/CO,-Selektivitél verbessert werden. Eine ZIF-100-Membran wurde auf einem
Polydopamin (PDA)-modifizierten Tr&er hergestellt. Nach der PDA-Modifikation
konnten die ZIF-100-Kristalle besser auf der Oberfl&che des Tr&gers wachsen. Wegen
der guten adsorptiven CO,-Bindung besal3 die ZIF-100-Membran eine hohe
H,/CO,-Selektivita. Die ZIF-90-Membran wurde mit 3-Aminopropyltriethoxysilan
(APTES) post-funktionalisiert. Uber die kovalenten Bindungen zwischen den
Aldehydgruppen des ZIF-90 und den Aminogruppen von APTES wurden Poren der
ZIF-90-Membran verengt und Defekte versiegelt, und so die Selektivit& der
ZIF-90-Membran verbessert.

Schlagwdrter: Zeolith-Membranen, MOF-Membranen, Gastrennung,

Pervaporation, lonenaustausch, Pre- und Post-Funktionalisierung.
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1 Introduction

1 Introduction
1.1 Motivation

In the past five decades, membrane separation technology has attracted intense
attention and membrane separation processes have already had a direct impact on large
scale industrial applications due to the lower energy consumption and investment cost in
comparison with conventional distillation and adsorption.*21 A membrane can be
simply defined as a semipermeable two-dimensional material which allows preferential
passage of selected components of a mixture or solution. Depending on different driving
forces and sizes of the selected components, membrane processes can be applied in
microfiltration (potable water treatment), ultrafiltration (waste water treatment),
nanofiltration (water softening), reverse osmosis (seawater desalination), dialysis

(medical applications) and electrodialysis (aqueous solution deionization)."®!

Gas separation and pervaporation are relative new membrane separation processes
in industry during the past decades. Among the gas separations, hydrogen purification is
one of the most important tasks due to the growing demand for energy and
environmental issues. Currently, hydrogen is mainly produced by steam-methane
reforming (SMR) followed by the water-gas shift (WGS). Before H, can be used in fuel
cell, it has to be purified from the SMR/WGS products which mainly contain CO,, but
also CH4 and CO.! Membrane gas separation can be more economical compared with
traditional separation methods like pressure swing adsorption (PSA) and cryogenic
distillation.”! In pervaporation, liquid mixture can be separated. Pervaporation process
can be applied for dehydration of organic solvents, removal of organic compounds from
aqueous solution and separation of anhydrous organic mixtures.[®! Moreover,
pervaporation can realize some separations which are difficult by distillation, extraction
and sorption.”) Therefore, as potential membrane separation progresses, gas separation

and pervaporation have been attracted significant attention recently.

Membranes can be roughly classified into organic and inorganic membranes.
Unfortunately, a lot of organic membranes like polymers suffer from instability
problems at high temperatures, swelling in contact with solvents or decomposition in
sterilization progress. In contrast, inorganic membranes display a much higher thermal

and solvent stability. Therefore, inorganic membranes have been studied increasingly in

1



1 Introduction

new applications fields like fuel cells and catalytic membrane reactors.®!

Inorganic membranes can be classified into dense membranes like Pd-based
membranes®*? and perovskite membranes*!, as well as porous membranes, such as
amorphous microporous silical™® and carbon membranes!®. The distinction of dense or
porous membranes is not much a matter to the absolute pore size, but rather relative to
the different transport mechanisms. The dense membranes permeate atomic or ionic
forms of hydrogen or oxygen by a solution-diffusion mechanism, while the porous
membranes separate the components through other mechanisms, such as
adsorption-diffusion effect, molecular sieving effect, Knudsen diffusion, viscous flow,
surface diffusion and capillary condensation.**! Compared to the dense inorganic
membranes, porous membranes have received increasing attention in the recent years,

since they can be applied to separate a broad range of chemical components.

Among the porous inorganic membranes, molecular sieve zeolite membranes have
attached great interest in the past two decades. Attributed to their uniform pore structure
and high thermal stability, zeolite membranes have wide potential applications such as
catalysts in reactors, sensors and as devices for gas and/or liquid separations.!**®!
Zeolite LTA membranes were already commercialized for dehydration in steam
permeation. Due to their molecular sieving effect, high thermal stability and low-cost
for synthesis, zeolites are good candidates for pervaporation and gas separation.

Synthesis of most zeolites requires the use of organic structure directing agent
(SDA), in order to control the process of the crystallization of zeolites. After the
synthesis, the organic SDA can be removed by calcination, which always requires high
temperatures of 450 to 500 <C. Attributing to its high thermal stability, zeolite itself is
still stable at high temperature, and zeolite crystals will not be destroyed. However, the
membrane layers will form cracks easily due to the lack of mechanical stability and the
expansion/shrimking effect during the calcination.™” In this thesis, therefore, we focus

on the zeolite SOD and LTA membranes, which can be synthesized free of SDA.

In the past two decades, a new class of porous materials, metal-organic frameworks
(MOFs) has been developed. As a recently-identified class of porous materials, MOFs
have porous structure based on metal ions and organic ligands. Due to the wide choice
of metals and ligands, different kinds of MOFs can be designed with rich possibilities
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for structures and properties, such as adsorption, magnetic, electrical, optical and
catalytic properties.[’®] Based on the adjustable pore structure and controllable
properties, MOFs are another promising candidates for gas storage and gas separation

besides zeolites.

Compared to zeolites, MOFs have not only higher porosity and specific surface
areal’®, but also rich possibilities to be pre- and post-modified with functional groups®®®.
The pre-modification can promote the nucleation of MOF membranes on the support
surface, while the post-modification allows the possibilities to modulate the physical
can chemical properties of MOFs, change the pore size of the framework structure, or

make the MOFs interacting with guest species as well.

The aims of this thesis are to optimize the synthesis method of supported zeolite
and MOF membranes, develop dense zeolite and MOF membranes for pervaporation
and gas separation, and use different methods like ion-exchange and post-modification

to improve the selectivity.

1.2 Zeolite

1.2.1 Structure and properties of zeolites

The name of “zeolite” is derived from two Greek words “zeo” and “lithos” which
mean “to boil” and “a stone”.*! Zeolites are three-dimensional crystalline microporous
or mesoporous aluminosilicates with well-defined structures, which mainly contain
silicon, aluminum and oxygen atoms in their framework structures. The silicon and
aluminum atoms are tetrahedrally connected to each other by using the oxygen atoms as

bridge. The building unit of every zeolite framework is mostly tetrahedral TO,4 blocks

Figure 1: TO, blocks: units of zeolite framework.
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(some new architectures involve other polyhedral like octahedral TOg, pentacoordinated
TOs or pyramidal TO,4 or TO3 blocks)??, where T is the tetrahedrally coordinated atom
like Al or Si, as shown in Figure 1. Since each oxygen atom is shared by two units, the
net formal charge of the tetrahedral SiO4 unit is 0, but not like the isolated unit with a
charge of -4. In contrast, AlO, unit carries a formal charge of -1. Consisting of SiO4and
AlO, units, therefore, the entire zeolite framework is negatively charged. The negative
charges can be compensated either by cations or proton in the acidic form in pores and
channels or by pentavalent T-atoms instead of Si like P°* (such as ALPO’s).[*]
Therefore, the aluminosilicate zeolite has a general formula of Ayn[SiixAlKO2] MmH,0,
where A is the cation with a valence n.”? The typical cations in natural zeolites are
alkali metal, like Na*, K* and alkaline earth metals such as Ca®* und Mg®*.**! The Si/Al
ratio can range from 1 as a minimum to infinity. By varying the Si/Al ratio in zeolites,
the ionicity and hydrophilicity of the material is also changed, which can impact the
crystal size, morphology, surface area, thermal and chemical stability and acidity of the

zeolites.[?

= ‘ wm—— e
18 & Jimi
[49 [5 [4°7]
double 4-ring MOR double 6-ring

[4663] [4668]
MFI CAN sodalite cage / B-cage

Nt
[44466286) [4126888] [4124564128]
CHA a-cage supercage, FAU

Figure 2: Examples of CBUs in zeolites with their pore symbols.*"

Depending on their framework symmetry, zeolites can be classified with an
identification code consisting of three capital letters by the International Zeolite
Association (1ZA).[2! The structure types of zeolite can be described by the composite
building units (CBUs), which are built by several TO, tetrahedral blocks.”! Some

4
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commonly found CBUs are shown in Figure 2 as examples with their corresponding
pore symbols (e.g. 4°6% means six 4-membered rings with two 6-membered rings) and
common names. According to the different window apertures of pore structures, zeolites
can be classified into small (with 6-, 8- and 9-membered rings), medium (with
10-membered rings), large (with 12-membered rings) and ultralarge (with 14-, 18- or
20-membered rings) pore materials.”®! The molecular sieving effect of a zeolite is
determined by the largest channel in the framework structure.

Due to their unique properties, like uniform pore structure, ion-exchange property,
high thermal stability and high internal surface area, zeolites have found a lot of
applications such as adsorbents, catalysts, sensors, ion-exchangers, and electrical

insulators. Potential applications are growing up such as membranes.

1.2.2 Introduction to zeolite membranes

Recently, much effort has been devoted to fabrication of zeolite membranes.
Zeolite membranes can be classified into self-supported (symmetric) or supported
(asymmetric) membranes, and both of them have been reported. However,
self-supported zeolite membranes always suffer from mechanical stability problems due
to their heterogeneous thickness. Therefore, zeolite membranes were usually
synthesized on substrates, and the substrate can either combine with the zeolite to form

a composite membrane, or be removed after the synthesis. %!

In 1987, Suzuki prepared the first zeolite membrane on a porous support of
metal.*®! After that, Haag and Tsikoyiannis investigated the standalone, mechanically
unstable ZSM-5 membrane in 1991.2"% Then Geus et al. reported the first supported
silicalite-1 membrane in 1992.”%°! Since then, significant progress has been made to
develop different kinds of zeolite membranes, and there are several reviews on zeolite
membranes.™ 2* 34 Today, various zeolite membranes, typically SODEY*? SAPO-34
(CHA-type)?*34 DDRE®! LTABS FERIM ZSM-5 or silicalite 1 (MFI-type)t 42,
MOR ! AIPO,-5 (AFI-type)*Y and FAUM*" are developed on porous or non-porous

supports.

So far, various supported zeolite membranes have been successfully synthesized
for the separation of gas and/or liquid mixtures. As summerized in Table 1, zeolite

5
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membranes on different supports have been used for separations like n-/iso-butane
separation, hydrogen purification, water pervaporation and organic mixture
separation.*®! In our work, we usually use asymmetric a-Al,O; discs to support our

membranes.

Table 1: Summary of supported zeolite membranes developed for gas/vapor/liquid

permeation and separation

n-Butane and iso-butane separation

Silicalite y-alumia tube, stainless steel disk
ZSM-5 a-alumia disk or tube, stainless steel tube
MFI a-alumia disk
Hydrogen purification
LTA a-alumia disk or tube
FAU a-alumia disk or tube
Silicalite y-alumia tube, stainless steel disk,
ZSM-5 a-alumia disk or tube, y-alumia tube
Carbon dioxide and methane separation
FAU a-alumia tube
SAPO-34 a-alumia tube
ZSM-5 y-alumia tube
Carbon dioxide and nitrogen separation
ZSM-5 a-alumia disk
NaY a-alumia tube
SAPO-34 a-alumia tube
Water pervaporation
NaA a-alumia tube, Ceramesh sheet, carbon tube
FAU a-alumia disk or tube
Organic solvents pervaporation
Silicate stainless steel disk or tube
ZSM-5 a-alumia disk
Organic mixture separation
NaA a-alumia disk or tube
FAU a-alumia disk or tube
Silicate stainless steel disk or tube
FER a-alumia disk or tube

1.2.3 Structure, properties and applications of zeolite SOD and zeolite LTA

Zeolite A (Linde Type A, LTA), with a chemical composition of [Na;2(H20)27]s
[Al12Si1204g]s, has a cubic symmetry. The LTA framework type consists of B-cages
linked by double 4-rings (both of the CBUs are shown in Figure 2), which results in a
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a-cage with a pore diameter of about 4.1 A"’} The framework structure is shown in
Figure 3 (left).

Among numerous zeolites, the zeolite LTA membranes have been extensively
studied due to the strong hydrophilicity and suitable pore size. £83% %51 Moreover,
zeolite LTA membranes were the first commercialized zeolite membrane, which are
applied for dehydration of water/alcohol mixtures by membrane-based steam

permeation.*!

Figure 3: Framework structures of zeolite LTA (left) and a-cage in LTA (right)?".

As hydrated low-silica zeolite (1< Si/Al <2), zeolite LTA is also used widely for
ion-exchange applications, since the high cation content results in a high exchange
ability.l?? As shown in Figure 3 (right), site I (centered on the 6-ring), Il (near the center
of 8-ring) and 111 (centered on the 4-ring) in every a-cage of LTA can accommodate 8, 3
and 12 cations, respectively. The cations tend to prefer sites following the order | > Il >
I11, and the cations which occupy site 11 are rather mobile and can diffuse since site Il is
near to the center of the 8-membered ring. With a Si/Al ratio of 1, each a-cage in LTA
consists of 12 cations, which occupy fully sites I and Il. Normally, the cations in
synthesized LTA are Na'. By ion-exchange, the Na* which occupy site 1l can diffuse
into the cavity and be exchanged by other cations. By replacing the Na*with Ca®*, the
number of cations will be reduced thus the Ca-LTA has a pore size of 5 A. When the
sodium cations were replaced by larger K* ions, the pore size of K-LTA will be
narrowed to 3 A”Y This ion-exchange behavior allows the applications such as

water-softening, gas adsorption and gas separation.

Zeolite sodalite (SOD) is an aluminosilicate with 3-dimentional channel

network.’"! It was first discovered by Thomson in 18111 and its structure was
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described by Pauling in 19301 .The chemical composition of mineral sodalite is
[NasCl2][AlsSis024].%! As shown in Figure 4, SOD consists of only sodalite cages (also
called B-cages shown in Figure 2) and has, therefore, only 4- and 6-membered rings.
Hydroxy sodalite (H-SOD) has the same structure as sodalite. In the framework of
H-SOD, the 4-membered rings are too small to allow the passage of any molecules, but
the window aperture of the 6-membered ring of Si-O-Si bonds with a diameter of 2.7 A
can allow the passage of small molecules like helium, ammonia and water, with Kinetic
diameters of 2.60, 2.55 and 2.65 A, respectively.®y] Compared with LTA, zeolite SOD
has the same Si/Al ratio of 1, but shows a higher framework density (number of T-atoms
per A% for SOD 16.7 T/1000 A®). Therefore, zeolite SOD has a higher structural
stability.

B-cage

Figure 4: Framework structure of zeolite SOD.

Due to its small pore size and strong hydrophilicity, hydroxy sodalite membrane
has an important potential for esterification®”, sea water desalination'®, separation of
small molecules from gas mixtures and the removal of water from industrial streams,
such as in the synthesis of dimethyl ether (DME) and dimethyl carbonate (DMC) (see
Eg. 1 and 2).

2 CO, + 6 Hy 5 DME + 3 H,0 (Eq. 1)

CO, + 2 MeOH S DMC + H,0 (Eq. 2)

1.2.4 Synthesis of zeolite membranes

As explained in section 1.2.2, most of the zeolite membranes are prepared on

supports, therefore, only synthesis of supported zeolite membranes are discussed in this
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part. The commonly used synthesis methods to prepare a supported zeolite membrane
consist of in-situ hydrothermal synthesis, secondary growth method and microwave
synthesis.

In-situ hydrothermal synthesis is the mostly used preparation method for zeolite
membranes. In this simple synthesis method, the support is contacted directly with a
synthesis solution or an aqueous gel, and the membrane will grow on the support
surface under hydrothermal conditions, which should be carefully controlled so that the
zeolite crystals can nucleate and intergrow into a membrane. This method requires
heterogeneous nucleation on the support surface and crystal growth to form a
continuous layer which can cover the support. ! The flow diagram for the in-situ
hydrothermal synthesis is shown in Figure 5.

Aluminate <fm(

solution

Mixing, In-situ aging Synthesis
In-situ aging mixture . Supported membrane
(solution In air oven
Crystallization
or gel)
N =
Wash and dry

Silicate

solution

Add support

Figure 5: Schematic diagram of in-situ hydrothermal synthesis.

This method is commonly used and easy to operate. However, it usually takes long
crystallization time, which can result in the formation of impurity. In addition, the size
of the zeolite crystals, which are formed on the surface of the support, are not uniform
due to the low heating rate and inhomogeneous heating in hydrothermal synthesis.!**
Therefore, it is usually difficult to prepare a dense membrane on the support by using
this method.

In the secondary growth method, supports are firstly coated with a layer of
zeolite seeds, after that, the membrane is formed through the further growth of the seeds
during the following hydrothermal synthesis.® The seeding can be attached on the

surface of the membrane by mechanical scrubbing the support surface with zeolite
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crystals or by dip-coating in seed-solution.l®! In this method, the microstructure of the
membrane such as thickness and orientation can be controlled, thus the quality and
reproducibility of the membrane can be improved.* Since the problem of
heterogeneous nucleation in normal in-situ hydrothermal synthesis is solved, the
membranes prepared by secondary growth method are dense and have uniform crystal
size. However, as a multi-step synthesis, this method is relatively complicated. It is also

necessary to simplify the seeding process, in order to attach the seeds effectively.[®

Recently, microwave synthesis method was started to be used for the synthesis of
zeolite membrane. In microwave synthesis, the heating process was carried out in a
microwave instead of an air oven. The electromagnetic filed supplies the energy directly
to the materials, which leads to an effective heating process. Compared to the
conventional hydrothermal synthesis, therefore, microwave synthesis method has lot of
advantages like reduced synthesis time, small crystal size, high purity as well as narrow
particle size distribution. [ However, microwave synthesis was still not widely used,
since the synthesis conditions for only a few kinds of zeolites were optimized and the

mechanism of crystal nucleation and growth by microwave heating is not clear yet.

1.3 Metal-organic framework

1.3.1 Naming and history of MOFs

In the past two decades, metal-organic frameworks (MOFs), a new class of
synthetic porous materials, have been developed into one of the most fruitful research
areas.[®®®) Due to the lack of a general definition during the explosion of the
development of MOFs, various appellations have been appeared, such as porous
coordination polymer (PCP) 8 and porous coordination network (PCN)®® or other
names. Following the tradition of naming for zeolites, acronym of the laboratory was
also used to name the MOFs, like the series of MILs (maté&iauxs de I’Institut

Lavoisier)" and HKUST (Hong-Kong University of Science and Technology)!™.

The interest in porous coordination polymer started around 1990 by Hoskins and
Robson"*™. Then the development of MOFs was promoted by Yaghi et al..'*"! and
Kitagawa et al.l’®! in 1995 and 1997. In 1999, the structures of MOF-5!""! and

10
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HKUST-1" were published, which are still among the most studied MOFs up to now.
In 2002, the series of MILs were reported by Fé&ey et al.l'’*" and in the same year,
imidazolate-based MOF with zeolite-related topology was published™, which are later
organized in sub-group of MOFs: zeolitic imidazole frameworks (ZIFs). Up to now, a
large number of different MOFs has been investigated and successively developed for

gas separation and other potential applications.

1.3.2 Structure and properties of MOFs

MOFs are inorganic-organic hybrid materials, which are built of inorganic single
metal ions or metal-containing clusters and organic ligands called linkers. The inorganic
part and organic part link with each other through coordination bonds and build a
well-defined framework structure.®™™ As shown in Figure 6, the framework structure of
MOF-52%1 was taken as an example to describe the basic construction of MOFs,
which consists of inorganic metal clusters (Zns0)®* and organic linkers
1,4-benzenedicarboxylate (BDC).|

Inorganic metal cluster:
(Zn,0)%

Organic linker:
BDC: 1,4-benzenedicarboxylate

Figure 6: Framework structure of MOF-5 (Zn4(0)01,Cs), which is built of inorganic
metal cluster (Zn,O%") and organic linker 1,4-benzenedicarboxylate (BDC). The metal
clusters are shown on the left as a ball and stick model and on the right with the ZnO,

tetrahedra. The yellow sphere shows the cavity of MOF-5.%2%%]

Although the structure description and classification of MOF is still debatable, two
approaches are proposed to explain the structure principles of MOFs. The first approach
by Yaghi et al.4 used nets and vertex symbols, namely (N, M)-connected nets, to
describe the topologies of MOFs. N and M are the numbers of connections from two

11
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nodes, and the edges are links between vertices. An (N, M)-connected net was defined
to have some vertices connected to N neighbors and some to M neighbors. Here nodes
can be metal ions, clusters or polyhedrons, while edges can be linker molecules or
multiple bonds.®*®! To describe the structure of MOF-5, for instance, the nodes
(Zn,0%" clusters) are linked by 6 edges (BDC) to form an octahedral geometry. The
second concept was proposed by Fé&ey et al.®®!, which describe the MOF framework by
building units (BUs). The BU is defined as a building block of the framework, which
acts as a “brick” to form coherent structures.®® Following this concept, the cubic
MOF-5 framework can by described as eight BUs, and each BU consists of a Zn,0°%*
cluster coordinated by 6 BDCs.

As a light material with highest porosities, MOFs have high inner surface areas.’®”!
A typical example is MOF-1771%8 which was reported with an inner surface of 4500
m? g™, With this property, therefore, MOFs can be used for gas adsorption and
separation. Based on the construction principle of MOFs, the structure and properties of
MOFs can be designed by judicious combination of metal clusters and organic
linkers.®™ Besides adsorption-based properties, MOFs can also display other unique
properties like optic, magnetic and electronic properties, when special metals or organic
linkers were chosen.[® Based on the various properties, MOFs have a lot of potential
applications like gas storage, gas separation, catalysis, sensing, ion-exchange and drug

delivery.’® However, so far MOFs have not found industrial application.

1.3.3 Structure and properties of Mg-MOF-74, ZIF-90 and ZIF-100

Magnesium dioxybenzenedicarboxylate (Mg-MOF-74)®%, which is also termed
Mg/dobdc or CPO-27-Mg!®* - 921 is one of the iso-structural compounds of
M(dhtp)(H,0), 8H,O (M-MOF-74, M can be Ni, Co, Zn, Mg, Mn, dhtp is
dihydroxyterephthalic acid).**¥ Due to its significantly high adsorption capacities,
Mg-MOF-74 is under intense investigation.l®**®! As shown in Figure 7, Mg-MOF-74 is
constructed by the linkage of the Mg®* ions (yellow) with 2,5-dioxido-1,4-
benzenedicarboxylate (DOBDC). The metal cations Mg®* build a distorted octahedron
and the carboxylate groups act as ligands of Mg?*, then a well-defined hexagonal,
one-dimensional (1D) pore structure (Figure 7 left) is formed with a pore diameter of

12
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about 11 A.[°7-°8l

In the framework structure of Mg-MOF-74, the metal cations Mg®* are bonded
with five oxygen atoms to form square-pyramid coordination, and the open and
accessible unsaturated metal sites, which locate in the center of the square plane, are
free to interact with CO, molecules. Attributing to this unique feature of the structure,
Mg-MOF-74 has a high CO, adsorption capacity (380 mg CO,/g at room temperature

under dry conditions®%).

Figure 7: Framework structure of Mg-MOF-74 as viewed along the [100] direction.

Yellow, red, blue and gray spheres represent Mg, O, C and H atoms, respectively.

SOD topology

Figure 8: Left: Framework structure of ZIF-90 as viewed along the [100] direction.
Violet tetrahedron represents ZnN,; gray and red spheres represent C and O atoms, re-

spectively; Right: SOD topology of ZIF-90.

Zeolite imidazolate frameworks (ZIFs) are a sub-group of MOFs, which are
constructed from metal ions bridged by imidazolate linkers with zeolite-type tetrahedral
topologies.™® In 2008, Yaghi et al.”® have reported a new crystalline ZIF structure

13
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which termed ZIF-90. It is synthesized through a solvothermal reaction of
Zn(NO3), 4H,0 with imidazolate-2-carboxyaldehyde (ICA). The structure of ZIF-90 is
shown in Figure 8 left, which is related to the SOD topology (Figure 8 right) by
replacing the Si/Al and O with Zn(Il) and ICA linkers. ZIF-90 has an inner sphere with
a diameter of 11.2 A (yellow sphere in Figure 8) and a narrow aperture of the
six-membered ring pores of about 3.5 A% 7|F-90 has not only high chemical and

[101]

thermal stability'™™, but also various possibility to be functionalized due to the

aldehyde group in the framework structuret%®!,

Figure 9: Framework structure of the MOZ cage in ZIF-100 as viewed along the [100]
direction. Left: Violet tetrahedron represents ZnNy; gray and pink spheres represent C
and CI atoms, respectively; O and H are not shown here. Right: ball and stick diagram
of MOZ cage in ZIF-100. The yellow sphere shows the cavity of ZIF-100.

The structure of zeolite imidazolate framework ZIF-100 was first published by
Yaghi et al.'*! in 2008. ZIF-100 has a composition of Zn,o(cbIM)se(OH), which is
obtained through the reaction of Zn(O3SCF3), with 5-chlorobenzimidazole (cbIM). As
shown in Figure 9, ZIF-100 has a rather complex structure, whose unit cell has a MOZ
topology, which is constructed from 7524 atoms (Figure 9 left). This MOZ cage has a
large inner sphere with a diameter of 35.6 A (the yellow sphere in Figure 9 right) and a

constricted window aperture of only 3.35 A.

As reported by Yaghi et al.2®*! mainly CO, can be retained in the pore structure of
ZIF-100, since ZIF-100 shows a strong adsorption of CO, due to the strong quadrupolar

interactions of carbon with nitrogen atoms in the linkers of ZIF-100 framework, which
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results in an outstanding CO, adsorption affinity. The CO, uptake of ZIF-100 for CO,
outperforms ZIF-95 and BPL carbon®!, which is already widely used in industry for
gas separation. Besides the CO, adsorption capacity, ZIF-100 has also a high thermal
stability up to 500 <.l

1.3.4 Synthesis of MOF membranes: Pre- and post-modification method

The first MOF membranes were IRMOF-1 membrane which reported by Lai and
Jeong et al.l%%7 jn 2009. After that, different MOF membranes were prepared like
HKUST-101%191 MMOFP®!, zIF-70101) z|F-gttt | ziF-22M12) z|F-691 ZIF-90!t!
and MIL-53""®]. Resembling the synthesis methods of zeolite membranes, MOF
membranes were usually fabricated by hydrothermal synthesis method (in-situ
growth)[1%®1214] or secondary growth method! %% and based on these two
synthesis methods, microwave synthesis™** was also developed to control the crystal
size of the membrane. Since MOF is a novel material, despite a lot of progress in MOF
membranes synthesis, the robust synthetic strategies are still not developed to obtain

dense membranes with high gas selectivities.

Despite much progress in MOF membranes synthesis, there is still a long road
ahead before robust synthetic strategies can be developed that allow the facile synthesis
of highly selective MOF membranes, as highlighted recently.™® One major reason that
the MOF films cannot grow on supports, is the bad interaction between the organic
linkers in MOF materials and support surface. Due to the poor heterogeneous nucleation
of MOF crystals on support surfaces, it is rather difficult to grow continuous and dense
MOF membranes by direct hydrothermal synthesis. 8] Therefore, pre-modifications
of the supports™2™® and secondary growth method by seeding are usually used to
promote the growth of continuous MOF layers. The pre-modification methods can
provide additional linkage groups which can form bonds with groups on the support
surface (e.g. OH group on alumina support), while the secondary growth method can
avoid heterogeneous nucleation and promote the nucleation of MOF crystals on the

support.

Compared to the secondary growth method, pre-modification of the support is a
relatively simple and effective strategy to improve the membrane growth, when a
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suitable modification agent was chosen. For instance, the free aldehyde groups in the
framework of ZIF-90 allow the possibility of imine condensation reaction with amine
groups.*®Y Based on this coupling, we report a covalent functionalization strategy to
modify the support surface with amine groups by using 3-aminopropyltriethoxysilane
(APTES)."*11% The APTES functions as covalent linkers between the ZIF-90 layer and
Al,O3 support, so that the MOF layer can grow better on the APTES-modified support
due to the imine condensation reaction, as shown in Eq. 3. Another pre-modification
method we reported is using polydopamine (PDA). By adding dopamine in the
modification solution, dopamine can easily polymerize to PDA (Eg. 4) and stick on the
support surface during the pre-modification process, since PDA has various functional
groups which can have interactions with different kinds of organic and inorganic
surfaces.*?®! The PDA-pre-modified support can be used as a platform for further
reactions.*?**?%1 This pre-modification method was already used for synthesis of ZIF-8
and zeolite LTA membranes to improve their gas separation performance and

reproducibility. 242!
MOF-CHO + H,N-Support — MOF-CH=N-Support + H,0 (Eq. 3)

—NHz —NH, ) P 7 \

( ( ¢ [ ¢

Oxidation s Cylication - Polymerization |/ g O =
.. Iy y eyl W, (Eq. 4)

Ho' o & o v on \Ho %/ n wo©  ow /n

Dopamine Dopaminequinone 5,6-dihydroxyindole Polydopamine (PDA)

After the MOF membranes are prepared, it is found that the synthesized MOF
layers have a polycrystalline structure which usually contains intercrystalline defects.
Therefore, post-modification method for the as-prepared MOF membranes were
investigated to minimize the intercrystalline gaps and improve the membrane
selectivity.'?"?®! There are already at least three strategies for the post-modification**%:
covalent modification by using functionalized ligands to modify 1) the organic building
blocks™12%131 or 2) metal ionst**>** as well as 3) non-covalent modification to

demonstrate the framework with cartridge molecules.™*

The covalent modification of organic linkers can be explained by ZIF-90 as an
example. The free aldehyde groups in ZIF-90 framework allow the possibility to be
modified.'® The covalent post-functionalization of ZIF-90 with amine groups through

an imine condensation reaction was reported,**3! and we used this post-modification
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method to improve the hydrogen selectivity of as-prepared ZIF-90 membrane by
ethanolamine®®® and APTESM™®!. The post-synthesis modification of Mg-MOF-74
membrane is a representative for the modification of metal sites. In the unique
framework structure of Mg-MOF-74, the metal cations Mg?* have unsaturated metal
sites, which can be modified with amine groups.*** H,/CO, selectivity can be improved
by post-modification of Mg-MOF-74 membranes with ethylenediamine, whose one side
can bind to the open coordination sites of the Mg by direct ligation, the other side

remains free in space for CO, adsorption.**?

1.4 Mass transport in microporous membranes

1.4.1 Important parameters

To evaluate the quality of a membrane, two aspects should be considered: how

permeable and how selective the membrane is.

In gas separation measurement, the most commonly used parameters to describe
the permeability of a membrane are flux F, permeance P and permeability PE, while the
ideal or mixture separation factor a was used to describe the selectivity. The flux (Eqg. 5)
is the amount of gas n which has passed through the membrane pre time t and
membrane area A. The permeance P is obtained by division of the flux by the
transmembrane pressure difference A4p, as shown in Eq. 6, and the permeability (Eq. 7)
is the permeance multiplied by the membrane thickness d. The separation factor a;; of a
binary mixture permeation is defined as the quotient of the molar ratios of the
components (i, j) in the permeate, divided by the quotient of those in the retentate, as
shown in Eqg. 8. Since in our case less than 1 % of the feed gas pass the membrane, the
retentate composition is de facto identical with the feed composition.

n
J=—o Eq. 5
o (Eq. 5)
n
P:
At Ap (EqQ. 6)
n-d
E:
ALAp (Eq. 7)

17



1 Introduction

Yi p / yj p
Ayj=—— (Ea. 8)

! yi,r / yj,r
In pervaporation, the total flux J and the separation factor « are always used,
which are defined following Egs. 9 and 10, where W is total weight of the permeate (kg),
At is collecting time (h), A is separation area of the membrane (m?), Xip and Xis are the

weight fractions of species i in the permeate and in the feed, respectively.

W

_ Eq.
AL A (Eq. 9)

_ X Xi
Ay __'X-_ (Eq. 10)
ip

With the equations given above, the quality of a membrane can be characterized
easily by the experimental measurement. However, to investigate the permeation
behaviour of our membranes, the mechanism of mass transport should be focused on.
Mass transfer through a membrane can only take place, when a driving force exists. The
driving force in our measurements is always the pressure difference between the feed
and permeate sides of a membrane, which can be also described as a concentration
gradient V¢ across the membrane layer. In the following discussion, the permeation

behaviour of a microporous membrane will be explained in details.

1.4.2  General aspects

Our crystalline microporous membranes were always prepared on asymmetric
alumina substrates, as descried in section 1.2.2. From comparing the permeation
behaviour of the neat alumina supports and the supported zeolite/MOF membranes, it
can be concluded that the support does not remarkably (< 5%) impact the flux and
selectivity. Therefore, the influence from the macroporous substrate can be usually
neglected (Figure 10).

As shown in Figure 10, the process of gas or liquid molecule transport through a
microporous membrane can be descried as follows: 1) adsorption of a molecule from

the bulk phase to membrane surface; 2) diffusion from the surface to the inside of the
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pore, through the pore and from the pore to external surface; 3) desorption from the
surface to the permeate side./) Therefore, there are two major factors which affect the
mass transport: adsorption and diffusion. The interplay of adsorption and diffusion
determines the permeation behavior of a microporous membrane, and the selectivity of
the membrane can be expressed by the adsorption selectivity Sags multiplied by diffusion
selectivity Sgirr.****Y) However, the effect of adsorption and diffusion is only considered,
when more than one component in a mixture can go through the membrane layer.M! If
real molecular sieving occurs, namely only one component of a binary mixture can go

through the pores, the interplay of adsorption and diffusion is not important any more.

feed side: higher p, \

feed side p, molecule  adsorption
gas concentration ¢,

- @)

membrane Ogg

o
O diffusion

}
i o

desorption

membrane

asymmetric
support
(neglected)

driving force: Ap

permeate side p, permeate side: lower p,
gas concentration ¢, K /

Figure 10: Scheme of mass transfer though a membrane. The gases on the feed and

permeate side have pressures p; and pz, concentrations c; and c;, respectively. By a
driving force of 4p, the molecule on the feed side was adsorbed on the membrane sur-
face, diffused through the membrane, and desorbed from the membrane to the perme-

ate side.

Adsorption takes place physically (physisorption) or chemically (chemisorption) at
the interface of gas and membrane surface, while diffusion deals with the rate of the gas
passage through the bulk membrane depending on the interaction between the diffusing
gas molecules and pore channels (van der Waals force or chemical bond) under a

driving force of a partial pressure difference.
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1.4.3 Adsorption in microporous membranes

As shown in Eq. 11, adsorption is an equilibrium process between the gas or liquid
adsorbate molecules and adsorbent (membrane) either by physical and chemical

adsorption.

Adsorbate + Adsorbent % Adsorbate — Adsorbent (Eq. 11)

Desorption

For a certain membrane and gas system, the adsorption amount is related to the
experimental conditions like temperature and pressure. Then the adsorption
phenomenon can be described through adsorption isotherms (temperature is constant) or
adsorption isobar (pressure is constant). Here we only discuss the physisorption through
isotherms, which express the amount of adsorbate on the adsorbent as a function of
pressure (for gas) or concentration (for liquid). The physisorption isotherms can be
classified into six types depending on the pore size of the adsorbent and the different
interaction of adsorbate with the adsorbent.*? Among these six types, type | isotherm
can be usually applied for microporous materials, where the adsorption takes place in

micropore volume rather than at internal surface area.l**”!

The earliest known adsorption isotherm equation was developed by Freundlich™**!
in 1906, which can be applied to multilayer adsorption as well as nonideal adsorption on
heterogeneous surfaces, but this empirical model does not reduce to Henry’s law at low

concentrations.

In 1916, Langmuir™*! presented theoretical equilibrium isotherm, which describes
an ideal monolayer adsorption on a homogeneous surface with distinct adsorption sites.
The Langmuir adsorption model is the most commonly used model for physisorption
and a single-site Langmuir adsorption can be expressed by Eq.12: 1]

Kb,

k
9_ — . K — _ads
"1 Kp with =7 (Eq. 12)

kdes

where 6; is the fraction of the surface sites covered with i, kagy and kges are the rate
of adsorption and desorption, respectively, and p; is the partial pressure of i over the
surface. The equilibrium constant K; depends on temperature following the van’t Hoff
equation. The Langmuir model is not limited by single-site adsorption for single
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component. It can also be applied in the case that molecules show preferences for
adsorption sites by a dual-site model (especially by larger molecules or molecules at
high coverages), or for multicomponent adsorptions.l”***) For instance, when the
Langmuir model is used for the adsorption in a binary mixture of species a and b, the

adsorption fraction of species b should be described as follows:**"!

— Kb pb
1+ Ka pa + Kb pb

(Eq. 13)

b

It can be seen, that the Langmuir model shows a linear relationship between 6; and
pi at low adsorbate concentrations, which follows Henry’s law, and a constant sorption
capacity at high adsorbate concentrations.!**®! Although there are several equilibrium
isotherm equations which can describe the experimental adsorption data, here we only
use the Langmuir model to explain the mass transport behavior and the gas adsorption

on our membranes.

1.4.4 Diffusion in microporous membranes

Diffusion is a mass transfer process, wherein the density of a component increases
in a region while it decreases at its starting point due to random thermal motion.*!
Here the region is only considered as a gas or a liquid. In order to describe the diffusion
through the membrane and calculate the permeation flux, we usually use Fick’s law and

Maxwell-Stefan formulation.

Following the Fick’s law, the diffusion of the components through the membrane
was based on the effect of the concentration gradient on the diffusion rate.l**¥ The
Fick’s law can be applied not only for single-component but also for multicomponent

diffusion in microporous membranes. Generally the Fick’s first law is given by:*%%

. oc,

where J;, Dj, V'c; and c; are the material flux, the Fickian diffusion coefficient, the
concentration gradient and the concentration of component i, respectively, and z is the
thickness of the membranes. As given by Eq. 14, the flux is proportional to
concentration gradients when the gradient is small.[**%
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The Maxwell-Stefan formulation is especially useful for the mass transport in
multicomponent or multi-phase systems.™ The driving force used in Maxwell-Stefan
formulation is the chemical potential gradient VL By consideration both of the driving
force of one component as well as the frictional force exerted by other components
(related to the corresponding diffusive velocity), the Maxwell-Stefan approach is
proposed. When the simplest case, a two-component system, was taken as an example,

the Maxwell-Stefan diffusion coefficient  has a following relationship with chemical

potential gradient and frictional force:[*-1%4
Vi —V. ) alu
—Vu, =RTX, J with  Vpu =% Eq. 15
3 J( B; J P> (Eq. 15)

where R is the ideal gas constant, T is the temperature, X; is the mole fraction of
component j; v;, vj are the diffusive velocities of component 1 and 2, respectively. For a
single-component Maxwell-Stefan diffusion by expressing the chemical potential
gradient by concentration gradient and partial pressure, the diffusive flux of component

i can be given as;°01

Ji=vi-C :_'Bisaln B
" dlnc,

V¢ (Eq. 16)

where D;; is the single-component Maxwell-Stefan diffusivity of component i. In
gas phase, the partial pressure p is usually replaced by partial fugacity f, which is equal
to the partial pressure by ideal gas at low pressures. When we compare Eq. 14 with Eq.

16, the single-component Fickian diffusivity has the following relationship with the

single-component Maxwell-Stefan diffusivity:™***!
oinp.

D, =B with T =(—'} (Eq. 17)
ding; ).

where I' is defined as the “thermodynamic correction factor”. For an ideal gas or

liquid phase, D; is identical to ;.

Krishna and van Baten™? have investigated the different diffusion behaviors of
various kinds of porous materials, and they have found two categories. The first one is
for cage-structure porous materials with narrow window, like ZIF-8, DDR, 1TQ-29
membranes. They primarily follow the rule, that Sags > 1 and Sgir > 1. In this case, the
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diffusivities are mainly influenced by molecular size and framework structure. Other
materials are classified into the second case, where the binding energies determinate the
diffusivities, like 1D channel materials (MOF-74, MIL53), intersecting channels
materials (MIF) or materials with open structures with large cavities (NaY, CuBTC). In
this category, the diffusion selectivity favors the poorly adsorbed molecules, and it is

found that Sags> 1 with Sgie <« .11%2]
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2 Zeolite membranes for water pervaporation and
separation

2.1 Summary

As described in Section 1.2.2, zeolite membranes have attracted great attention due
to their potential applications in the gas/liquid mixture separations. Zeolite LTA
membranes with strong hydrophilicity and suitable pore size of about 4.0 A shows the
feasibility to separate water from large molecules, and LTA membranes were already
first commercialized to separate water from alcohol by steam permeation. Compared to
zeolite LTA, zeolite SOD has a higher framework density, thus showing higher chemical
and thermal stability. With a relatively small pore size of 2.8 A, zeolite SOD membranes
can be applied for separation of water from other molecules. In this chapter, dense
zeolite SOD and LTA membranes were developed for water vapor (steam) separation at

high temperatures and for water pervaporation at room temperature.

The publication in Section 2.2 describes a two-step repeated synthesis method for
supported zeolite SOD membrane and reports its gas separation behavior for water
vapor against other gas molecules and methanol in the temperature window between
125 and 200 <C. By repeated synthesis, dense SOD membranes with water selectivity
could be obtained on the alumina support. The synthesized SOD membranes show not
only good selectivity, but also high reproducibility. The gas separation factors were
found to decrease slightly as the temperature increases, since less water could be

adsorbed in the SOD framework at higher temperatures.

In the publication in Section 2.3, zeolite SOD and LTA membranes were proposed
to support the production of DME and DMC, and they were used to separate water in
different temperature range. SOD membranes can separate water from molecules like
DME and DMC from 125 to 200 <C. Due to its small pore size, SOD membranes
displayed good selectivities for H,O/DME and H,O/DMC. On the other side, LTA
membranes were used for water pervaporation at room temperature. Since the Kinetic
diameter of MeOH (about 3.8 A) is smaller than the pore size of LTA, selectivity of
water against methanol through LTA membrane is not good. In Section 2.3, LTA

membranes were ion-exchanged with K* ions. After the ion-exchange, the H,O/MeOH
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selectivity was improved since the pore size of LTA could be narrowed to about 3 A by

replacing the smaller Na* by larger K.
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2.2 Supported SOD membrane with steam selectivity by a two-step
repeated hydrothermal synthesis
Nanyi Wang, Yi Liu, Aisheng Huang and Jirgen Caro

Microporous and Mesoporous Materials 2014, 192, 8-13.

Reprinted (adapted) with permission from Microporous and Mesoporous
Materials. Copyright (2014) Elsevier.
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By a two-step repeated hydrothermal synthesis, supported SOD membranes have been prepared. Com-
pared with LTA membranes, SOD membranes are more stable and can be used in the removal of steam
in catalytic membrane reactors in the presence of other species like H,, CH4 and CO; in the feed or reten-
tate. Under practice-relevant conditions, the mixture separation factors for equimolar mixtures of steam
with possible reactants and products have been evaluated between 125 and 200 °C. The mixed gas sep-
arations factors for H,O/H,, H,O/CH,4, and H,0/CO, were found to decrease slightly with increasing tem-
peratures from 125 to 200 °C and decrease from 8.1 to 4.6, from 17.9 to 14.5, and from 33.4 to 22.6,

respectively. For the water separation from methanol a mixture separation factor of 200 was found.

© 2014 Published by Elsevier Inc.

1. Introduction

The hydrophilic LTA membrane is the first commercialized zeo-
lite membranes and it is used increasingly for the de-watering of
(bio) ethanol and i-propanol by membrane-based steam perme-
ation. Impressive capacities have been installed in the last few
years [ 1]. However, the handling of LTA zeolite membrane requires
careful membrane treatment in the permeation operation to avoid
structural damage. Compared with LTA, the zeolite structure SOD
shows a higher framework density and has, therefore, with the
same Si/Al ratio of 1, a higher structural stability. The supported
SOD layers show even a higher thermal stability than non-sup-
ported SOD material [2]. Consequently, for water separation under
harsh conditions such as from (catalytic) membrane reactors,
powerful SOD type membranes have been successfully developed
[3-5]. However, since the SOD structure itself is stabilized through
hydrogen bonding between adsorbed water and the framework
oxygen atoms, complete dehydration of SOD weakens these hydro-
gen bonds and may cause a partial damage of the SOD structure
[6]. By intercalation of sulphur into the framework, the hydrother-
mal (or steam, depending on the reference) stability of SOD could
be improved [7].

On the other hand, in the presence of steam, SOD membranes
show remarkable stability under acidic and basic conditions [8],
and SOD membranes have been successfully evaluated in mem-
brane reactors for esterification [9] and seawater desalination
[10]. SOD membranes can also be used in gas separation. As an

#* Corresponding author.
E-mail address: nanyi.wang@pci.uni-hannover.de (N. Wang).

1387-1811/$ - see front matter © 2014 Published by Elsevier Inc.
http://dx.doi.org/10.1016/j.micromeso.2013.08.013

example, by microwave-assisted hydrothermal synthesis, Xu
et al. could prepare hydrogen-selective SOD zeolite membranes
with a Hy/n-butane selectivity >1000 [11]. Also mixed matrix
membranes based on SOD with polyimide [12] or clay [13] are
reported.

Because of its SifAl = 1, SOD is hydrophilic with a pore diameter
of around 2.7 A [14], which allows the passage of small molecules
like e.g. H;0 (2.6 A). Therefore, a SOD membrane is an excellent
candidate to remove steam formed in chemical reactions at ele-
vated temperatures such as in the synthesis of dimethylether
(DME) and dimethylcarbonate (DMC) starting with carbon dioxide,
hydrogen or methanol (MeOH) as reactants according to 2 CO, +
6H; — DME + 3H,0 and CO, + 2MeOH s DMC + H,0, respectively.
Also the removal of water in MeOH synthesis starting from carbon
dioxide according to CO, + 3H, — MeOH + H,0 seems possible. An-
other challenging goal for the development of SOD membranes is
the water extraction in the Fischer Tropsch synthesis [15]. The dif-
ficulty in the steam/water separations is the simultaneous pres-
ence of other small molecules like hydrogen (2.9 A), carbon
dioxide (3.3 A) and methane (3.8 A) in the gaseous reaction mix-
ture, which are expected to remain in the feed. With other words,
high H,O/H», H,O/CH,4, and H;0/CO; selectivities are needed. Fur-
ther, a high H,O/MeOH selectivity would allow the in situ removal
of water in the membrane supported methanol synthesis starting
with carbon dioxide as feed.

It is worth to note that the papers published so far on water per-
meation on SOD membranes report only pervaporation studies of
liquid mixtures under 100 °C or - when using pressurized feeds -
up to 165 °C [8,10,3]. It is the aim of this paper to study the sepa-
ration behaviour of SOD membranes for the steam/gas mixtures
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H,0/H,, H,0/CH4 and H,0/CO, under practice-relevant conditions
at higher temperatures between 125 and 200 °C.

2. Experimental
2.1. Materials

Chemicals were used as received: LUDOX AS-40 colloidal silica
(40% SiO, in water, Aldrich) as Si source; aluminum foil (Fisher
Scientific); sodium hydroxide (>99%, Merck); doubly distilled water.
Porous a-Al,03 disks (Fraunhofer Institute IKTS, former HITK/Inoc-
ermic, Hermsdorf, Germany: 18 mm in diameter, 1.0 mm in thick-
ness, 70 nm particles in the top layer) were used as supports.

2.2. Preparation of zeolite SOD membranes by repeated synthesis

A clear precursor solution with the molar ratio 50Na,0:
1A1,05:5S5i0,:1005H,0, was prepared according to the procedure
reported elsewhere [3]. Typically, 11.11 g sodium hydroxides were
dissolved in 25 g deionized water at room temperature, then 0.15 g
aluminum foil was added to obtain the aluminate solution. The
silicate solution was prepared by mixing 2.08 g LUDOX AS-40
colloidal silica and 23.75 g deionized water at 60 °C under vigorous
stirring. The prepared aluminum solution was added into the sili-
cate solution and stirred overnight at room temperature to produce
a clear solution. a-Al,03 support was then horizontally placed face
down in a Teflon-lined stainless steel autoclave which was filled
with synthesis solution. After hydrothermal synthesis over 24 h at
120 °C, the solution was decanted off and the membrane was
washed with deionized water and dried in air at 110 °C overnight.
To prepare a more compact SOD membrane, the dried membrane
was subject to repeated hydrothermal synthesis under identical
conditions. Finally, the dried membrane was further characterized
and evaluated in gas permeation measurement. Following this rec-
ipe, 8 SOD membranes have prepared and all preparations were
successful and showed similar separation behaviors (Table 2).

2.3. Characterization of zeolite SOD membranes

The morphology and thickness of the zeolite SOD membranes
were characterized by scanning electron microscopy (SEM), which
was carried out on a JEOL J[SM-6700F with a cold field emission gun
operating at 2 kV and 10 pA. The chemical composition of the SOD-
layer was characterized by energy-dispersive X-ray spectroscopy
(EDXS) using the same SEM microscope at 20 kV and 20 pA. The
phase purity and crystallinity of the zeolite SOD membrane layers
were confirmed by X-ray diffraction (XRD). XRD patterns were re-
corded at room temperature under ambient conditions with Bruker
D8 ADVANCE X-ray diffractometer using Cu Ko radiation at 40 kV
and 40 mA.

(a) %8

Fig. 2. SEM top view of zeolite SOD membrane by one-step hydrothermal synthesis
(a), SEM top view (b) and cross-section (c) of zeolite SOD membrane by two-step
repeated hydrothermal synthesis.

Fig. 1. SEM top views (a) (b) and EDXS mapping of top view (c) (orange: SOD islands, green: Al,03 support) of the a-alumina support after hydrothermal SOD synthesis
prepared by secondary growth method with SOD seeds deposited by dip-coating, no dense SOD layer has been formed, the uncovered alumina support can be seen.
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Fig. 3. XRD patterns of the zeolite SOD membrane by one-step hydrothermal synthesis (black) and by two-step repeated hydrothermal synthesis (red). (®): Al,O5 support,
(not marked): zeolite SOD. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. Mixture separation factors for H»O over other gases from equimolar mixtures (left) and the 48 h stability measurement for the single gas permeances on the SOD
membrane (right) at 125 °C and 1 bar.
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Fig. 5. Mixture separation factors for H,O over other gases from equimolar mixtures (left) and the 48 h stability measurement for the single gas permeances on the SOD
membrane (right) at 150 °C and 1 bar.

2.4. Evaluation of single gas permeation and mixed gas separation sealed in a permeation module with silicone O-rings. In the feed
side, deionized water was heated to 200 °C and vaporized before

Zeolite SOD membranes supported on o-Al,05 disks were eval- the measurements. Then the water vapor was led to the perme-
uated by single gas permeation and mixed gas separation. For per- ation cell in a heated pipe, and the permeate gases was kept

meation experiments, the supported zeolite SOD membranes were heated until they were injected into gas chromatograph. The
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Fig. 6. Mixture separation factors for H,O over other gases from equimolar mixtures (left) and the 48 h stability measurement for the single gas permeances on the SOD

membrane (right) at 175 °C and 1 bar.
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Fig. 7. Mixture separation factors for H,O over other gases from equimolar mixtures (left) and the 48 h stability measurement for the single gas permeances on the SOD

membrane (right) at 200 °C and 1 bar,

Table 1

Comparison of the mixed gas selectivities af“’“' determined for equimolar mixtures
acc. to Eq. (1) and the ideal gas selectivities «'** determined as the ratio of the single
component permeances.

125°C 150 °C 175°C 200°C

real gideal o real gideal el gideal  real ideal
H20/H, 8.1 4.8 6.7 3.2 5.2 27 4.6 1.9
H,O/CH, 179 121 16.4 9.7 15.3 7.8 14.5 6.6
H,0/CO, 314  26.1 284 24 252 218 226 189

volumetric flow rates of the single gases H;0, Hy, CO;, and CH, as
well as of the equimolar binary mixtures of H,0 with H,, CO, and
CH; were measured using the Wicke-Kallenbach technique, as
shown in detail elsewhere [16]. The sweep gas N, was fed on
the permeate side to guarantee enough driving force for perme-
ation. To avoid the condensation of water, the measurements were
carried out at 125°C, 150°C, 175°C and 200 °C, respectively.
Atmospheric pressure was kept on both sides of the membranes.
Fluxes of both feed and sweep gases were controlled by mass flow
controllers (MFCs) for gases, while the flux of feed water was con-
trolled by a MFC for water. A calibrated gas chromatograph
(HP6890) was used to determine the gas concentrations. The
separation factor o;; of a binary mixture permeation is defined
as the quotient of the molar ratios of the components (i,j) in the

40
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Fig. 8. Mixture separation factors for H,O over other gases through a zeolite SOD
membrane prepared by two-step repeated hydrothermal synthesis as a function of
temperature,

permeate, divided by the quotient of the molar ratio of the com-
ponents (i,j) in the retentate, as shown in Eq. (1).

. yi.Perm/yj.Penn

o= 1
" Yi Ret/yj.Rer ( )
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brane has no H,O/H, H,0/CH,4 or Hy/CO, selectivity at all.

Therefore, we decided to develop an “in situ" seeding method
for the direct growth of the SOD layer on the substrate [17]. In this
method, the bare x%-alumina support is immersed in a SOD precur-
sor solution and then subjected to hydrothermal growth at 120 °C,
After the first hydrothermal SOD synthesis, SEM indicates that no
compact SOD seed layer had formed and on some spots the support
surface can be seen (Fig. 2a). Although SOD crystallites could not
fully cover the entire substrate surface after the first hydrothermal
synthesis, after repeated synthesis the surface of the alumina sup-
port has been completely covered by a tightly packed SOD layer
(Fig. 2b), and no visible intercrystalline defects can be detected.

The cross-section image (Fig. 2¢) shows a well-intergrown SOD
membrane layer with a thickness of about 8 pm. One could assume
from the top views, that the SOD layers prepared by single-step
(Fig. 2a) and repeated hydrothermal synthesis (Fig. 2b) are rather
heterogeneous due to the different size and shape of the crystal-
lites, and contain different crystalline phases. However, the XRD
results confirmed that in both the SOD layers prepared by single-
step and repeated hydrothermal synthesis, no foreign crystalline
phase is present (Fig. 3). After the repeated hydrothermal synthe-
sis, the membrane shows stronger SOD peaks relative to the alu-
mina support because of the increased SOD layer thickness (XRD
were done in the grazing incidence technique).

Figs. 4-7 shows the mixture separation factors for the three
equimolar mixtures H,O/H,, H,0/CH,4, and H,0/CO, as well as
the single gas permeances for a 48 h permeation time at 125 °C,
150°C, 175°C and 200 °C, respectively. It can be seen that the
permeances of H,, CH4 and CO, kept unchanged for 48 h, indicat-
ing the stability of the SOD membrane at high temperatures
(above 125°C) even for steam as undiluted feed. In complete
accordance with this stable permeation behavior, no structural
degradation of the SOD structure could be observed by XRD and
electron microscopy (not shown here). The scattering of the
steam permeances (Figs. 4-7) is a measuring effect due to the
repeated condensation/evaporation of water vapor in the equip-
ment at low temperatures which settles with increasing perme-
ation temperature. Table 1 shows that, surprisingly, all mixture
separation factors o™ are higher than the ideal selectivities o™
calculated from the single gas permeances. This experimental
finding can be explained by the extreme hydrophilicity of the
SOD structure. In the case of the mixed gas permeation, the water
becomes strongly adsorbed in the SOD framework in the whole
temperature window between 125 and 200 °C. This strongly ad-
sorbed water effectively suppresses the adsorption and diffusion
of the second component.

Fig. 8 and Table 1 show the mixture separation factors for H,O
over other gases through a zeolite SOD membrane as a function of
temperature, It was found that the mixed gas separations factors

Fig. 9. Single gas permeances of H;O, H», CHs and CO, through a zeolite SOD
membrane prepared by two-step repeated hydrothermal synthesis as a function of
temperature.

Table 2
Single gas permeances of H,0 and mixture separation factors for H,0 over other gases
from equimolar mixtures at 150 °C and 1 bar of 8 different zeolite SOD membranes,

SOD-membrane number H»O permeance

(molm2s 'Pa )

Mixture separation factors

H,0/H, H,0/CH; H,0/CO,
1 6.50 x 10°8 6.7 16.4 28.4
2 6.48 x 1078 7.1 16.9 286
3 6.73 x 1078 6.3 16.1 27.8
4 6.31 x 1078 6.7 16.5 28.5
5 6.08 x 10°# 7.2 17.2 293
6 6.70 x 10°# 6.6 159 28.1
7 632 x10°* 6.9 16.0 279
8 6.88 x 10°% 6.1 16.2 286

for the three systems under study H,O/H,, H;O/CH4, and H,0/
CO, decreased slightly with increasing temperature (from 8.1 to
4.6, from 17.9 to 14.5, and from 33.4 to 22.6), respectively. Perme-
ation of a species through the membrane is a result of the interplay
of adsorption and diffusion. The “membrane selectivity” can be
estimated as product of “diffusion selectivity” multiplied by
“adsorption selectivity”. In the whole temperature window be-
tween 125 and 200 °C, the hydrophilic SOD preferentially adsorbs
water thus restraining the diffusion of the rarely adsorbed Hs,
CH,4, and CO,. As temperature increases, slightly less H,O becomes
adsorbed and, thus, the other components Hz, CHg4, and CO, can dif-
fuse in the resulting free volume, leading to a reduction of the
selectivity of H;0O/H3, H;0/CH,4, and H,0/CO,. The SOD membrane
switches with increasing temperature from “adsorption control” in
the direction of “diffusion control”. This temperature-dependent
interplay of adsorption and diffusion has been developed for
describing permeation through organic polymer membranes [18],
but it has been successfully applied to permeation through MFI
pore membrane with hydrogen as the weakly and i-butane as
the strongly adsorbed component [19]. In the adsorption-
controlled state at low temperature, the MFI membrane is
butane-selective, with increasing temperature the MFI membrane
becomes hydrogen-selective, Fig. 9 presents the increase of the sin-
gle component permeances with increasing temperature. Obvi-
ously, the decreased adsorption with increasing temperature has
been over compensated by the increased diffusivity of the guest
species. However, from the only slight increase of the water single
component permeance with increasing temperature (Fig. 9) it can
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Table 3

Mixture gases separation performances of HO over MeOH for equimolar mixtures through a zeolite SOD membrane prepared by two-step repeated hydrothermal synthesis at

different temperatures.

Temperature (°C) H,0 permeance (mol m ?s ' Pa!)

CH30H permeance (molm %s 'Pa™1) Mixture separation factor

125 898 x 107%
150 9.48 x 1078
175 1.05x 107
200 1.08 x 1077

497 x 10710 180
415 % 10710 228
4.84 x 10710 235
496 x 10710 233

be concluded that reduced water adsorption and increased diffu-
sion in SOD almost compensate. This increase of the permeance
with increasing temperature has been also observed in pervapora-
tion studies up to 165 °C with pressurized liquid water as feed
[3,10].

As a proof of the good reproducibility of the two-step repeated
hydrothermal synthesis method, Table 2 shows the gas permeation
performances of 8 different zeolite SOD membranes prepared fol-
lowing identical synthesis protocols. The mixed gas selectivities
and water permeances at 150 °C do not scatter more than £10%,
which proofs both the good reproducibility of the SOD membrane
preparation as well as of the SOD membrane testing.

Table 3 shows the mixture separation performance for H,O over
MeOH through a zeolite SOD membrane at different temperatures
(from 125 °C to 200 °C), which indicates that the removal of water
from methanol is also successful in the whole temperature window
due to molecular sieving (pore size SOD ~ 2.7 A, water 2.6 A, MeOH
3.8 A). This finding recommends SOD membrane for in situ water
removal in methanol synthesis acc. to CO; + 3H, —+ MeOH + H,0.

4. Conclusions

After a two-step repeated hydrothermal crystallization, a well
intergrown SOD membrane layer with a thickness of about 8 pm
could be obtained on the x-alumina support. The SOD membrane
displayed water selectivity in steam permeation of equimolar mix-
tures of H,0/H;, H,0/CH,4, and H>0/CO, under practice-relevant
conditions. The mixed gas separation factors of H,O/H;, H,O/CH,,
and H,0/CO; were found to decrease slightly with increasing tem-
perature. These selectivity data of steam removal in the presence of
hydrogen, methane, and carbon dioxide are promising for the use
of SOD membranes in (catalytic) membrane reactors. However,
the selectivity has to be improved further, It was found that the
mixed gas separations factors for the three systems under study
H>0[H», H20/CH,4, and H,0/CO, decreased slightly from 125 to
200 °C (from 8.1 to 4.6, from 17.9 to 14.5, and from 33.4 to 22.6),
respectively. Water is also separated from methanol with mixture
separation factors near 200. However, the water permeance of

0.43 kg/m?h bar at 200 °C is relative low due to the 8 pm thickness
of the SOD membrane.
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ABSTRACT

Hydrophilic LTA and SOD membranes have been tested in the selective water removal from methanol
(MeOH), dimethylcarbonate (DMC) and dimethylether (DME) thus simulating their synthesis in mem-
brane reactors with CO; as feed. To further improve the pervaporation selectivity of LTA membranes for
an aqueous MeOH solution, Na* ions located in the 8-membered oxygen ring of LTA were ion-exchanged
with larger K" ions in a KNOj3 solution, leading to an improvement of the pervaporation separation factor
of the H,0/MeOH mixture from 2.8 to 7.4 at room temperature. Furthermore, the selective removal of
steam from the organic compounds MeOH, DME and DMC on supported SOD membranes was investi-
gated at high temperatures by steam permeation. The separation performances of SOD membranes for
equimolar mixtures of steam with Hy, CO,, MeOH, DME or DMC, were evaluated in the temperature
range from 125 to 200 °C. The mixture separation factors for steam from DME and DMC through the SOD
membrane were found to be higher than 200 and 1000, respectively.

© 2015 Elsevier Inc. All rights reserved.

1. Introduction

Zeolite membranes have attracted widespread attention due to
their great potential in the separation of gas or liquid mixtures.
Among them, the fabrication of LTA-type zeolite membranes has
been extensively studied, and supported LTA membranes have also
been successfully prepared [1-6]. Because of the strong hydro-
philicity and suitable pore size, zeolite LTA membranes were first
commercialized in the dehydration of alcohol/water mixtures by
steam permeation [7—12].

While past decades had witnessed great progress made in LTA
membranes, some problems still existed, which had hindered the
improvement of the dehydration performance. One critical prob-
lem encountered is the pore size control. Usually LTA membranes
are synthesized in the Na* form. However, their pore size of about
4 A is not small enough for the molecular sieving of H,0/MeOH
(kinetic diameters about 2.6 A and 3.8 A, respectively) mixtures.
One possible solution of pore size-engineering is ion-exchange of
the Na* with bigger K* ions. The formula of one cubo-octaheder
Na2[Si2Al1204g] represents one large cavity. 8 of the 12 Na* are

* Corresponding author.
E-mail address: nanyi.wang@pci.uni-hannover.de (N. Wang).

http://dx.doi.org/10.1016/j.micromes0.2014.12.028
1387-1811/© 2015 Elsevier Inc. All rights reserved.

located inside the large cavity near to the eight six-rings. 3 of
remaining 4 Na* ions are located in the 8-membered oxygen rings
between the large cavities thus hindering the molecular passage.
The fourth of these remaining Na™ is not located. Zeolite Na™-LTA
has a pore size of about 4.1 A, when the sodium ions are exchanged
with K*, the pore size will be narrowed to about 3 A. Theoretically,
when Na* are ion-exchanged with even larger cations like Rb* for
Cs™, the pore size of LTA is expected to be further reduced [13]. On
the contrary, when the Na* are replaced with smaller cations like
Li*, the pore size of the framework will be increased [14]. If the Na™
are replaced by two-valent ions like Ca™* or Mg™™, these ions go
into the large cavity and the cation positions in the 8-membered
oxygen rings become unoccupied which “opens” the window to
about 5 A [15,16]. Because of the potential industrial applications
like water-softening, gas adsorption and gas separation, the ion-
exchange behavior of zeolite LTA has been studied extensively
[17—23]. It was found that the Li"-exchanged LTA can adsorb NO
better relative to the Na-LTA [24]. The Rb™ and Cs"-exchanged LTA
was also investigated [16] and the Rb* and Cs*-exchanged LTA
membranes supported on carbon discs were used for hydrogen
purification [13]. However, ion-exchanged LTA membranes have
been investigated in only a few gas separation studies [4—6,25].
Morooka et al. [5] found that K-LTA membranes show better sep-
aration performance for a Hy/N, system compared to the Na-LTA
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and Ca-LTA membranes. Huang et al. [6] used Ca-LTA membranes to
separate n-butane (4.3 A) from i-butane (5.1 A).

Zeolite SOD is also hydrophilic, but with a higher framework
density of 17.2 T/1000 A® which shows a higher chemical and
thermal stability compared with zeolite LTA (12.9 T/1000 A%)
[26,27]. The small pore size of about 2.7 A allows molecular sieving,
that is to say the permeation of small molecules like H,0O with 2.6 A
through the membrane should be possible while the large mole-
cules are excluded. Therefore, due to their hydrophilicity and mo-
lecular sieving properties, SOD membranes are advantageous in the
removal of steam under harsh conditions [28—30] and could be
used in the synthesis of methanol (MeOH, Eq. (1)), dimethylether
(DME, Eq. (2)) and dimethylcarbonate (DMC, Eq. (3)) in catalytic
membrane reactors with carbon dioxide, hydrogen or methanol as
reagents:

CO, + 3Hy S CH30H + H,0 )
2C0, + 6H; < CH30CH; + 3H,0 )
CO; + 2MeOH < CH30COOCH; + H,0 (3)

In the present work, the K™-exchanged LTA membrane was
prepared and exhibited improved H,O/MeOH pervaporation per-
formance at room temperature in comparison with the as-
synthesized Na*-LTA membrane. We further studied the pervapo-
ration behavior of SOD membranes in the separation of H,O/MeOH,
H,0/DME and H,O0/DMC mixtures in the temperature range be-
tween 125 and 200 °C.

2. Experimental
2.1. Materials

The following chemicals were used as received: LUDOX AS-40
colloidal silica (40% SiO; in water, Aldrich); aluminum foil (Fisher
Scientific); sodium hydroxide (>99%, Merck); potassium nitrate
(>99%, Roth); doubly distilled water; 3-aminopropyltriethoxysilane
(98%, Abcr); toluene (99.8%, Acros). Porous «-AlbO3 disks
(Fraunhofer Institute IKTS, former HITK/Inocermic, Hermsdorf,
Germany. diameter: 18 mm; thickness: 1.0 mm; pore size: 70 nm)
were used as supports.

2.2. Preparation of zeolite LTA membrane

The zeolite LTA membranes were prepared on APTES-
functionalized a-AlyO3 supports following the procedure reported
elsewhere [31,32]. The porous alumina supports were treated with
APTES (0.2 mM) in 10 mL toluene at 110 °C for 30 min under argon.
A clear synthesis solution with the molar ratio of 50Nay0:1A-
1,03:5Si0,:1000H,0 was used as precursor solution. The aluminate
solution was prepared by adding 0.15 g aluminum foil to 25 g
deionized water containing 11.11 g sodium hydroxides at room
temperature. The silicate solution was prepared by mixing 2.08 g
LUDOX AS-40 colloidal silica and 23.75 g deionized water at 60 °C
under stirring. Then the prepared silicate solution was added into
the aluminate solution and stirred overnight to produce a clear,
homogenous solution. The APTES-functionalized alumina supports
were horizontally placed face down in a Teflon-lined stainless steel
autoclave and immersed in the precursor solution. After the in-situ
growth at 60 °C for 24 h, the solution was decanted off and the
membranes were washed with deionized water several times and
immersed in deionized water overnight, and then dried in air at
110 °C for characterization and permeation measurement.

To prepare the K™-ion-exchanged LTA membranes, as-prepared
LTA membranes were immersed into a 1 M KNOs3 solution for
12 h at room temperature. Then the membranes were thoroughly
washed with deionized water several times and dried in air at
110 °C overnight.

2.3. Preparation of zeolite SOD membrane

The clear precursor solution with the molar ratio 50Na;0:1A-
1503:5Si02:1005H,0 was prepared according to the procedure re-
ported elsewhere [28]. To prepare the aluminate solution, 11.11 g
sodium hydroxides were dissolved in 25 g deionized water at room
temperature, then 0.15 g aluminum foil was added into the solu-
tion. The silicate solution was prepared by mixing 2.08 g LUDOX AS-
40 colloidal silica and 23.75 g deionized water at 60 °C under
stirring. The prepared silicate solution was added into the alumi-
nate solution and stirred overnight at room temperature to produce
a clear solution. a-Al,03 support was then horizontally placed face
down in a Teflon-lined stainless steel autoclave which was filled
with synthesis solution. After hydrothermal synthesis over 24 h at
120 °C, the solution was decanted off. The membrane was washed
with deionized water and immersed in deionized water overnight,
and then dried in air at 110 °C. To prepare a more compact SOD
membrane, the dried membrane was subjected to repeated hy-
drothermal synthesis under identical conditions. Finally, the dried
membrane after the repeated synthesis was further characterized
and evaluated in gas permeation measurement.

2.4. Characterization of zeolite LTA and SOD membranes

The morphology and thickness of the zeolite LTA and SOD
membranes were characterized by scanning electron microscopy
(SEM, JEOL JSM-6700F with a cold field emission gun operating at
2 kV and 10 pA). The chemical composition of the cross-section of
ion-exchanged LTA-layer was characterized by energy-dispersive
X-ray spectroscopy (EDXS) using the same SEM microscope at
10 kV and 20 pA. The phase purity and crystallinity of the zeolite
LTA and SOD membrane layers were measured by X-ray diffraction
(XRD). XRD patterns were recorded at room temperature under
ambient conditions with Bruker D8 ADVANCE X-ray diffractometer
using CuK, radiation at 40 kV and 40 mA.

2.5. Evaluation of pervaporation

Pervaporation performance of prepared LTA membranes were
evaluated as follows: The supported LTA membrane was sealed in a
home-built permeation cell with silicone O-rings and tested at
room temperature by pervaporation. The concentration on the feed
side was 5 wt% water against 95 wt% MeOH or DMC. The H,0/
MeOH or H,0/DMC mixtures were fed to the feed side of the LTA
membrane in the membrane model, and the permeate side of the
membrane was evacuated with a vacuum pump. The permeate was
collected in liquid nitrogen cooled traps. The flux was calculated by
weighing before and after pervaporation, and the composition of
the permeate were analyzed by gas chromatograph (HP6890). The
total flux J and the separation factor « are defined following Eqs. (4)
and (5)

w
T (4)
- Xip X
M X w
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where W is total weight of the permeate (kg), 4t is collecting time
(h), A is separation area of the membrane (m?), Xip is the weight
fraction of species i in the permeate and x;sis the weight fraction of
species i in the feed.

2.6. Evaluation of single gas permeation and mixed gas separation

Both single and mixed gas permeation behaviors of prepared
SOD membranes were evaluated as follows: For permeation ex-
periments, the zeolite SOD membranes were sealed in a perme-
ation module with silicone O-rings. On the feed side, deionized
water, methanol, DME or DMC was heated to 200 °C in advance and
vaporized before the measurements. Then the gas or liquid vapor
was given to the permeation cell via a heated pipe. The permeated
gases were kept heated until they were injected into gas chro-
matograph. The volumetric flow rates of the single gases H,0,
methanol, DME and DMC as well as of the equimolar binary mix-
tures of H>O with methanol, DME and DMC were measured with
the Wicke—Kallenbach technique, as shown in detail elsewhere
[25]. The sweep gas N, was fed on the permeate side to guarantee
enough driving force for permeation. To avoid the condensation of
the liquids, the measurements were carried out in the temperature
range from 125 °C to 200 °C. Atmospheric pressure was kept on
both sides of the membranes. Fluxes of both feed and sweep gases
were controlled by mass flow controllers (MFCs) for gases, while
the fluxes of feed water, methanol and DMC were controlled by a
MFCs for liquids. A calibrated gas chromatograph (HP6890) was
used to determine the gas concentrations. The separation factor a;;
of a binary mixture permeation is defined as the quotient of the
molar ratios of the components (i,j) in the permeate, divided by the
quotient of the molar ratio of the components (i,j) in the retentate,
as shown in Eq. (6).

B YiPerm / YjPerm

= (6)
YiRet / YjRet

3. Results and discussion

3.1. Preparation of Na-LTA membrane and ion-exchanged K-LTA
membrane

Fig. 1 shows top view and cross-section of the supported K*-
exchanged LTA membrane. After hydrothermal synthesis for 24 h, a
dense and well-intergrown Na-LTA membrane with a thickness of
around 3.5 pm was formed on the a-alumina support without any

—— (¢) K-LTA membrane
~——— (b) Na-LTA membrane
—— (a) Na-LTA powder

(©

| -
o 3 doed b

Intensity

26/ degrees

Fig. 2. XRD patterns of the zeolite Na-LTA membrane (b) K-LTA membrane after ion-
exchange (c) compared with XRD patterns of the zeolite Na-LTA powder (a). (H):
Al,03 support (not marked): zeolite LTA.

macroscopic cracks or pinholes. After the 12 h ion-exchange with
potassium ion, the morphology of the zeolite LTA membrane
remained unchanged (Fig. 1a). The formation of a phase-pure
zeolite LTA membrane with high crystallinity can also be
confirmed by XRD patterns (Fig. 2). Referring to the XRD pattern of
zeolite LTA powders (Fig. 2a), no other foreign crystalline phase of
both Na-LTA and K-LTA membrane was observed, thus indicating
that the ion-exchange process did not influence the LTA framework
structure. Compared the XRD patterns of the LTA membrane and of
LTA powder, the formation of an oriented LTA membrane can be
stated. The LTA membrane shows a much stronger (222) peak,
while the intensity of the (200) peaks is obviously decreased, which
indicates that the LTA crystals are oriented with their diagonal
perpendicular to the support surface. In agreement with the
evolutionary selection model by van der Drift growth [33,34], the
LTA crystals grow with their diagonal of the cube perpendicular to
the support surface with {222} as the fastest growth direction. This
finding from XRD correlates with the optical impression of the top
view of the membrane (Fig. 1a), showing that the corners of the
cube-shaped LTA crystals jut out of the membrane surface.

After the ion-exchange in the KNOj3 solution for 12 h, the dis-
tribution of the potassium ions in the ion-exchanged K-LTA mem-
brane was investigated by EDXS. Fig. 3a shows the EDXS mapping of

Al,O3 support

Fig. 1. SEM top views (a) and cross sections (b) of the zeolite LTA membranes on APTES-functionalized alumina supports after the 12 h ion-exchange with potassium ion. The inset
of (a) shows the orientation of an individual cubic LTA crystal with (222) perpendicular to the support.
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K*-exchanged LTA membrane

Al,O; support
T

Fig. 3. (a) EDXS mapping of the cross section of ion-exchanged Na-LTA membrane (green: K in the LTA membrane, orange: Al,03 support) after 12 h ion-exchange in KNO; solution.
(b—e) Element distribution by EDXS of the area shown in (a). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this

article.)

Al,O; support

Fig. 4. SEM top view (a) and cross sections (b) of the zeolite SOD membrane by repeated synthesis on alumina support. The inset of (a) shows the orientation of an individual cubo-

octahedral SOD crystal with (110) perpendicular to the support.

the cross section of the LTA membrane after K*-exchange, and the
element distribution of K, Si, Al and O of the same area are shown in
Fig. 3b—e, respectively. It can be seen that the K™ ions (blue color in
Fig. 3b) were homogeneously distributed in the whole cross section
of the K™-LTA layer. Moreover, the element K was also found un-
derneath the porous alumina substrate (comparing Fig. 3c with
Fig. 3d), showing that the LTA precursor solution had partially
penetrated into the substrate. This was beneficial since the adhe-
sion stability of the LTA membrane to the porous alumina support
could thus be strengthened.

3.2. Preparation of zeolite SOD membrane

According to our previous work [35], zeolite SOD membranes
were prepared with a repeated synthesis method. Fig. 4 shows
the top view and the cross section of a zeolite SOD membrane
prepared by repeated synthesis. After two steps of hydrothermal
synthesis, the surface of the «-Al;03 support has been
completely covered by a tightly packed SOD layer with a thick-
ness of 8 um, and no visible intercrystalline defects can be
observed. The XRD results confirm that a pure zeolite SOD
membrane with high crystallinity has formed on the alumina

——— (b) SOD membrane
—— (a) SOD powder
} o
2
‘@
[t
o
£
T T T T T b T T T
0 5 10 15 20 25 30 35 40 45
26/ degrees

Fig. 5. XRD patterns of the zeolite SOD membrane (b) compared with zeolite SOD
powder (a). (M): Al;05 support (not marked): zeolite SOD.
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Fig. 6. Mixture separation factors and fluxes of the pervaporation for water against methanol (left) and water against DMC (right) through the supported Na-LTA membrane and

ion-exchanged K-LTA membrane at room temperature.

Table 1

Mixture separation factors and fluxes for the pervaporation of water from methanol
and DMC through the supported Na*LTA and K"-exchanged LTA membrane at room
temperature.

Table 2

Single gas permeances of H,0, H, and CO, as well as mixture separation factors
determined for equimolar mixtures acc. to Eq. (5) of HO/H, and H,0/CO, through
the SOD membrane at different temperatures.

Component Na“-LTA membrane K*-LTA membrane

H,0 MeOH H,0 DMC H0 MeOH H,0 DMC
Xfeed/Wt% 50 950 50 95.0 50 95.0 50 95.0
Xpermeate/Wt% 13.1 869 979 21 282 718 982 1.8
Separation factor 2.8 886 74 1037
J/kgh 'm? 2.15 1.36 113 1.05

support after the repeated synthesis (Fig. 5), and no foreign
phase is present by referring to the XRD. Compared to the XRD
patterns SOD powder, the SOD membrane shows an obviously
higher (110) peak, which indicates that an oriented SOD mem-
brane was formed on the alumina support with their (110) face
perpendicular to the support surface.

3.3. Pervaporation results of LTA membranes before and after K*
ion-exchange

Fig. 6 and Table 1 show separation factors and fluxes of the
pervaporation experiments for HO/MeOH and H,O/DMC mixtures
through supported Na-LTA and K-LTA membranes at room tem-
perature. After K™ ion-exchange, the separation factor for the H,0/
MeOH mixture increased from 2.8 to 7.4, while the separation
factor for a H»O/DMC mixture increased from ~800 to ~1000.
Simultaneously, the water fluxes through the membranes after K*

35
30{ V—_
S TS
S 254 Vs S
= B v
£ 20
©
g O H,0MH,
% 151 ~7- H,0/CO,
2 10+
s .
5 T O
01— . : T
125 150 175 200

Temperature / °C

Permeance / mol m”s™ Pa

Temperature Permeance (mol m 25 ! Pa') Mixture separation

(°C) factor

H,0 H, Co, H,O/H, H,0/CO,
125 637 x10% 179 x 10~% 2.03 x 10~° 8.1 314
150 650 x 1078 213 x10°% 284x10° 67 28.4
175 654 x10°% 288 x10® 556x10° 52 25.2
200 659 x 107°% 328 x 10® 684 x 10°° 46 22.6

ion-exchange decreased. Since the pore size of the zeolite Na*-LTA
is 4.1 A, DMC is spontaneously excluded from the LTA cages due to a
molecular sieving effect. As a result, a HO/DMC mixture separation
factor as high as 800 could be obtained on the Na*-LTA membrane.
However, for the H,O0/MeOH mixture on Na"-LTA membrane, a
mixture separation factor of « = 2.8 was measured, since the kinetic
diarrllfter of MeOH (3.8 A) is smaller than the pore size of Na-LTA
(41 A).

3.4. Single and mixed gas permeation of SOD membranes

The single gas permeances of H0, H, and CO; as well as the
separation factors of H,O/H, and H,0/CO, mixtures through the
SOD membrane were evaluated in the temperature range from 125
to 200 °C. Related results, which were partly reported in our pre-
vious work [27], are summarized in Fig. 7 and Table 2.

7.0x10°
s e
6.0x10° =
-8 D HZO
5.0x10° 3,
- CO,
4.0x10°4 )
3.0x10° » -
2.0x10*4 o s
1.0x10°4 ]
— — ,,,,,,,,,_,,V, S
0.0 V v : '
" - 175 200
Temperature / °C

Fig. 7. Mixture separation factors of equimolar mixtures of H,O/H, and H,0/CO, as well as single gas permeances of H,0, H, and CO, through a supported zeolite SOD membrane

prepared by two-step repeated hydrothermal synthesis as a function of temperature.
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Table 3

Single gas permeances of H,0, MeOH, DME and DMC as well as mixture separation factors of H,0/MeOH, H,O/DME and H,0/DMC through the SOD membrane at different

temperatures.

Temperature (°C) Permeance (mol m 2 s ' Pa ')

Mixture separation factor

H,0 MeOH DME DMC? H,0/MeOH H,0/DME H,0/DMC
125 637 x 1078 3.50 x 10710 2.90 x 10710 <5 x 107" 180 220 >1000
150 6.50 x 10°% 280 x 1010 287 x10°1° 228 226

175 6.54 x 1078 272 x10°1° 271 x 10710 235 241

200 6.59 x 1078 275 x 10710 2,60 x 10710 233 253

@ Since the area of the peaks of DMC, which was detected by gas chromatography was too small to integrate, the permeance of DMC cannot be evaluated exactly, when it was

smaller than 5 x 10 '

The hydrophilic zeolite SOD membrane can be not only applied
to separate steam from small gas molecules like H, and CO,, but it
also works well in the steam separation from larger molecules like
MeOH, DME and DMC. Table 3 summarizes the separation perfor-
mance of our zeolite SOD membrane for H,O from MeOH, DME and
DMC at temperatures from 125 °C to 200 °C. The removal of H,0
from MeOH, DME and DMC is also successful in the whole tem-
perature range due to the hydrophilicity of the SOD membrane
additionally supported by the molecular sieving effect. For instance,
the separation factors of H,O against MeOH, DME and DMC at
200 °C were around 230, 250 and >1000, respectively. Different to
the steam separation from small molecules, when the temperatures
increased from 125 to 200 °C, the mixture separation factors for the
separation of H,O from large molecules were improved, while the
H,0 permeance also increased slightly, thus indicating an activated
diffusion process. Owing to the extremely small pore size of SOD,
large DMC molecules cannot permeate through a dense SOD
membrane. The performance of SOD membrane to separate steam
from either small gas molecules or large molecules like DME and
DMC recommends SOD membrane an ideal candidate for the
methanol, DME and DMC synthesis in membrane reactors with
water removal.

4. Conclusions

Two hydrophilic zeolite membranes have been evaluated for the
water separation from MeOH, DME and DMC:zeolite LTA mem-
brane for pervaporation at room temperature, and zeolite SOD
membrane for steam separation at high temperature up to 200 °C.
A well-intergrown LTA membrane with a thickness of about 3.5 pm
could be obtained on the APTES-modified a-alumina support. After
the ion-exchange with K* for 12 h, the structure of the membrane
remained unchanged but the free pore diameter of the 8-
membered oxygen ring as bottleneck of the LTA membrane was
reduced, which resulted in an increase of the selectivity but
decrease of the permeance for the separation of water/methanol by
pervaporation at room temperature. On the other hand, the LTA
membrane was also suitable for the separation of water/DMC by
pervaporation showing a high separation performance with a
selectivity of around 800 and 1000, before and after ion-exchange,
respectively.

With a repeated hydrothermal synthesis, a dense SOD mem-
brane with a thickness of about 8 um could be formed on the
alumina support. The hydrophilic SOD membrane was also water
selective, and displayed a high performance for the separation of
steam from small gas molecules like H, and CO;, which partici-
pated in the synthesis of DME and DMC. Moreover, water could
also be separated successfully from MeOH, DME and DMC at high
temperatures from 125 to 200 °C by using the SOD membrane.

Acknowledgment

Financial support by EU CARENA (FP7-NMP-2010-Large-4, No.
263007) and the National Natural Science Foundation of China
(Grant number: 21276262) is acknowledged. Further, the Chinese
Academy of Science is thanked for the Visiting Professorship for
Senior International Scientists (Grant No. 2013T1G0047) for ]. Caro.
Marcel den Exter from ECN and Gerrald Bargeman from AkzoNobel
are thanked for the idea of ion-exchange.

References

[1] Y. Li, W. Yang, J. Membr. Sci. 316 (2008) 3—17.

[2] Y. Li, H. Zhou, G. Zhu, J. Liu, W. Yang, . Membr. Sci. 297 (2007) 10—15.

[3] A. Huang, ]. Caro, Chem. Commun. 46 (2010) 7748—7750.

[4] A. Huang, J. Caro, Chem. Mater. 22 (2010) 4353—4355.

[5] K. Aoki, K. Kusakabe, S. Morooka, J. Membr. Sci. 141 (1998) 197—205.

[6] X.C. Xu, W.S. Yang, J. Liu, LW. Lin, Adv. Mater. 12 (2000) 195—198.

[7] JJ. Jafar, M. Budd, Microporous Mater. 12 (1997) 305—-311.

[8] M. Kondo, M. Komori, H. Kita, K.I. Okamota, . Membr. Sci. 133 (1997)

133-141.

D. Shah, K. Kissick, A. Ghorpade, R. Hannah, D. Bhattacharyya, J. Membr. Sci.

179 (2000) 185—-205.

[10] A.S. Huang, W.S. Yang, Microporous Mesoporous Mater. 102 (2007) 58—69.

[11] K. Sato, K. Aoki, K. Sugimoto, K. Izumi, S. Inoue, J. Saito, S. Ikeda, T. Nakane,
Microporous Mesoporous Mater. 115 (2008) 184—188.

[12] Y. Li, H. Chen, ]. Liu, H. Li, W. Yang, Sep. Purif. Technol. 57 (2007) 140—146.

[13] FJ. Varela-Gandia, A. Berenguer-Murcia, D. Lozano-Castell6, D. Cazorla-
Amoros, J. Membr. Sci. 351 (2010) 123—130.

[14] R. Navarrete-Casas, A. Navarrete-Guijosa, C. Valenzuela-Calahorro, J.D. Lopez-
Gonzdlez, A. Garcia-Rodriguez, J. Colloid Interface Sci. 306 (2007) 345—353.

[15] D.W. Breck, Zeolite Molecular Sieves, Wiley, New York (, 1974, pp. 83—86.

[16] A. Huang, J. Caro, J. Mater. Chem. 21 (2011) 11424—11429.

[17] R. Krishna, .M. van Baten, Sep. Purif. Technol. 61 (2008) 414—423.

[18] E. Jaramillo, M. Chandross, J. Phys. Chem. B 108 (2004) 20155—20159.

[19] H. Liihrs, J. Derr, RX. Fischer, Microporous Mesoporous Mater. 151 (2012)
457—465.

[20] A. Basch, M. Hartl, P. Behrens, Microporous Mesoporous Mater. 99 (2007)
244-250.

[21] B.Xiao, P.S. Wheatley, R.E. Morris, Stud. Surf. Sci. Catal. 170A (2007) 902—909.

[22] G.T. Kerr, Sci. Am. 261 (1989) 100—105.

[23] R.A. Rakoczy, Y. Traa, Microporous Mesoporous Mater. 60 (2003) 69—78.

[24] H. Yahiro, K. Kurohagi, G. Okada, Y. Itagaki, M. Shiotani, A. Lund, Phys. Chem.
Chem. Phys. 4 (2002) 4255-4259.

[25] G. Guan, K. Kusakabe, S. Morooka, Sep. Sci. Technol. 36 (2001) 2233—-2245.

[26] S. Khajavi, S. Sartipi, ]. Gascon, J.C. Jansen, F. Kapteijn, Microporous Meso-
porous Mater. 132 (2010) 510-517.

[27] D.W. Breck, Zeolite Molecular Sieves, John Wiley, New York (, 1974.

[28] S. Khajavi, F. Kapteijn, J.C. Jansen, J. Membr. Sci. 299 (2007) 63—72.

[29] S.-R. Lee, Y.-H. Son, A. Julbe, J.-H. Choy, Thin Solid Films 495 (2006) 92—96.

[30] A. Julbe, J. Motuzas, F. Cazeville, G. Volle, C. Guizard, Sep. Purif. Technol. 32
(2003) 139-149.

[31] A. Huang, F. Liang, F. Steinbach, J. Caro, J. Membr. Sci. 350 (2010) 5—-9.

[32] A. Huang, N. Wang, J. Caro, Microporous Mesoporous Mater. 164 (2012)
294-301.

[33] A. Van der Drift, Philips Res. Rep. 22 (1967) 267—288.

[34] H. Bux, A. Feldhoff, J. Cravillon, M. Wiebcke, Y. Li, J. Caro, Chem. Mater. 23
(2011) 2262—-2269.

[35] N.Wang, Y. Liu, A. Huang, J. Caro, Microporous Mesoporous Mater. 192 (2014)
8-13.

[9

52



3 Metal-organic framework membranes for H; purification

3 Metal-organic framework membranes for H,
purification

3.1 Summary

Due to the demand for clean energy, hydrogen purification becomes one of the
most important tasks. Compared with traditional purification methods, membrane
separation for hydrogen purification is more attractive because of its low cost. MOF
membranes with various structures and adjustable properties attracted lots of attention
in the past ten years. The three publications in this chapter introduce three novel MOF
membranes, which can be applied for gas separations. Pre- or post-modification
methods for synthesis are also reported for different MOF membranes.

The publication in Section 3.2 reports an amine-modified Mg-MOF-74 membrane
with improved H,/CO, selectivity. Although Mg-MOF-74 with 1D structure has a
relative large pore size of about 10 A, it shows a high CO, uptake ability which could
have potential for H,/CO, separation. For synthesis of a Mg-MOF-74 membrane, we
used MgO as seeds, which can support nucleation points for Mg-MOF-74 crystals and
promote the growth of the membrane. Another post-modification strategy was used for
the as-prepared Mg-MOF-74 membrane. By post-modification of the open Mg sites
with ethylenediamine, the selectivity of Mg-MOF-74 membrane enhanced obviously.

A highly permselective ZIF-100 membrane is introduced in Section 3.3. We have
prepared the ZIF-100 membrane on a PDA-modified support. By this pre-modification
method, covalent bonds between PDA and ZIF-100 could be formed, and the growth of
ZIF-100 membrane on alumina support surface was improved. Due to its excellent CO,
adsorption behavior and unique framework structure for CO, storage, ZIF-100
membrane showed high H,/CO, selectivity.

The publication in Section 3.4 describes a ZIF-90 membrane for gas separation.
APTES was used to post-modify the as-prepared ZIF-90 membrane. By the imine
condensation between amino groups of APTES and aldehyde groups of the ZIF-90, the
window aperture of the pore in ZIF-90 was narrowed, and intercrystalline defects could
also be sealed. After the amine-modification, ZIF-100 membrane shows high separation
factors of Hy/CO,, H2/CH., H,/C;Hg and H,/CsHs. The modification did not block the
pores, since the H, permeances of the membrane reduced only slightly.
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3.2 Amine-modified Mg-MOF-74/CPO-27-Mg membrane  with
enhanced H,/CO, separation
Nanyi Wang, Alexander Mundstock, Yi Liu, Aisheng Huang and JUrgen Caro

Chemical Engineering Science 2015, 124, 27-36.

Reprinted (adapted) with permission from Chemical Engineering Science.
Copyright (2015) Elsevier.
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Gas separation

Mg-MOF-74 has attracted intense attention due to its high CO, uptake ability. In this work, a new
strategy by using magnesium oxide as seeds was developed to synthesize a dense, defect-free Mg-MOF-
74 membrane with hydrogen-selectivity. The mixed gas separation factor of H,/CO, mixture could be
improved by the post-modification of the Mg-MOF-74 membrane with ethylenediamine, since the
modification with amine groups enhanced the strong adsorption of CO, molecules, which reduces the
permeance of CO,. The separation factors for both as-synthesized and amino-functionalized Mg-MOF-74
membranes reduce gradually with increasing temperature. After amination of the open Mg sites, the
separation performance of the Mg-MOF-74 membrane was remarkably enhanced, and the H,/CO,
selectivity increased from 10.5 to 28 at room temperature.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

As a high-quality and clean energy carrier, hydrogen has
attracted renewed and increasing attention around the world in
recent years. Currently, the majority of hydrogen is produced by
steam-methane reforming (SMR) followed by a water-gas shift
(WGS) strategy. Before hydrogen can be used in fuel cell, it has to
be purified from the resulting SMR gas mixture which mainly

* Corresponding authors. Tel.: +49 511762 3175; fax: +49 511 762 1912.
E-mail addresses: huangaisheng@nimte.ac.cn (A. Huang),
juergen.caro@pci.uni-hannover.de (J. Caro).

http://dx.doi.org/10.1016/j.ces.2014.10.037
0009-2509/© 2014 Elsevier Ltd. All rights reserved.

contains CO,. Also in the pre-combustion technology of CO,
sequestration, H,-selective membranes are desired. In the case of
pre-combustion CO, capture, Hj-selective membranes can be
applied at moderate temperatures (150-250 °C) in a one-step
separation process. This approach offers the advantages that
(i) the mixture of CO, and H, has already a high pressure, and
that (ii) the application of selective H,-permeable membranes
can deliver CO; at high pressure, thus reducing compression costs.
Therefore, the separation of H, from CO, is of high interest.
Compared with conventional separation methods such as pressure
swing adsorption (PSA), membrane separation is the most pro-
mising alternative because of its low energy consumption,
ease of operation, and cost effectiveness (Rostrup-Nielsen and
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Fig. 1. Scheme of the synthesis of Mg-MOF-74 membrane on MgO-seeded Al,O3 supports and amine-modification of the as-prepared Mg-MOF-74 membrane.

Rostrup-Nielsen, 2002; Brown et al., 2014; Rodenas et al., 2014).
Inorganic membranes like zeolites, Pt-alloys and carbon are of
special interest since - different to organic polymer membranes —
they can be operated under harsh separation conditions. In the
recent 20 years, various hydrogen permselective inorganic mem-
branes have been developed for the separation of H, from CO,
(Shiflett and Foley, 1999; Uemiya et al., 1991; Ockwig and Nenoff,
2007; de Vos and Verweij, 1998; Hong et al., 2008; Huang et al.,
2010). However, the preparation of highly H,-permselective mem-
branes is still a challenge.

Metal-organic frameworks (MOFs), which consist of metal ions
or metal oxide clusters interconnected by anionic organic linkers,
have attracted intense attention for potential applications in cata-
lysis, separation, gas adsorption and gas storage due to their well-
defined pore structure and specific adsorption affinities. (Yaghi
et al., 2003; Seo et al., 2000; Ranjan and Tsapatsis, 2009; Lu and
Hupp, 2010; Hermes et al., 2005; Zhao et al., 2009; Yoo et al., 2009;
Li et al, 2010; Huang et al, 2012; Liu et al., 2013) Magnesium
dioxybenzenedicarboxylate (Mg-MOF-74 or Mg/dobdc, also known
as CPO-27-Mg, hereafter termed Mg-MOF-74) (Rosi et al., 2005),
one of the iso-structural compounds of M,(dhtp)(H,0),-8H,0
(M-MOF-74, M=Ni, Co, Zn, Mg, Mn, dhtp=dihydroxyterephthalic)
(Dietzel et al., 2005, 2008, 2006; Britt et al., 2009) is under intense
investigation due to its significantly high CO, adsorption capacities.
(Ranjan and Tsapatsis, 2009; Dietzel et al, 2009) Mg-MOF-74 is
built up by the linkage of the Mg?* ions with 2,5-dioxido-1,4-
benzenedicarboxylate (DOBDC), where the metal ions build a
distorted octahedron and the carboxylate groups act as ligand
of the metal cations, to form a well-defined hexagonal, one-
dimensional (1D) pore structure with a pore diameter of about
11 A (Caskey et al., 2008; Bétard et al., 2010).

Attributing to the unique feature of its framework structure,
where metal cations are bonded with five oxygen atoms to form a
square-pyramid coordination, and the unsaturated metal sites in
the center of the square plane are free to interact with CO,
molecules, Mg-MOF-74 has a high CO, adsorption capacity
(380 mg CO,/g at room temperature under dry conditions)
(Yazaydin et al., 2009). Due to its high gas adsorption ability,
many studies have been focused on the gas separation efficiency of
Mg-MOF-74 (Mason et al., 2011; Yang et al., 2012; Dietzel et al,,
2010; Herm et al, 2012; Yu and Balbuena, 2013; Béhme et al.,
2013; Mundstock et al., 2013).

Although there are numerous of studies of Mg-MOF-74 pow-
ders on the gas adsorption incl. simulation (Kong et al., 2012;
Dzubak et al., 2012; Remy et al., 2013), to date no Mg-MOF-74
membrane with successful gas separation performance has been
reported. In a first attempt, a supported Mg-MOF-74 membrane
with a mean tilt angle of 31° of the 1D pore system from the

direction perpendicular to the membrane surface could be devel-
oped (Mundstock et al., 2013). Lee et al. (2012) have prepared a
Ni-MOF-74 membrane by using the layer-by-layer synthesis
technique with a H,/CO, selectivity of 9.1 at 25 °C. Bae and Long
(2013) used Mg-MOF-74 nanocrystals in mixed-matrix mem-
branes to improve the CO,/N, selectivity of the polymer mem-
brane. In the present work, we have developed a new strategy by
using magnesium oxide as seeds to synthesize a dense, defect-free
Mg-MOF-74 membrane for gas separation. Moreover, the post-
synthesis modification with ethylenediamine, which was devel-
oped by Choi et al. (2012), was employed to improve its gas
separation efficiency (Fig. 1). When preparing supported MOF
membranes with a 1D pore system, the orientation of the pores
in a suitable direction remains a challenge as addressed for the
first time for the Mn formate membrane (Arnold et al., 2007).

2. Experimental
2.1. Materials

Chemicals were used as received. 2,5-dihydroxyterephthalic
acid (Hsdobdc, 98%, Aldrich), magnesium nitrate hexahydrate
(99%, Sigma-Aldrich), magnesium oxide (99.9%, ChemPur), poly-
ethyleneimine (branched, avg MW ~25000 by LS, Aldrich), ethy-
lenediamine ( > 99%, Sigma-Aldrich), toluene ( > 99.8%, Acros), N,
N-dimethylformamide (DMF, water < 50 ppm, Acros), ethanol
(=99.8%, Sigma-Aldrich). Porous a-Al,03 disks (Fraunhofer Insti-
tute IKTS, former HITK/Inocermic, Hermsdorf, Germany: 18 mm in
diameter, 1.0 mm in thickness, 70 nm particles in the top layer)
were used as supports.

2.2. Preparation of Mg-MOF-74 membranes

2.2.1. Seeding on the support surface

The seeding suspension was prepared by adding 1.5 g MgO and
1.2 g polyethyleneimine (PEI) in 100 mL water. PEI was used to
ensure that the MgO particles ( <50 nm) adhered to the support
surface. The suspension was then stirred overnight, and the
a-Al,03 supports were dipped in the seeding suspension by using
an automatic dip-coating device with a dip- and withdraw-speed
of 300 and 100 mm/min, respectively. The seeded supports were
then air-dried at 100 °C overnight.

2.2.2. Synthesis of Mg-MOF-74 membrane

The Mg-MOF-74 membrane was prepared by a solvothermal
reaction. Mg(NOs),-6H,0 (0.2375 g, 0.925 mmol) and Hsdobdc
(0.1011 g, 0.509 mmol) were added to a 15 mL solution which was
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prepared by mixing DMF, water and ethanol with a volumetric
ratio of 15:1:1. The MgO-coated supports were then placed
vertically in a Teflon-lined stainless steel autoclave which was
filled with the synthesis solution and then heated at 120 °C in an
air-conditioned oven for 24 h. After solvothermal reaction, the
Mg-MOF-74 membranes were washed with DMF three times, and
then dried in air overnight.

2.2.3. Post-modification of the membrane

The as-prepared Mg-MOF-74 membranes were treated with
ethylenediamine (0.5 g in 10 mL toluene) at 110 °C for 2 h under
reflux in argon atmosphere. The membranes were then directly
removed from the solution and dried in argon at room temperature.

2.3. Characterization

Scanning electron microscopy (SEM) micrographs were taken
on a JEOL JSM-6700F with a cold field emission gun operating at
2kV and 10pA. The X-ray diffraction (XRD) patterns were
recorded at room temperature under ambient conditions with
Bruker D8 ADVANCE X-ray diffractometer with CuKu radiation at
40 kV and 40 mA. FT-IR spectrums were recorded with a Tensor 27
instrument (Bruker) through KBr pellets using Ar/Xe laser line
with 1=633 nm.

2.4. Evaluation of single gas permeation and mixed gas separation

The as-prepared and amine-modified Mg-MOF-74 membranes
synthesized on MgO-seeded o-Al,O3 supports at 120 °C for 24 h were
evaluated by single gas permeation and mixture gas separation with
Wicke-Kallenbach (Huang et al., 2010). For the measurements of gas
separation performances, the supported Mg-MOF-74 membrane was
sealed in a permeation module with silicone O-rings. The mounting
of the membranes into the housing was done in a glove box under
argon to avoid the influence of humid air. According to the Wicke-
Kallenbach technique, on both sides of the membrane was atmo-
spheric pressure, N, was used on the permeate side as sweep gas,
except for the measurement of N, permeance where CH4 was used as
sweep gas. The flow rate on the feed side was kept constant for each
gas with 50 mL min~', and the flow rate on the permeate side was
kept at 50 mL min~' as well. The fluxes of both the feed and sweep
gas were controlled by mass flow controllers, and a calibrated gas
chromatograph (HP6890) was used to detect the gas concentrations
on the permeate side. The gas chromatograph (GC) was calibrated
every week anew with standard gas mixtures. The accuracy of the GC
analysis of our H,/CO, mixture with TCD detection is about + 5 vol%.
The permeance P is obtained by division of the flux by the
transmembrane pressure difference, as shown in Eq.(1), where n is
the amount of gas in mol, A is the membrane area, t is the
permeation time, and Ap is the pressure difference. The separation
factor a;; of a binary mixture permeation is defined as the quotient of
the molar ratios of the components (i,j) in the permeate, divided by
the quotient of the molar ratio of the components (ij) in the
retentate, as show in Eq. (2). Since less than 1% of the feed gas pass
the membrane, the retentate composition is de facto identical with
the feed composition.

n
P:A x tx Ap M
aijj :yi.perm /yj.perm (2)

yi.ret/.yj.ret

Originally, the Wicke-Kallenbach method has been developed
for the determination of CO, surface diffusion with N, as sweep
gas (Wicke and Kallenbach, 1941). It could happen therefore in our

case that the adsorption of nitrogen on the permeate side of the
membrane would falsify the separation factor, also the counter-
diffusion of the sweep gas to the feed side can happen. Therefore,
to prove the feasibility of the Wicke-Kallenbach technique, gas
permeation measurements were also carried out without sweep
gas. In one scenario, the feed side was at 1 bar, and the permeate
side was at reduced pressure (vacuum). In another case, scenario 2,
the pressure on the feed side was 2 bar, and the pressure on the
permeate side was 1 bar. It was found that the fluxes of the
components of the feed gases were increased in scenario 1 and
decreased in scenario 2. This experimental finding can be under-
stood by modified concentrations gradients over the membrane as
driving force for permeation. However, the mixture separation
factors kept almost unchanged (less than + 5%).

We have also excluded another source of experimental errors.
Before every gas permeation measurement, the membranes were
first activated in situ at 100 °C by using 50 mL min~'H, in the
Wicke-Kallenbach permeation apparatus. All permeation data
were collected in steady state of permeation after at least 5h
equilibration time. Sometimes, after 5h equilibration time we
waited for another 12 h. Since there was no change in the
permeation data, we assume that the H,/CO, mixed gas system
was in steady state after 5 h.

The apparent activation energy E,., of permeation can be
calculated according to the Arrhenius equation (Eq. (3)), where P;
is the permeance of component i, PY is the pre-exponential factor,
R is the ideal gas constant (8.314]mol 'K~'), and T is the
temperature in Kelvin. Then E,., has been determined through
the slope of the plot, which is obtained from the straight line of
InP; against T~ (Li et al., 2010) (see Section 3.4. Results of single
gas permeation and mixture gas separation).

Eﬂ[() (3)

P;= P?exp(—ﬁ

3. Results and discussion
3.1. Effects of the synthesis solution on the membrane preparation

We first tried to grow a Mg-MOF-74 membrane following
Caskey’s recipe with a solution composition of 3.3 equiv. Mg
(NO3),-6H,0: 1 equiv. Hadobdc (Caskey et al., 2008). However,
we failed to prepare a continuous Mg-MOF-74 membrane after
solvothermal synthesis for 24 h at 120 °C. As shown in Fig. 2(a),
the crystals are too large to intergrow to a continuous layer, and
big inter-crystalline gaps are easily observed in the Mg-MOF-74
layer. In order to control the size of the Mg-MOF-74 crystal and to
avoid inter-crystalline voids, we modified the chemical composi-
tion of the synthesis solution by adjusting the ratio of Mg?* and
the dobdc?~ linker. By use of the new recipe with a solution
composition of 1.8 equiv. Mg(NOs), - 6H,0:1 equiv. Hydobdc, the
size of Mg-MOF-74 crystals can be remarkably reduced, and thus
the crystals become well intergrown and form a dense Mg-MOF-
74 membrane on the alumina support (Fig. 2(b)). XRD pattern of
the Mg-MOF-74 membrane further confirms that the as-
synthesized layer is a pure Mg-MOF-74 phase after the adjustment
of the synthesis solution.

Due to the poor heterogeneous nucleation of Mg-MOF-74
crystals on the alumina support surface, it is difficult to form a
continuous Mg-MOF-74 layer simply by in-situ hydrothermal
synthesis. Fig. 3(a) shows the Mg-MOF-74 membrane prepared
directly on the un-modified alumina support. It can be seen that
the crystals don’t grow into a dense membrane layer, and inter-
crystalline gaps can be observed between the Mg-MOF-74 crystals.
Therefore, we tried to improve their intergrowth by pre-coating
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Fig. 2. Top view SEM images of Mg-MOF-74 membranes prepared on «-Al,03 supports (a) before and (b) after the optimization of the synthesis solution (a cross-section of

membrane (b) is shown in Fig. 6(b)).

Intercrystalline

gaps

Fig. 3. Top view SEM images of Mg-MOF-74 membranes prepared (a) directly on the a-Al,05 support and (b) on MgO-seeded «-Al,05 support at 120 °C for 24 h.

the alumina substrate surface with MgO seeds, which are expected
to promote both nucleation and growth of the Mg-MOF-74 layer.
As shown in Fig. 3(b), the membranes prepared on MgO-seeded
a-Al,05 supports are indeed dense and no inter-crystalline voids
can be observed. In the present work, MgO powders ( <50 nm)
were coated on the surface of the support with the help of PEI, and
served as nucleation centers which released Mg?* ions into the
synthesis solution, thus promoting the following growth of
the Mg-MOF-74 crystals. After the synthesis of the membranes,
the MgO seeds have transformed fully into the Mg-MOF-74. On the
one hand, we cannot see any MgO seeds from the cross-section
view of the membrane. On the other hand, the XRD patterns
(Fig. 4) also indicate that the peaks of MgO disappeared after the
membrane was grown on the support. Before choosing the MgO as
seeds, we have also tried using Mg-MOF-74 nano crystals as seeds.
However, these membrane preparations on the Mg-MOF-74-
seeded supports, either by seeding in DMF or in ethanol, were
not successful. The crystals grew too fast to large 10 um sized
crystals, and intercrystalline cracks were unavoidable.

3.2. Effects of the synthesis time

With the secondary growth method, the effect of the synthesis
time on the membrane microstructure was followed. Fig. 5 shows
SEM images of the Mg-MOF-74 membranes prepared on MgO-
seeded a-Al,05 supports for different synthesis times at 120 °C.
As shown in Fig. 5(a), after 12 h, the alumina support surface has
been covered by separate Mg-MOF-74 crystals. As the synthesis

——— Mg-MOF-74 membrane
—— MgO seeds on support

T

2
E ALO, ALO,
jl[os J
T —Mgo MgO
30 35 40 45 50
20/ degrees

Fig. 4. XRD patterns of MgO seeds on the Al,0; support and synthesized Mg-MOF-
74 membranes.

time increases to 20 h, more Mg-MOF-74 crystals are attached to
the substrate and gradually form a thin and continuous layer,
although there are still observable inter-crystalline gaps between
the Mg-MOF-74 crystals (Fig. 5(b)). A dense Mg-MOF-74 mem-
brane can be formed if the synthesis time increases up to 24 h.
It can be seen that the support surface was completely covered by
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Mg-MOF-74
aggregates
after 30 h

Fig. 5. Top view SEM images of Mg-MOF-74 membranes prepared on MgO-seeded «-Al,03 supports at 120 “C for different synthesis times: (a) 16 h, (b) 20 h, (c¢) 24 h and

(d) 30 h (for the XRD see Fig. 6).

uniform Mg-MOF-74 crystals with a grain size of about 10 um, and
no cracks or other macroscopic defects are visible (Fig. 5(c)). By
further extending the synthesis time to 30 h, more Mg-MOF-74
crystals agglomerate on the as-prepared membrane, resulting in a
rough membrane surface (Fig. 5(d)). The evolution of the Mg-MOF-
74 membrane formation is also characterized by XRD, as shown
in Fig. 6, compared with the XRD patterns of Mg-MOF-74
powder (Fig. 6(a)). After an elapse of 16 h, the first peaks of the
Mg-MOF-74 crystals have been detected on the support surface
(Fig. 6(b)). The heights of the Mg-MOF-74 diffraction peaks
relative to the a-Al,03 support increase with synthesis time, which
indicates that the thickness of the membrane increases with time.
After 24 h, the heights of the Mg-MOF-74 peaks relative to the
a-Al,03 support remain unchanged, which indicates that the
Mg-MOF-74 crystals completely have covered the surface of the
substrate (Fig. 6e). We conclude therefore, that 24 h at 120 °C is the
optimum synthesis condition for the preparation of Mg-MOF-74
membranes.

Unfortunately, in this special case, it is impossible to draw from
the XRD any conclusions about the crystal and - therefore —
channel orientation in the membrane by simply comparing the
XRD patterns of the isotropic powder and the membrane
(Fig. 6(a) and (e)). This is due to the fact that all dominant peaks
in the powder XRD pattern can be allocated to Miller indices
(=120),(030) and (—150) with I values of 0. Therefore, the
formation of a “crystallographic preferred orientation” (CPO) index
(Jeong et al., 2002) gives no information on the channel orienta-
tion in | direction. It has to be mentioned, that our XRD of the
supported Mg-MOF-74 is similar to the XRD of Ni-MOF-74 and
Zn-MOF-74 grown on alumina support (Bétard et al., 2010).

——30h
24 h
——20h
——12h -
P —— powder ’
© | \\ K
| S J'LNJ“A,;, P . L_,‘L,
|
(d) |

Intensity

iy g ]
i s L LJL

(b)
(120)  (030) .
(021)
@ A | (150)
10 20 30 40

20/ degrees

Fig. 6. XRD patterns of Mg-MOF-74 membranes prepared on MgO-seeded «-Al,03
supports at 120 °C for different synthesis times: (b) 16 h, (c) 20 h, (d) 24 h and
(e) 30 h, compared with (a) the XRD patterns of Mg-MOF-74 powder. (®): Al,O3
support, (not marked): Mg-MOF-74 (for the SEM see Fig. 5).
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Mg-MOF-74 membrane

Al,O3 support

Fig. 7. (a) Top view and (b) cross-section SEM images of the Mg-MOF-74 membrane prepared on MgO-seeded a-Al,05 supports at 120 “C for 24 h. The white channels in

(b) stand for the orientation of the 1 D pores in Mg-MOF-74 crystals.

——— Mg-MOF-74
——— amine-modified Mg-MOF-74
120

60

Transimittance / %

T T T T T T T T
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Wavenummer / cm’”

Fig. 8. FT-IR spectra of as-prepared and amine-modified Mg-MOF-74 crystals at
room temperature.

Fig. 7 shows the Mg-MOF-74 membrane prepared on a MgO-
seeded support for 24 h at 120 °C. From the cross-section view
(Fig. 7(b)), the membrane is well intergrown with a thickness of
about 10 um. The shown membrane top view and the cross-
section (Fig. 7) indicate that the crystals in the membrane show
no statistical arrangement on the support but rather a tilted
orientation with their trigonal axis perpendicular to the support.
Thanks to this, a major part of all the 1D channels, which run along
the c-axis of the trigonal structure, should be available for gas
separation. Because of this tilted orientation of the c-axis, a huge
amount of crystal planes and edges without an | # 0 value such as
(—=120)and (03 0) are present and dominate the XRD as another
reason for the above mentioned problematic orientation determi-
nation via XRD.

3.3. Effects of the post-modification

The Mg-MOF-74 membranes prepared on MgO-seeded a-Al,03
supports were then post-modified with ethylenediamine. Fig. 8
shows the FT-IR spectra of non-modified and ethylenediamine-
modified Mg-MOF-74 membranes. Both two samples contain a
broad band at around 3450 cm !, which can be assigned to O-H
stretching vibrations of adsorbed water, and most of the bands in
the region from about 1600 to 800 cm ' are due to the stretching
of the aromatic ring. Although lots of bands in the fingerprint
region cannot be recognized clearly due to the overlapping of

functional groups, some remarkable bands can still be distin-
guished. Compared with the FT-IR spectrum of non-modified
Mg-MOF-74, the FT-IR spectrum of ethylenediamine-modified
Mg-MOF-74 contains characteristic bands at 3370, 3285, 2932,
2814 and 1545 cm !, which match well with the FT-IR spectrum
of ethylenediamine (Bétard et al., 2010; Su et al., 2010; Chang et al.,
2003; Sabo et al., 2006). The bands shown at 3370, 3285 and
1545 cm ! are related to NH, vibration in the primary amine
group. The absorptions of the CH, groups of the aliphatic chains of
ethylenediamine are observed at 2935 and 2814cm ' and are
attributed to the asymmetric and symmetric stretching vibrations
and deformation vibrations. The presence of -NH, and -CH, of the
aliphatic chain after the amine modification confirms that ethyle-
nediamine has been successfully grafted onto the Mg-MOF-74
crystals according to the recipe given in Choi et al. (2012). Judged
by the SEM image and XRD pattern (not shown here), both the
morphology and structure of the Mg-MOF-74 membrane remain
unchanged after the amine-modification.

3.4. Results of single gas permeation and mixture gas separation

The single gas permeances on the as-prepared and amine-
modified Mg-MOF-74 membranes at 25 °C and 1 bar as a function
of the kinetic diameter of the gas molecules are shown in Fig. 9,
and the inset gives the mixture separation factors for H, over other
gases from their equimolar mixtures. The single gas permeances
and ideal separation factors are summarized in Table 1, and the
permeation data for mixed gases are listed in Table 2.

It follows from Fig. 9 to Table 1 that the single gas permeances of
the as-prepared Mg-MOF-74 membrane follow the order: H, > CH4 >
N, > CO,, with a H, permeance of 1.2x 10~ " molm 2s 'Pa—".
The mixture separation factor of H,/CO, with 10.5 is much higher
than those of H,/CH, (54) and H,/N, (3.8) (inset in Fig. 9). This
surprising experimental finding can be described by the diffusivity-
solubility model of permeation (Krishna and van Baten, 2011).
According to the rough estimate “permeation selectivity =adsorption
selectivity x diffusion selectivity”, a strong CO, adsorption over H,
could lead to a CO,-selective membrane. As reported previously
(Yazaydin et al, 2009), Mg-MOF-74 shows very high CO, capture
ability due to the unsaturated Mg+ site, thus CO, can be stored in the
pore structure Mg-MOF-74 especially. However, this strong CO,
adsorption reduces the CO, mobility over proportional so that the
Mg-MOF-74 membrane shows by the end a H, over CO, selectivity.

It is known that CO, interacts electronically also with amines
(Langeroudi et al., 2009; Serna-Guerrero et al., 2008; Planas et al.,
2013). It was our concept, therefore, to further enhance the H,/CO,
selectivity by increasing the adsorptive interaction of CO, by
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Fig. 9. Single gas permeances on the as-prepared and amine-modified Mg-MOF-74 membranes at 25 “C and 1 bar as a function of the kinetic diameter. The inset shows the
mixture separation factors for H, over other gases from equimolar mixtures (for the temperature dependence of the H,/CO, mixed gas selectivities see Fig. 10).

Table 1

Single gas permeation performances of the as-prepared and amine-modified Mg-MOF-74 membrane at 25 “C and 1 bar.

Gasjjj KC* As-prepared Mg-MOF-74 membrane Amine-modified Mg-MOF-74 membrane
Permeances (i) Permeances (j) Ideal separation Permeances (i) Permeances (j) Ideal separation
(molm—2s~'Pa~") (molm~2s~'Pa") factor (molm~2s~'Pa~") (molm~2s~'Pa~") factor

H,/CO, 4.7 11x 1078 1 28x107° 29

H,/CH,4 2.8 124x 1077 22x107% 5.6 82x107% 14x10°8 5.8

Ha/N, 37 35x10°8 35 19x10°8 43

* KC: Knudsen constant.

Table 2

Mixed gas separation performances of the as-prepared and amine-modified Mg-MOF-74 membrane at 25 °C and 1 bar with 1:1 binary mixtures.

Gasj; KC* As-prepared Mg-MOF-74 membrane Amine-modified Mg-MOF-74 membrane
Permeances (i) Permeances (j) Mixture separation Permeances (i) Permeances (j) Mixture separation
(molm 2?s 'Pa ') (molm 2s 'Pa ') factor (molm 2s 'Pa ") (molm 2s 'Pa ') factor

H,/CO, 47 1.0x 107 9.8x10° 10.5 76x 102 27x107° 28

Hy/CH4 2.8 11x1077 21x10°8 5.4 75%10°% 13x10°8 5.8

H,/N, 3.7 12x10°7 33x10°° 3.8 76x 1078 18x10°8 4.2

* KC: Knudsen constant.

amine-modification of prepared Mg-MOF-74 membrane. As
expected, after the amine-modification, due to the narrowed pore
size of MOF-74 the single gas permeances of H,, CH; and N,
decreased slightly by only a factor of 1.5, 1.6, and 1.8, respectively.
However, the CO, permeance has been reduced by a factor of
4 from 11x10°% molm ?s 'Pa ' to 2.8 x10 ?molm 25!
Pa~'. As a result, the mixed separation factors of H, against CH,4
and N, remained almost unchanged after the amine-functionali-
zation, but the mixture separation factor of H,/CO, dramatically
increased from 10.5 to 28.

Due to the large pore size of about 11 A, the size-based
molecular sieve effect of Mg-MOF-74 was negligible. After the
amine-modification, the pore size of the membrane was narrowed,

but the pores are still large enough for the passage of small
molecules like H,, CH4, N, and CO,. Therefore, the mixture
separation factors of H,/CH4 and H,/N, do not change much when
the membrane is modified by the diamine. On the contrary, the
surface modification with amine groups has enhanced the strong
adsorption of CO, molecules, which in turn reduces the per-
meance of CO,, leading to an increase of the separation perfor-
mance of H, over CO,. As reported previously (Choi et al., 2012),
one side of the amine group of ethylenediamine is bound to the
open coordination sites of the Mg in the framework structure by
direct ligation, while the amine group on the other side remains
free in space (Hwang et al., 2008). Fig. 10 shows the mixture
separation factors for equimolar H,/CO, mixtures and the single
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Fig. 10. Mixture separation factors for H,/CO, from equimolar mixture (left) and single gas permeances of H, and CO, (right) on the as-prepared and amine-modified
Mg-MOF-74 membranes at 1 bar as a function of temperature.

Table 3

Activation energies of H, and CO, permeation for Mg-MOF-74 membrane before

and after amine-modification.

Activation energy E,. (k] mol ')

H, before amine-modification
H, after amine-modification
CO,, before amine-modification
CO, after amine-modification

7.65

7.7
1.4
209

gas permeances of H, and CO, on the as-prepared and amine-
modified Mg-MOF-74 membranes at 1 bar as a function of
temperature from 25 to 100 °C. For both the as-synthesized and
amino-functionalized Mg-MOF-74 membranes the separation
factors reduce gradually with increasing temperature. How-
ever, the reduction of the separation factors for the modified
Mg-MOF-74 membrane was more remarkable since rising tem-
perature has reduced the preferential adsorption of CO, on the
amine groups. This trend is a good argument, that the interplay of
adsorption and diffusion dominates the gas separation perfor-
mance, rather than the size-based molecular sieving mechanism.
As temperature increases, less CO, becomes adsorbed and more
gas molecules can go through in the resulting free volume, leading
to an increase in the hydrogen permeance and a reduction of the
H,/CO, selectivity. The grafted ethylenediamine was also proven to
be stable at 100 °C, since the heating process of 1 °C min~' from
25 to 100 “Cis also reversible. The apparent activation energies E,
for H, and CO, permeation before and after modification, which
are shown in Table 3, were obtained by fitting the data between 25
and 100 °C. Whereas the activation energy of H, permeation
remains unchanged by the amination process, the activation
energy of CO, has been almost doubled. This experimental finding
can be explained by both steric effects (pore narrowing) and
energetic effects (amine-CO, interaction). Our activation energies
of H, and CO, permeation are similar to literature data of other
microporous membranes for H,/CO, separation, like CVD modified
DDR zeolite membrane developed by Kanezashi et al. (2008) (the
activation energy for H, and CO, are 9.62 and 12.8, respectively),
but different to CVI modified silica membrane by Koutsonikolasa
et al. (2009) (the activation energy for H, and CO, are 15.8 and 7.4,
respectively).

As shown in a Robeson plot (Robeson 1991; Robeson 2008) in
Fig. 11, the H,/CO, selectivities and H, permeances of both the
as-synthesized and the amine-modified Mg-MOF-74 membranes
exceed by far the “upper-bound” for polymeric membranes, and
the H,/CO, selectivity after amine-modification increases with

100
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Fig. 11. H»/CO, selectivity versus H, permeability for as-prepared and
amine-modified Mg-MOF-74 membranes at 25 °C and 1 bar, compared with the
previously reported MOF membranes. The upper bound lines for polymeric
membranes are based on Robeson (1991) and Robeson (2008).

only a slight decrease of the permeability. Furthermore, also
compared with other MOF membranes, our amine-modified
MOF-74 membrane is a promising material for the H,/CO, separa-
tion (Fig. 11 and Table 4). As shown in Fig. 11, compared with the
existing polymer membranes, the amine-modified MOF-74 mem-
brane exhibits a both much higher H,/CO, selectivity and H,
permeability which recommends amine-modified MOF-74 powder
also a promising candidate for the preparation of mixed matrix
membranes (MMM) (Mahajan and Koros, 2000). The MMM con-
cept avoids the difficulty to prepare and scale up pure supported
MOF membranes and can be produced more easily as spiral wound
or hollow fiber module, compared to the pure MOF membranes.

As a proof of the good reproducibility of the MgO-seeding
synthesis method and amine-modification, Table 5 shows the
results of gas permeation performance for four tested amine-
modified Mg-MOF-74 membranes prepared following identical
synthesis method. The selectivities of H,/CO, and H, and
CO, permeance at room temperature do not scatter more
than + 10%, which indicates the good reproducibility of the
Mg-MOF-74 membranes.
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Table 4
H»/CO, selectivity versus H, permeability for as-prepared and amine-modified Mg-MOF-74 membranes at 25 °C and 1 bar, compared with the previously reported MOF
membranes.
MOF membranes Thickness (pum) H, permeance (mol m~2s' Pa') H, permeability* (Barrer) H,/CO, selectivity References
Mg-MOF-74 10 12x10°% 3.7x10? 10.5 This study
Amine-modified Mg-MOF-74 10 82x107%8 2.5x10° 28 This study
ZIF-8 30 6.0 x 107%® 54 x10° 45 Bux et al. (2009)
ZIF-7 15 7.7x107% 3.5 x 10? 6.5 Li et al. (2010)
ZIF-22 40 1.7x10°% 2.0x10* 72 Huang et al. (2010)
ZIF-69 50 6.5x107% 9.7 x 10° 29 Liu et al. (2010)
ZIF-90 20 24x107% 14 % 10* 73 Huang et al. (2010)
MIL-53 8 50x10~"7 1.2x10* 6.8 Hu et al. (2011)
KUUST-1 60 1.0x107% 1.8 x 10° 2.7 Guo et al. (2009)

* Permeability is calculated as the membrane permeance multiplied by the membrane thickness. 1 Barrer=3.348 x 10~ '® mol m/(m? s Pa).

Table 5

Gas permeances of H, and CO, and mixture separation factors of H,/CO, from
equimolar mixtures at room temperature and 1bar of 4 tested Mg-MOF-74
membranes.

H, permeance
(molm~2s~'pa~")

CO, permeance
(molm~2s~'pa')

Mixture separation
factor H,/CO,

1 82x10°8 28x107° 28
2 90x10°8 31x10°° 30
3 74x10°% 28x107° 25
4 75x10°8 29x107° 26

4. Conclusion

Phase-pure and compact Mg-MOF-74 membranes have been
prepared successfully on MgO-seeded porous Al,O; supports at
120 °C for 24 h after optimization of the synthesis solution. The
mixture separation factor of H,/CO, was much higher than those
of Hy/CH4 and Hy/N,, especially at lower temperature. After
amine-functionalization of the Mg-MOF-74 membrane by using
ethylenediamine, the separation performance of H,/CO, was
remarkably enhanced and the mixture separation performance
increased from 10.5 to 28 at room temperature. This increase is
ascribed to two effects: (i) One amino group of the diamine is
docked to the open Mg site, thus the diamine narrows the effective
pore size which retards for steric reasons the carbon dioxide
(kinetic diameter 3.3 A) permeation stronger than the hydrogen
one (2.9 A), and (ii) the other amino group interacts with CO, thus
reducing its mobility.
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1. Introduction

The growing demand for energy and environmental issues has
promoted the concept of “hydrogen economy”.! Currently, up to
90% of hydrogen is produced by steam-methane reforming
(SMR) followed by the water-gas shift (WGS). Before it can be
used in fuel cells, H, has to be purified from the SMR gas
mixture which mainly contains CO,.> Moreover, H,-selective
membranes are also desired in the pre-combustion technology
of CO, sequestration.” Compared with traditional separation
methods like pressure swing adsorption (PSA) and cryogenic
distillation, membrane-based separation techniques have
attracted significant attention due to lower energy consumption
and investment cost.' In the recent 20 years, inorganic
membranes such as zeolite membranes,” Pd-based
membranes,*” amorphous microporous silica membranes® and
carbon membranes® have been developed for the separation of
H, from CO,.

Recent efforts have been devoted to the fabrication of sup-
ported metal-organic framework (MOF) membranes due to
their highly diversified structures and specific adsorption
affinities.'*"” In particular, great attention has been paid to
zeolite imidazolate framework (ZIF) membranes since 2009
because of their relatively high stability and tunable
pore size.'®' So far, a series of ZIF membranes with small pore
sizes, including ZIF-7 (0.30 nm),*® ZIF-22 (0.30 nm),** ZIF-8
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of well-intergrown and phase-pure ZIF-100 membranes. The developed ZIF-100 membranes show high
H,/CO; selectivity due to the outstanding CO, adsorption capacity of ZIF-100.

(0.34 nm),*>** ZIF-90 (0.35 nm)*™*’” and ZIF-95 (0.37 nm),*® were
successively developed for gas separation. Despite much prog-
ress in the development of H,-selective ZIF membranes, the
development of thermally stable ZIF membranes with a high
H,/CO, selectivity is still desired.

Yaghi and co-workers have developed a novel ZIF-100 struc-
ture with the composition Zn,,(cbIM);9(OH) through the reac-
tion of Zn(O3SCF;), with 5-chlorobenzimidazole (cbIM).> ZIF-
100 was found to have a rather complex structure. The unit cell
of ZIF-100 has a MOZ topology, which is constructed from 7524
atoms. This MOZ cage has a large inner sphere with a diameter
of 35.6 A and a constricted window aperture of only 3.35 A.
ZIF-100 shows a high affinity and capacity to CO,, which results
in an outstanding CO, uptake.* It is reported that ZIF-100 not
only has high CO, capacity, but also a high thermal stability up
to 500 °C.* It is worth mentioning that the high CO, adsorption
capacity as found for MOFs with accessible metal ions like
MIL-53%* or MOF-74* is not common for ZIFs. However, the
adsorption affinity of ZIF-100 for CO, outperforms that of ZIF-95
and BPL carbon,* which is widely used in industry for gas
separation.

Although there have been a few studies of ZIF-100 powders
on gas adsorption,* to date no ZIF-100 membrane with gas
separation performance has been reported. In this study, we
report the synthesis of a dense ZIF-100 membrane by covalent
modification of the substrate surface using polydopamine
(PDA), as shown in Fig. 1. During this pre-modification process,
dopamine can easily polymerize into PDA, and stick on different
kinds of organic and inorganic material surfaces.*® Then the
PDA-modified surface can be used as a versatile platform for
further reactions.***” Recently, PDA-based synthesis of ZIF-8
and zeolite LTA membranes has been developed to improve
their gas separation performance and reproducibility.**** It can
be expected, therefore, that ZIF-100 membranes prepared on

This journal is © The Royal Society of Chemistry 2015
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Fig.1 Schematic diagram of the synthesis of ZIF-100 membranes on a
polydopamine-modified Al,Oz support.

PDA-functionalized supports will show higher gas separation
performances and reproducibility of membrane preparation.

2. Experimental
2.1. Materials

Chemicals were used as received: zinc trifluoromethane-sulfo-
nate (98%, Aldrich), 5-chlorobenzimidazole (cbIM, 98%, Abcr),
N,N-dimethylformamide (DMF, water < 50 ppm, Acros), dopa-
mine hydrochloride (Sigma), and tris(hydroxymethyl)Jamino-
methane (Tris-HCl, =99.8%, Sigma-Aldrich). Porous o-Al,0;
disks (Fraunhofer Institute IKTS, former HITK/Inocermic,
Hermsdorf, Germany: 18 mm in diameter, 1.0 mm in thickness,
70 nm particles in the top layer) were used as supports.

2.2. Polydopamine (PDA) modification of the support
surface

The PDA modification of the support surface was done
according to a previous procedure.**** Dopamine hydrochloride
(2 mg mL ") was dissolved in 10 mM Tris-HCI (pH 8.5) in an
open air vessel (diameter: 180 mm). And then the porous
a-Al,O; disks were placed facing up into the dopamine solution
(50 mL). A magnetic stirrer was placed in the middle of the
vessel surrounded in a satellite-shape by 6 support discs. The
solution was then stirred for 20 h at room temperature, leading
to the polymerization of dopamine into PDA on the alumina
support surface. The oxygen needed for the dopamine poly-
merization dissolved from air.

2.3. Synthesis of the ZIF-100 membrane

The ZIF-100 membrane was prepared by a solvothermal reac-
tion of trifluoromethanesulfonate and cbIM in DMF according
to a previous report.> The PDA-modified or PDA-free o-Al,O;
supports were placed horizontally in a Teflon-lined stainless
steel autoclave which was filled with 15 mL synthesis solution,
and heated at 120 °C in an air oven for 48 h. After the sol-
vothermal reaction, the ZIF-100 membranes were washed with
DMF several times, and then dried in air at 110 °C overnight.

2.4. Characterization of the ZIF-100 membrane

The X-ray diffraction (XRD) patterns were recorded at room
temperature under ambient conditions with an X-ray

View Article Online

Journal of Materials Chemistry A

diffractometer (D8 Advance, Bruker-AXS, with Cu-Ka. radiation
at 40 kv and 40 mA). The morphology and thickness of the
ZIF-100 membranes were characterized by scanning electron
microscopy (SEM) at 2 keV and 10 pA by using a JEOL Jeol-JSM-
6700F with a cold field emission gun. By using the same SEM
microscope the chemical composition of the cross-section of
ZIF-100 was characterized by energy-dispersive X-ray spectros-
copy (EDXS) at 20 kV and 20 pA. The chemical composition of
the cross-section of the ZIF-100 layer was characterized by
energy-dispersive X-ray spectroscopy (EDXS) using the same
SEM microscope at 20 kV and 20 pA.

2.5. Simulation models and methods

The Grand Canonical Monte Carlo (GCMC) simulation method
in RASPA package*' was used to calculate the H,/CO, mixed gas
adsorption in ZIF-100. In the GCMC ensemble, the chemical
potential, the volume, and the temperature were kept fixed as in
the adsorption experiments. The chemical potential was related
to the system pressure by the Peng-Robinson equation of state.
In this work, the structure of ZIF-100 was constructed from the
experimental single-crystal X-ray diffraction data.*® The stan-
dard 12-6 Lennard-Jones (L]) potential was used to model the
dispersive and repulsive interatomic interactions. The Lorentz-
Berthelot mixing rules were employed to calculate gas/frame-
work parameters. The L] parameters of the ZIF-100 atoms were
obtained from the Dreiding force field,*” and if not available in
Dreiding, from the Universal Force Field.** The partial charges
of the ZIF-100 atoms were estimated using the CHELPG
method** and the density functional theory (DFT) calculation
using the B3LYP method**® and the LANL2DZ basis set. A
united-atom model was used for CH, with the L] parameters
from the TraPPE force field.”” N, was mimicked by two-site
models with a bond length of 1.10 A.* Partial charges and L]
parameters for CO, were taken from the TraPPE force field. The
electrostatic interactions for adsorbent-adsorbate and adsor-
bate-adsorbate were calculated by the Ewald summation
technique.*

2.6. Permeation of single gas and separation of mixed gases

For the single and mixed gas permeation, every ZIF-100
membrane was sealed in a permeation cell with silicone
O-rings. In our Wicke-Kallenbach permeation cell, we worked
with feed and sweep gases at 1 bar. A calibrated gas chro-
matograph (HP6890) was used to detect the gas concentrations.
The fluxes of both the feed and sweep gases were controlled by
mass flow controllers. The flow rate on the feed side was kept
constant for each gas at 50 mL min ', while the flow rate on the
permeate side was kept at 50 mL min~" as well. N, was usually
used as the sweep gas, except for the measurement of N, per-
meance where CH, was used as the sweep gas instead.

The permeance P is obtained by the division of the flux by the
transmembrane pressure difference, and the separation factor
«;; of a binary mixture permeation is defined as the quotient of
the molar ratios of the components (i, j) in the permeate,
divided by the quotient of the molar ratio of the components
(¢,7) in the retentate. Since less than 1% of the feed gas can pass

J. Mater. Chem. A, 2015, 3, 4722-4728 | 4723
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through the membrane, the retentate composition is de facto
identical to the feed composition.

To prove the feasibility of the Wicke-Kallenbach technique,
the membranes were also tested under pressure difference. In
this case, the pressure on the feed side was 4 bar (2 bar partial
pressure of the binary mixture), while the pressure on the
permeate side was 1 bar.

The gas chromatograph (GC) was calibrated every week anew
with standard gas mixtures. The accuracy of the GC analysis of
our H,/CO, mixture using TCD detection is about +5 vol%.
Before gas permeation, the ZIF-100 membranes were activated
at 100 °C with a heating rate of 0.2 °C min~' by using an
equimolar H,/CO, mixture in the Wicke-Kallenbach perme-
ation apparatus. All permeation data were collected in the
steady state of permeation after 12 h equilibration time.

3. Results and discussion
3.1. Simulation study of gas adsorption isotherms of ZIF-100

The mixed gas adsorption isotherms in ZIF-100 were examined
by molecular simulation. The adsorption of an equimolar H,/
CO, mixture in the pore structure of the ZIF-100 cage at 25 °C
and 1 bar is shown as a snapshot in Fig. 2. It can be clearly seen
that a huge number of CO, molecules are adsorbed in the pores
of ZIF-100, while only a few H, molecules are found. The
simulation results of the gas adsorption isotherms of H,, CO,,
CH, and N, at 25 °C are compared to the available experimental
data® in the pressure range from 10 to 750 Torr in Fig. 3. As
shown in Fig. 3, the simulated isotherms of different gases
coincide well with the measured ones in the whole pressure
range. The adsorption of CO, exceeds by far the adsorption of
the other gases. The simulated adsorption isotherms of an
equimolar H,/CO, mixture at 25 °C are shown in Fig. 4 as a

gal ‘\\‘;./\r N N *
» {\.\x:_ ; )\ .

-

Fig.2 Snapshot of adsorption of an equimolar H,/CO, mixture in ZIF-
100 pores at 25 °C and 1 bar with CO; in yellow-green and H; in red.
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Fig. 3 Simulated single component adsorption isotherms of H,, CO,,

CH4 and N at 25 °C in the pressure range from 10 to 750 Torr
compared with the measured data.?®

function of the total pressure. As shown in Fig. 4, CO, is
predominantly adsorbed over H, in ZIF-100 in the whole pres-
sure range due to the much stronger interaction between CO,
and ZIF-100. As a result, the simulation study of the gas
adsorption isotherm in ZIF-100 is in good accordance with the
experimental data, and the experimentally found strong
adsorption affinity of ZIF-100 to CO, was confirmed by the
simulation.

3.2. Synthesis of the ZIF-100 membrane

We first tried to grow a ZIF-100 layer simply by in situ hydro-
thermal synthesis on an unmodified a-alumina support, as
shown in Fig. 5(a). However, it turned out to be extremely
difficult to form a continuous ZIF-100 layer directly on the
support due to the poor heterogeneous nucleation of ZIF-100
crystals on the o-alumina support surface. Our recent study
indicated that pre-modification of the support surface with PDA

0.6

Y

0.4+
0.3

0.2

Loading / mmol g

0.14

_ _ np——
00| G—o—o—0—"5~ =

T T T

T
0 200 400 600 800

Fig. 4 Simulated mixed gas adsorption isotherms of equimolar H,/
CO, mixtures at 25 °C in the pressure range from 10 to 750 Torr. The
pressure on the abscissa indicates the total pressure of the equimolar
binary mixture.
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ZIF-100 membrane
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10 ym

Fig. 5 SEM top views of (a) ZIF-100 membranes prepared on a PDA-
free Al,Oz support and (b and c) on a PDA-modified support, as well as
(d and e) the cross-sectional view of the ZIF-100 membrane with PDA-
modification. The inset of (d) shows a magnified part of the ZIF-100
membrane at the interface support-ZIF-100 layer. (f) shows the EDXS
mapping of the magnified cross-section (green: Zn and Cl as tracers
for ZIF-100; orange: Al as the tracer for the support). The K, transi-
tions have been used.

can be employed* as a simple and powerful strategy to improve
the nucleation of MOFs and zeolites on the alumina support
surface through the formation of strong covalent bonds with
the MOF or zeolite crystals.*®* In the present work, therefore,
we tried to prepare a dense ZIF-100 membrane on the pre-
modified support with PDA. As shown in Fig. 5(b) and (c), a
continuous ZIF-100 layer is formed on the PDA-modified
supports. From the cross-sectional view shown in Fig. 5(d), it
follows that big crystals are loosely packed on the top of the ZIF-
100 membranes due to sedimentation, but as we can see from
the magnified part (inset in Fig. 5(d)), a thin and well-inter-
grown ZIF-100 zone is formed at the interface to the support,
thus controlling the selectivity for gas separation. Fig. 5(f) shows
the EDXS mapping of the cross-section of the ZIF-100
membrane near the support surface (Fig. 5(e)). A sharp transi-
tion can be seen between the ZIF-100 membrane (Zn and Cl
signals) and the alumina support (Al signal) which means that
there was no infiltration of the synthesis solution into the
support. Also the above mentioned well-intergrown ZIF-100
zone near the support can be seen in Fig. 5(f).

The XRD patterns of ZIF-100 membranes are compared with
those of ZIF-100 powder in Fig. 6. The results show that all
diffraction peaks of the ZIF-100 layer prepared on either PDA-

View Article Online
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Fig. 6 XRD patterns of ZIF-100 membranes prepared on PDA-free
and PDA-modified supports, compared with the XRD patterns of ZIF-
100 powder. (M) for the Al,Oz support. Signals of ZIF-100 crystals are
not marked.

modified or bare supports match well with those of the ZIF-100
powder besides the a-Al,O; signals from the support, which
indicates that the ZIF-100 membrane prepared on the PDA-
modified substrate exhibits the pure ZIF-100 structure. More-
over, the XRD pattern of the PDA pre-modified ZIF-100
membrane shows higher ZIF-100 peak intensity compared to
the membrane grown on the bare alumina support, since the
ZIF-100 membrane grown on the PDA-based support is much
denser and thicker.

3.3. Single gas permeation and mixture gas separation

It is worth noting that before the single gas permeation, the gas
permeation performance of the mixed H,/CO, gas pair on the
PDA-modified alumina support was first measured and both the
H, permeance and H,/CO, separation factor remained
unchanged when compared to the permeance through the bare
Al,O; support, which indicates that the PDA-layer itself is not
gas-selective.

The single gas permeances of H,, CO,, N, and CH, through
the ZIF-100 membrane prepared on the PDA-modified support
at 25 °C and 1 bar as a function of the kinetic diameter of the gas
molecules are shown in Fig. 7, and the results in detail are
summarized in Table 1. The inset gives the mixed separation
factor for H, over other gases from their equimolar mixtures. It
can be seen that the single gas permeance of H, at room
temperature is ~6.3 x 10 ®* mol m ? s™' Pa"’, and the single
gas permeances through the ZIF-100 membrane follow the
order H, > N, > CH, > CO,, which leads to the highest H,/CO,
separation factor of 72. Although CO, has a smaller kinetic
diameter than N, and CH,, it was believed that the molecular
sieving effect did not dominate the separation process, and the
high H,/CO, selectivity can be explained by the diffusivity—
solubility model of gas permeation instead. As reported previ-
ously,* only CO, can be retained in the pore structure of ZIF-100
while other small gas molecules will easily permeate through
the framework since ZIF-100 shows a strong adsorption of CO,

J. Mater. Chem. A, 2015, 3, 4722-4728 | 4725
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Fig. 7 Single gas permeances through the ZIF-100 membrane
prepared by PDA-modification at 25 °C and 1 bar as a function of the
kinetic diameter of permeated gases. The inset shows the mixture
separation factors for H, over other gases from equimolar mixtures.

originating from the strong quadrupolar interactions of carbon
with nitrogen atoms in the linkers of ZIF-100. The strong
adsorption ability of CO, has been confirmed by the simulation
study, as shown in Section 3.1. The mobility of CO, was retarded
by this strong adsorption, while H, can still pass through the
pore network easily, leading to a high H,/CO, selectivity. This
experimental finding is similar to those reported on zeolite®**
and MOF membranes.>?%335%

Fig. 8 shows the single gas permeance of H, and CO, as well
as the mixture separation factors for equimolar H,/CO,
mixtures at 1 bar as a function of temperature from 25 to 150 °C.
It can be seen that the H,/CO, separation factors reduce grad-
ually with increasing temperature in a temperature window of
25 to 100 °C, and then only slightly decrease when the
temperature is higher than 100 °C. This trend can be explained
by the interplay of adsorption and diffusion of H, and CO, in
the pore structure of ZIF-100. At low temperatures, a large
amount of CO, molecules is adsorbed in the ZIF-100 pores and
only the highly mobile H, can diffuse through the membrane.
As the temperature increases, less CO, becomes adsorbed and
both H, and CO, can diffuse more easily in the resulting free
volume, which leads to an enhancement of both H, and CO,
permeance. Since the CO, permeance increases faster than the

Temperature / C°

Fig. 8 Single gas permeances of H, and CO, and mixture separation
factors for H,/CO, from an equimolar mixture on the ZIF-100
membrane prepared by PDA-modification at 1 bar as a function of
temperature.

H, one, the H,/CO, selectivity decreases with increasing
temperature. After the temperature reached 100 °C, the effect of
the CO, adsorption is substantially reduced and the gas sepa-
ration behaviour of ZIF-100 becomes dominated by the kinetic
molecular sieving effect since the width of the pore apertures of
ZIF-100 is in a similar size to CO,. However, because of the gate
opening due to linker distortion, no sharp cut-off can be
expected.’** Further, the ZIF-100 membrane shows completely
reversible separation behaviour between 25 and 150 °C. The
permeances measured during the cooling-down are consistent
well with those during the heating-up.

In addition, the ZIF-100 membrane can maintain its high H,/
CO, selectivity when the feed pressure increases. As shown in
Fig. 9, when the H, and CO, partial pressure increased from 0.5
to 2 bar (corresponding to a change in the total feed pressure
from 1 to 4 bar), the H,/CO, separation factor reduces only
slightly which is a direct proof that the membrane does not
contain macroscopic defects.

Moreover, it was also found that the synthesis method with
pre-modification of the o-alumina supports by PDA can
contribute to a higher reproducibility of ZIF-100 membrane
preparation, as shown in Table 2. The gas separation perfor-
mances of 5 different membranes prepared by the same method
were tested and the mixture separation factors of H,/CO, do not
scatter more than +10%.

Table 1 Single and mixed gas (with 1:1 binary mixtures) permeances as well as the ideal and mixture separation factors on the ZIF-100

membrane prepared by pre-modification with PDA at 25 °C and 1 bar

Separation performance of the ZIF-100 membrane

Single gas

Mixed gases

Permeances (i) Permeances (j)

Ideal separation Permeances (i)

Permeances (j) Mixture separation

Gas;;  Knudsen constant (mol m *s™' Pa™') (molm s ™' Pa" ) factor (molm™?s ' Pa') (molm ?s ' Pa') factor ()
H,/CO, 4.7 6.3 x10°° 8:40% 1070 77 5.8 x 107° 8.0 x 107" 72
Hy/N, 3.7 2.5 x 107 25 6.2 x 107" 2.7 x 1077 22
H,/CH, 2.8 1.4 x 107° 46 5.8 x 1078 1.4 x107° 41
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Fig. 9 H, and CO, permeances and H,/CO, mixed gas selectivity of
the ZIF-100 membrane prepared by PDA-modification as a function of
hydrogen partial pressure in the feed from equimolar mixtures at room
temperature. Permeate pressure was kept constant at 1 bar.

Table2 Single gas permeances of H, and CO, and mixture separation
factors of H,/CO, from equimolar mixtures at room temperature and 1
bar feed/1 bar permeate of 5 tested ZIF-100 membranes showing the
reproducibility of membrane preparation and testing

H, permeance CO, permeance Mixture separation factor
(molm2s™'Pa~') (molm *s'Pa~') H,/CO,

1 63x10°° 8.1 x 107" 72
2 65x107° 8.0 x 107" 76
3 61x10°° 7.9 x 107° 68
4 66x10°° 8.1x 107" 75
5 58x10°® 7:8:x 1010 70

4. Conclusions

Dense and phase-pure ZIF-100 membranes have been
prepared on the PDA-modified alumina support at 120 °C for
48 h. After the pre-modification with PDA, the ZIF-100 nutri-
ents were attached to the support surface through the
formation of covalent chemical bonds. The mixture separa-
tion factors of H,/CO,, H,/N, and H,/CH, through the PDA-
based ZIF-100 membrane were 72, 22 and 41 at room
temperature and 1 bar. The high H,/CO, selectivity is ascribed
to the high CO, uptake behaviour of ZIF-100 and a small
window aperture of 3.35 A.
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Membrane-based separation techniques are energy- and cost-
intensive in comparison with conventional separation pro-
cesses like distillation and adsorption.!"! Recently, supported
metal-organic framework (MOF) films have attracted intense
attention for potential applications as semiconductors, sen-
sors, and molecular sieve membranes because of their highly
diversified structures and pore sizes as well as specific
adsorption affinities.>*" In particular, attributed to their
zeolite-like properties such as permanent porosity, uniform
pore size, exceptional thermal and chemical stabilities,
zeolitic imidazolate frameworks (ZIFs) have emerged as
a novel type of crystalline porous material for the preparation
of superior molecular sieve membranes.?'**! So far, a series of
supported ZIF membranes, including ZIF-7, ZIF-8142327]
ZIF-22,2%1 ZI1F-69,%”) and ZI1F-90,°"3'l have been reported for
permeation of single gases or separation of mixed gases.
Despite much progress in the preparation of MOF mem-
branes, there is still a long road ahead before highly
permselective MOF membranes can be developed for prac-
tical applications, as highlighted recently.™ It is often found
that the as-prepared MOF layers have a polycrystalline
structure containing intercrystalline defects, which are detri-
mental to the membrane selectivity. Therefore, post-modifi-
cation of the as-prepared MOF membranes is helpful to
minimize the nonselective transport pathways through the
intercrystalline gaps.'**!

As proposed by Yaghi and co-workers,®™ the free
aldehyde groups in the ZIF-90 framework allow the covalent
functionalization with amine groups through an imine con-
densation reaction (see Figure S1 in the Supporting Informa-
tion).** 3" Therefore, the hydrogen selectivity of the as-
prepared ZIF-90 membrane can be improved through the
covalent post-functionalization with ethanolamine.*! How-
ever, the membrane selectivity was enhanced at the expense
of the permeance since the small ethanolamine molecules
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could easily permeate into the ZIF-90 structure, resulting in
a lower hydrogen permeance because of a homogeneous
constriction of the pore network. In addition, the post-
functionalization process using ethanolamine as reactant is
rather long (usually over 10 h), leading to some decomposi-
tion of the ZIF-90 material. Therefore, the development of
a facile and effective post-functionalization route is desirable
to prepare ZIF-90 membranes with high selectivity, while
maintaining their high permeance. In our previous report,”*’!
we found that the amine group of the 3-aminopropyltriethox-
ysilane (APTES) reacts easily with the free aldehyde groups
in the ZIF-90 framework, as shown in Figure 1a. Thus, the
organosilica APTES can be expected to modify the ZIF-90

NH,

R —

\
' 110°C, 30 Minutes '

ZIF-90 in methanol

Modified ZIF-90 in methanol

NAVSI(OEt)

Modlhcd L[F-Q_D

r 2
A

Methanol
110 °C, 30 Minutes

Porous support

Figure 1. a) Covalent post-functionalization of suspended ZIF-90 crys-
tals in methanol and b) molecular sieve membrane through amine
condensation by using organosilica APTES.

membrane (Figure 1b). On one hand, the covalent post-
functionalization is promising for the reduction of the
intercrystalline defects of the polycrystalline ZIF-90 layer,
thus enhancing the selectivity of gas separation. On the other
hand, the relatively large APTES molecules are restrained
from entering the interior of the ZIF-90 layer, thus making
possible a high hydrogen permeance of the ZIF-90 mem-
brane. Therefore, the APTES-modified ZIF-90 membranes
will display a high gas-separation performance.

For covalent post-functionalization, the as-prepared ZIF-
90 crystals and membranes were immersed in a solution of
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APTES in methanol, and then refluxed for 30 minutes at
110°C. As intuitively shown in Figure 1a, when APTES was
added to the green-yellow ZIF-90 clear solution, a beige
colloidal solution which scatters the light because of particle
aggregation is quickly observed, indicating that the linkages
between the free aldehyde groups of the ZIF-90 and the
amino group of APTES have been formed. Further, the
reaction of ZIF-90 with APTES was confirmed by Fourier
Transform infrared spectroscopy (FTIR). As shown in Fig-
ure S2 in the Supporting Information, the C=0 band of the
aldehyde at about 1668 cm ™' is replaced by the C=N bond of
the imine at 1640 cm™'. The presence of the H-CNR band at
2970 cm ! and the Si—O band at 1080 cm ' after APTES
modification also suggests that APTES has been grafted on
the surface of the ZIF-90 crystals.

After APTES functionalization, no remarkable differ-
ences in the membrane morphology are found between the
as-prepared and the APTES-functionalized ZIF-90 mem-
branes. A well intergrown ZIF-90 layer with a thickness of
about 20 pm was formed on the porous alumina support, and
no visible cracks, pinholes or other defects are observed for
both ZIF-90 membranes (Figure S3 in the Supporting Infor-
mation). The X-ray diffraction (XRD) pattern (Figure S4)
shows that the high crystallinity of the ZIF-90 membrane is
unchanged after APTES functionalization. All XRD peaks of
the APTES-functionalized ZIF-90 membrane match well
with those of the as-prepared ZIF-90 membrane.

Before permeation of single gases and separation of
mixed gases, the as-prepared and APTES-functionalized ZIF-
90 membranes were on-stream activated at 225°C with
a heating rate of 0.2°C per minute by using an equimolar
H,/CH, mixture in the Wicke-Kallenbach permeation appa-
ratus (Figure S5). Figure 2 shows the increase of the H, and
CH, permeances as well as of the H,/CH, selectivity from
their binary mixture with increasing temperature during the
on-stream activation. Whereas the H, permeance remarkably
increases with increasing temperature from 25 to 225°C, the
CH, permeance only slightly increases, resulting in a remark-
able enhancement of H,/CH, selectivity from 8 to 71. Similar
to the previous report,”'! the APTES-functionalized ZIF-90
membrane is more easily activated than the as-prepared ZIF-

3.0x10" 100
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-
2.5x10" 4 .'"
= 80
2.0x10" 1 b
£ _{- 60
0 1.5x107 Jii T
£ / r 5
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E E ," —0—CH,permeance F
e 4 - . 2
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g 5.0x10 f ; L0 3
& -
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Figure 2. H, and CH, permeances as well as H,/CH, selectivity of an
equimolar H,/CH, mixture of the APTES-functionalized ZIF-90 mem-
brane during the on-stream activation at 225°C.
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90 membrane since the guest molecule DMF that is difficult
to remove has been exchanged by the more volatile methanol
during the covalent post-functionalization (Figure S6). After
on-stream activation at 225°C for 60 h, the APTES-function-
alized ZIF-90 membrane shows a constant H, permeance of
about 2.9x 107 molm~s~'Pa~' and a H,/CH, selectivity of
71.

After on-stream activation, the volumetric flow rates of
the single gases H,, CO,, CH,, C;H,, and C;Hg as well as of
their equimolar binary mixtures of H, with CO,, CH,, C,;H,,
and C;H;g have been measured through the as-prepared and
APTES-functionalized ZIF-90 membranes by using the
Wicke—Kallenbach technique. The single-gas permeances
and ideal separation factors are summarized in Table S1.
Figure 3 shows the permeances of the single gases through the

3.5x107
H, —¢— As-prepared ZIF-90 membrane
E —&— APTES-functionalized ZIF-90 membrane
3.0x10" 4 500
== As-prepared ?IF—QO membrane
25x10” 5 001 O S mambeane
o B
< 300
._t 2.0x107 5
o B
£ B g 200
< 1.5%107 4 b
g 100
§ 10x107 oL ]
§ . CO, Hy/CO; Hy/CHs Ha/C;Hs Ho/CsHg
5.0x107 4
£
3 CHocH, o,
& o0

D‘IZB U.;SO 0,‘32 U.l34 0.‘35 DéB 0.:‘0 0‘212 U.I44
Kinetic diameter / nm ———=
Figure 3. Permeances of single gases for the as-prepared and APTES-
functionalized ZIF-90 membranes as a function of the kinetic diameter
at 225°C and 1 bar using the Wicke—Kallenbach technique. The inset
shows the separation factors for equimolar mixtures of H, and other
gases as determined by gas chromatography.

as-prepared and APTES-functionalized ZIF-90 membranes
at 225°C and 1 bar as a function of the kinetic diameters of
the permeating molecules. Asshown in Figure 3 and Table S1,
for the APTES-functionalized ZIF-90 membrane, the H,
permeance of 3.0x 107" molm~s~'Pa~" is much higher than
those of the other gases, and a cut-off is observed between H,
and the other more bulky gases. Compared with the as-
prepared ZIF-90 membrane, the H, permeance of the
APTES-functionalized ZIF-90 membrane keeps almost
unchanged although all other gas permeances decrease. In
our previous report,”!! a remarkable reduction of the H,
permeance has been reported since the small ethanolamine
molecules can easily enter the pore volume of the ZIF-90
layer, thus resulting in a severe constriction of the pore
apertures in the whole bulk phase. In the present work, the
bulky APTES molecules are restricted to enter the interior of
the ZIF-90 layer in a short time, thus avoiding remarkable
reduction of the H, permeance. At 225°C and 1 bar, the ideal
separation factors of H, from CO,, CH,, C,Hy, and C;Hg are
22,74, 261, and 473, which by far exceed the corresponding
Knudsen coefficients (4.7, 2.8, 3.9, and 4.7) and those of the
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as-prepared ZIF-90 membrane (7.5, 16, 41, and 67). These
results are in good agreement with our supposition that the
hydrogen selectivity of the modified ZIF-90 membrane can be
enhanced through APTES functionalization by eliminating
the intercrystalline defects.

Compared with the permeance of H, as a single compo-
nent, the H, permeance in the mixtures shows only a slight
reduction with a H, permeance of about 29x
107" molm~2s~'Pa™', suggesting that no competitive adsorp-
tion between the species plays a significant role at a high
temperature, and the larger molecules (CO,, CH,, C;H;, and
C;Hg) only slightly hinder the permeation of the highly
mobile H,. For the 1:1 binary mixtures, the separation factors
of H,/CO,, Hy/CH,, Hy/C,Hg, and H,/C;Hg mixtures are 20, 71,
250, and 458, respectively, which are higher than those on the
as-prepared ZIF-90 membrane (7.2, 15, 39, and 65), as shown
in the inset of Figure 3 and Table S2. As usual, with longer
modification time, the permeances decrease parallel to the
selectivity increase. As shown in Table S3, extending the
modification time to 1 h, the H, permeance decreases to 6.8 x
108 molm s~ Pa~! while the H,/CH, selectivity increases to
146 since the covalent docking of APTES restricts the
adsorption rate. Compared with literature data for perme-
ation of mixed gases on MOF and zeolite membranes
(Table S4),1%024 33540 the  APTES-functionalized ZIF-90
membrane developed in this study shows higher gas separa-
tion performances. The obtained high H, selectivity of the
ZIF-90 membrane is attributed to the narrowing of the pore
mouth and minimizing of intercrystalline defects by APTES
post-functionalization, and thus enhancing the reproducibility
of the membrane preparation (Table S5).

To investigate the thermal stability of the APTES-
functionalized ZIF-90 membrane, the operating temperature
for the separation of the H,/CH, mixture was increased from
25 to 225°C. It can be seen that the H, permeance increases
from 8.3x 107" to 2.9x 107" molm~2s"'Pa~', while the CH,
permeance only slightly increases from 3.0x107 to 4.0x
107" molm s~ 'Pa~', thus the separation factor of the H,/
CH, mixture rises from 27 to 71 (Figure S7). This phenom-
enon can also be explained by an adsorption—diffusion model.
At low temperature, ZIF-90 adsorbs CH, more strongly than
H,, thus blocking the diffusion paths of the rarely adsorbed
but highly mobile H,. When the temperature increases, less
CH, becomes adsorbed, and more H, can diffuse through the
resulting free volume, ™ leading to an enhancement of the H,
permeance. Furthermore, the APTES-functionalized ZIF-90
membrane shows a completely reversible separation behavior
between 25 and 225°C. In addition, the ZIF-90 membrane can
keep its high H,/CH, selectivity when the CH, partial pressure
increases from 0.5 to 2.0 bar corresponding to total feed
pressures of 1.0 to 4.0 bar while the permeate pressure was
1 bar constant. The slight reduction of the H,/CH, selectivity
with increasing feed pressure is due to an increased CH,
loading of the membrane which reduces the H, diffusivity
(Figure S8).

As reported previously,***! the as-prepared and imine-
functionalized ZIF-90 membranes show a high hydrothermal
stability. Also the APTES-functionalized ZIF-90 membranes
consistently exhibit a high stability in the presence of steam,
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and both H; permeance and H,/CH, selectivity are unchanged
for at least 48 h (Figure 4), which shows that the ZIF-90 pore
volume is not blocked by the adsorbed water. The slight
reduction of the H, permeance can be attributed to the
parallel permeation of H,O and H, through the ZIF-90
membrane since the kinetic diameter of H,O is only 0.26 nm,
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Figure 4. Hydrothermal stability measurement of the APTES-function-
alized ZIF-90 membrane for the separation of an equimolar H,/CH,
mixture and addition of 3 mol % steam at 225 °C. Filled symbols
(mA@): without steam, and open symbols (120): with steam.

which is smaller than the pore size of ZIF-90.1* In the
presence of steam, the aminopropyl groups are hydrolytically
stable and will not split from the surface of the ZIF-90 layer.
Although the ethoxy bonds of APTES are hydrolyzed, the
transient silanol groups will condense with other silanol
groups to form stable linkages. This covalent attachment of
APTES to the linker could prevent or at least reduce the so
called “gate opening” effect by a linker flip-flop movement as
observed for ZIF-8.%) This minimized framework flexibility
could also be a reason for the increase of the separation factor
for mixed gases as shown in Table S2.

In conclusion, in the present work we have developed
a facile post-functionalization road for the preparation of
highly permselective ZIF-90 molecular sieve membranes
through an imine condensation reaction by using the organo-
silica APTES. By covalent linkages between the free alde-
hyde groups of the ZIF-90 and the amino group of APTES,
both narrowing of the pore mouth and sealing of intercrystal-
line defects of the polycrystalline ZIF-90 layer are achieved,
and thus the selectivity for gas separation was enhanced. For
binary mixtures at 225°C and 1 bar, the separation factors of
H,/CO,, H,/CH,, H,/C;H;, and H,/C;Hg mixtures were found
to be 20, 71, 250, and 458, and a relatively high H, permeance
of about 2.9 x 107" molm*s™'Pa™' can be obtained to avoid
pore blocking. Further, the APTES-functionalized ZIF-90
molecular sieve membranes display a high thermal and
hydrothermal stability. These properties recommend
APTES-functionalized ZIF-90 membranes as a promising
candidate for industrial hydrogen separation.
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Experimental Section

All chemicals were used as received: zinc nitrate tetrahydrate
(>99%, Merck), imidazolate-2-carboxyaldehyde (ICA, >99%,
Alfa Aesar), 3-aminopropyltriethoxysilane (APTES, 98%, Abcr),
toluene (Acros), and NN-dimethylformamide (DMF, water
<50 ppm. Acros). Porous a-Al,O; disks (Fraunhofer Institute
IKTS, former HITK/Inocermic, Hermsdorf, Germany: 18 mm in
diameter, 1.0 mm in thickness, 70 nm particles in the top layer) were
used as support materials,

Synthesis of ZIF-90 crystals and membranes: The ZIF-90 crystals
and membranes were prepared as reported previously.f"* The
APTES-treated a-Al, O, support materials!”’*l were placed horizon-
tally in a Teflon-lined stainless steel autoclave which was filled with
synthesis solution, and heated at 100°C in an air-circulating oven for
18 h. After solvothermal reaction, the ZIF-90 crystals and membranes
were washed with DMF several times, and then dried in air at 60°C
over night.

Covalent functionalization of ZIF-90 crystals and membranes:
The as-prepared ZIF-90 crystals and membranes were immersed in
methanol and APTES solution, and refluxed at 110°C for 0-1.0 h.
After the reaction, the modified ZIF-90 crystals and membranes were
washed with methanol several times and then dried in air at room
temperature over night before characterization and permeation
measurements.

Characterization of ZIF-90 crystals and membranes: The as-
prepared and APTES-functionalized ZIF-90 crystals were measured
by FTIR spectroscopy and XRD. The as-prepared and APTES-
functionalized ZIF-90 mebranes were measured by SEM and XRD.
FTIR spectra were recorded with a Tensor 27 instrument (Bruker)
through KBr pellets using an Ar/Xe laser line at 633 nm. SEM
micrographs were taken on a JEOL JSM-6700F with a cold field
emission gun operating at 2 kV and 10 pA. The XRD patterns were
recorded at room temperature under ambient conditions with
a Bruker DS ADVANCE X-ray diffractometer with CuKa radiation
at 40 kV and 40 mA.

Permeation of single gases and separation of mixed gases: For the
permeation of single gases and separation of mixed gases, the as-
prepared and APTES-functionalized ZIF-90 membranes were sealed
in a permeation module with silicone O-rings. The sweep gas N, was
fed on the permeate side to keep the concentration of permeating gas
as low as possible thus providing a driving force for permeation. The
total pressure on each side of the membrane was atmospheric. The
fluxes of feed and sweep gases were determined with mass-flow
controllers, and a calibrated gas chromotograph (HP689() was used
to measure the gas concentrations (Figure $6). The separation factor
«;; of a binary mixture after permeation is defined as the quotient of
the molar ratios of the components (i,j) in the permeate, divided by
the quotient of the molar ratio of the components (i,j) in the retentate.
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Figure S1
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Figure S1. Scheme of covalent postfunctionalization of MOFs

via imines condensation reaction.
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Figure S2
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Figure S2. FTIR spectrums of the as-prepared ZIF-90 crystals (a),

and organosilica-functionalized ZIF-90 crystals (b).
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Figure S3
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Figure S3. (a) Top view and (b) cross-section SEM images of the
as-prepared ZIF-90 membrane on the porous Al,Oj; support; (¢) Top view
and (d) cross-section SEM of the APTES-modified ZIF-90 membrane via

covalent postfunctionalization on the porous AL O3 support.
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Figure S4
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Figure S4. XRD patterns of the as-made ZIF-90 membrane (a) and

organosilica-functionalized ZIF-90 membrane on Al,O; support.

(?7): ALO; support, (not marked): ZIF-90 crystals.
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Figure S5
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Figure S5. Measurement equipment for both single and mixed gas permeation.

Legend:

MFC: mass flow controller

PC: permeation cell with mounted membrane
GC: gas chromatograph

f: volumetric flow rate

p: pressure
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Figure S6
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Figure S6. H, and CH,4 permeances obtained from an equimolar H»/CH,4
mixture through the as-prepared ZIF-90 membrane during the on-stream

activation process at 225 °C.
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Figure S7
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Figure S7. Gas permeances and H,/CH,4 selectivity of the APTES-functionalized

ZIF-90 membrane as function of the temperature at 1 bar.
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Figure S8
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Figure S8. Gas permeances and H,/CHy selectivity of the APTES-functionalized

ZIF-90 membrane as function of the hydrogen partial pressure at 225 °C.
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Table S1

Table S1 Single gases permeation performances of the as-prepared and APTES-functionalized ZIF-90

membrane at 225 °C and 1 bar.

Single gas permeation performances of the ZIF-90 membrane

Gasy; KC" As-prepared ZIF-90 membrane APTES-functionalized ZIF-90 membrane s
Permeances(i) Permeances(j) Ideal Separation Permeances(i) Permeances(j) Ideal Separation
(mol/m*8'-Pa')  (mol/m*>S'-Pa") factor (mol/m*S'-Pa") (mol/m*-$'-Pa’) factor
H,/CO, 47 3.08x 107 4.10x 10°* 7.51 2.96 x 107 1.37x10% 21.6
H./CH, 2.8 3.08x 107 1.90x 10°* 16.2 2.96x 107 3.72x 107 79.6
Hy/C:H 3.9 3.08x 107 7.49x 107 41.1 2,96 x 107 1.14x 10" 261
Ho/C3Hg 4.7 3.08x 107 4.61x10° 66.8 2.96x 107 6.26x 10™ 473
" KC: Knudsen constant.

88



3 Metal-organic framework membranes for H; purification

Table S2

Table S2 Mixture gases separation performances of the as-prepared and APTES-functionalized

ZIF-90 membrane at 225 °C and 1 bar with 1:1 binary mixtures.

Mixture gases separation performances of the ZIF-90 membrane

Gasy; KC As-prepared ZIF-90 membrane APTES-functionalized ZIF-90 membrane
e e sepon aor | NG M) seprtion i
Hy/CO, 4.7 2.91x 107 4.04x 10* 7.20 2.82x 107 1.37x 10* 20.1
H,/CH, 2.8 2.90 x 107 1.94 x 10* 15.4 2.85x 107 4.02x 107 70.5
H,/CH, 3.9 2.87x 107 7.40x 107 38.8 2.80x 107 1.14x 107 250
H,/C;Hg 4.7 2.85x 107 4.36x 107 65.4 2.78x 107 6.26x 10" 458

" KC: Knudsen constant.
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Table S3

Table S3 H,/CHj, separation performances of the ZIF-90 membranes as functional

of modification time with APTES at 225 °C and 1 bar with 1:1 binary mixtures.

Permeance!™

Membrane Post-modification HZ/C.H.“
H, CH, selectivity
Ml No 298x 107 1.94x10® 15.4
M2 110°C 0.5 h 285x 107 4.02x 107 70.5
M3 110°C 1.0 h 6.77x10%  4.64x 107 146

[a] (mol/m*-S'-Pa").
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Table S4

Table S4 Comparison of the mixture gas separation performances of the APTES-functionalized

ZIF-90 membrane in this study with other zeolite and MOF membranes from literatures.

Mixture as separation performances

Pore size Temperatur

Membrane (i) e (C) Selectivity M, erisinged Reference
H/CO,  HyCH,  HyC, (moVm'S'Pa)

DDR 0.36 x 0.44 300 3.5 / / 7.9x 10° S1
Matrix AIPO, / 35 9.7 / / 1.1x 107 S2
SAPO-34 0.38 200 23 / / 7.0x 10* S3
LTA AIPO, 0.40 25 7.6 4.3 146 2.5x 107 S4
NaA 0.41 20 6.7 4.9 15.8 2.3x 107 S5
1ITQ-29 0. 41 300 7.8¢ 6.2 127 3.6x 107 S6
MOF-5 1.40 / KD" KD* / 47x10° S7
HKUST-1 0.90 25 6.8 6 7.0 1.0x 10 S8
HKUST-1 0.90 25 4.6 3.0 / 6.7x107 S9
IRMOF-3 ¢ / 25 4.1 2.0 2.4 1.1x10° S10
MIL-53 0.73x 0.77 / 5.4 4.0 / 5.0x 107 St1
SIM-1 0.34 25 2.4° 2,6% / 8.2x 107 S12
ZIF-7 0.30 200 6.5 5.9 / 8.0x 10 S13
ZIF-8 0.34 25 4.5° 11.3 / 5.1x10* S14
ZIF-8 0.34 25 6.0 15 300 1.0x 107 S15
ZIF-8 0.34 23 / / 545 44x107 S16
ZIF-22 0.29 50 7.2 52 / 1.9x 107 S17
ZIF-69 4.4 25 e 3.7¢ / 6.50x 10 S18
ZIF-90 0.37 200 738 15.3 / 2.51x 107 S19
ZIF-90 ¢ / 200 153 18.9 / 2.02x 107 $20

ZIF-90 ¢ / 225 20.1 70.5 458 2.85x 107 This work

“jdeal separation factor, * Knudsen diffusion, ¢ AM6 modified IRMOF-3, ¢ ethanolamine modified ZIF-90, ¢ APTES modified
ZIF-90.
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Table S5

Table S5. Separation performances of APTES-functionalized ZIF-90 membranes modified

References:

by 30 minutes for the separation of Ho/CH4 mixtures at 225 °C and 1 bar.

Membrane H, permeance CO, permeance H,/CO, Average standard deviation
(mol'm?s'Pa) | (mol'm>s'Pal) selectivity selectivity of selectivity
MI 2.80x 107 3.93x 107 70.4
M2 2.86x 107 4.08x 107 70.1 70.37 0.12
M3 2.83x 107 4.01x10° 70.6
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4 Conclusions

4 Conclusions

This thesis is dedicated to the preparation and evaluation of two zeolite membranes
(zeolite SOD and LTA membranes) and three MOF membranes (Mg-MOF-74, ZIF-90
and ZIF-100 membranes). As clean environmental process, separation by molecular
sieve zeolite and MOF membranes has already shown potential applications in industry,

such as for gas separation, as well as in membrane reactors.

The first part of this thesis was focused on the hydrophilic zeolite membrane for
water separation, either for water vapor separation at high temperatures and for water
pervaporation at room temperature, as described in Section 2. To synthesize a dense
SOD membrane, we have developed a two-step repeated hydrothermal synthesis
method. After the repeated synthesis method, well-intergrown SOD membrane with a
thickness of around 8 pm could be obtained on the alumina support. The SOD
membranes were evaluated from 125 to 200 <T in steam permeation of equimolar
mixtures of H,O/H,, H,O/CH,4, H,O/CO,, H,O0/MeOH, H,O/DME and H,O/DMC. The
stability of SOD membrane at high temperatures and the selectivity results reported in
Sections 2.2 and 2.3 are promising for the application of SOD membranes in membrane
reactors such as for esterification. Since less water could be adsorbed in the SOD
framework as temperature increases, it was found that the mixed gas separation factors
of H,O/H;, H,O/CH,4, and H,O/CO, decreased slightly with increasing temperature. It is
worth to mention that by using SOD membranes water can be very effectively separated
from other molecules like methanol (MeOH), dimethylether (DME) and
dimethylcarbonate (DMC), with mixture separation factors near 200, >200 and >1000,
respectively. Due to the thickness of the SOD membrane, however, the water permeance
(0.43 kg/m? h bar) is relative low.

Zeolite LTA membrane was developed for water separation from MeOH and DMC
by pervaporation at room temperature. After the alumina support was pre-modified by
3-aminopropyltriethoxysilane (APTES), a supported well-intergrown LTA membrane
could be obtained. LTA membranes are usually synthesized in the Na* form, with a pore
size of about 4 A.  However, it is not small enough to separate water form methanol,
since both of H,O and MeOH are smaller than the pore size (with kinetic diameters of
2.6 A and 3.8 A, respectively). We tried to solve the problem by using ion-exchange of

95



4 Conclusions

the Na“ with larger K* ions, thus the pore size was narrowed to 3 A. After the
ion-exchange for 12 h, the selectivity of H,O/MeOH in mixture was improved from 2.8
to 7.4 at room temperature by pervaporation. On the other hand, the LTA membrane also
showed good selectivity for water/DMC separation. The separation factors of
H,O/DMC by pervaporation at room temperature were around 800 and 1000 (before

and after ion-exchange, respectively).

In the second part we introduced three MOF membranes, namely Mg-MOF-74,
ZIF-90 and ZIF-100 membranes, for hydrogen purification. We focused on the synthesis
method of these MOF membranes, especially pre- and post-modification method to
improve the membrane quality and gas separation performances. We used a secondary
growth method to prepare Mg-MOF-74 membrane after optimization of the synthesis
solution. By seeding MgO nanocrystals on the alumina support, a phase-pure and
compact Mg-MOF-74 membrane can grow on the seeded support. Although
Mg-MOF-74 has relatively larger pore size of about 10 A, a mixture separation factor of
H./CO, with 10.5 (obviously higher than those of H,/CH4and H,/N,) could be obtained
at room temperature. After a post-functionalization of the as-prepared Mg-MOF-74
membrane by ethylenediamine, the H,/CO, selectivity was remarkably increased to 28
at room temperature. Attributed to the unsaturated Mg®" site in the framework structure
of Mg-MOF-74, CO, can be stored in the pore structure Mg-MOF-74, thus resulting in
a high H,/CO,; selectivity. By modification using a diamine, one amino group was
interacted with the open Mg site to narrow the pore size, and the other amino group

interacts with CO; thus further reducing CO, mobility.

Dense and continuous ZIF-100 membrane was prepared on polydopamine
(PDA)-modified alumina support. After the pre-modification by PDA, covalent and
non-covalent bonds between PDA and ZIF-100 were formed and ZIF-100 nutrients
could be attracted better on the support. Due to the outstanding CO, uptake behavior
and the small pore aperture of ZIF-100, the PDA-based ZIF-100 membrane showed a
high H,/CO; selectivity of about 72 at room temperature and 1 bar. In Section 3.3, we
have also investigated the gas adsorption isotherm of ZIF-100 by a simulation study. In
good accordance with the experimental data, it was found in simulation study that CO,
is predominantly adsorbed over H, in the whole pressure range attributing to the much

stronger interaction between CO, and ZIF-100.
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As described in Section 3.4, a post-modification method was used to modify the
as-prepared ZIF-90 membrane by using APTES. Through an imine condensation
between the free aldehyde groups of the ZIF-90 and the amino group of APTES, the
mixture separation factors of Ho/CO,, Ho/CHj4, Ha/C,Hg and H,/C3Hg could be improved
to 20.1, 70.5, 250 and 458, respectively, while the high H, permeances could be kept
after the modification as well. The increase of the separation factors is ascribed to two
effects: the pore mouth of ZIF-100 was narrowed, and defects of the polycrystalline
ZIF-90 layer were also sealed during the APTES-modification.

In summary, this work presented five molecular sieving membranes for gas/liquid
separation. Various synthesis skills were investigated based on the properties of each
membrane. Pre-modification methods (with APTES or PDA), secondary growth method
as well as two-step synthesis method were introduced to improve the membrane quality
and reproducibility, so that the membranes could grow better on the alumina support.
Post-modifications (with APTES or ethylenediamine) and ion-exchange of the
as-prepared membranes were applied to improve the gas/liquid separation performance

of the obtained membranes.

So far, zeolite and MOF molecular sieve membranes have not found any industrial
applications in technical gas separation. An exception is the use of LTA and FAU
membranes in the de-watering of different solvents by steam permeation or
pervaporation. At present, the higher production costs of zeolite and MOF membranes
are not justified by a higher separation performance (selectivity, flux) or by a longer live
time. Special problems for MOFs are their instability against moisture and their
non-constant pore size. As coordination polymer, MOFs show the phenomenon of
framework flexibility which is linked to such termini like “breathing”, “gate opening”,
“linker distortion” and results in no sharp pore size “cut off” in adsorption and

permeation.

Mixed Matrix Membranes (MMM) combine the excellent processing properties of
polymers (spring of hollow fibers, casting of foils) with the adsorption and diffusion
selectivities of zeolites and MOFs when the polymer is modified by 10...30 vol. % of
zeolite or MOF (nano)powder. The analysis of the open literatures of the last few years
leads to the assumption that in MOF-based MMM must be a synergistic interplay of
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MOF particles and the continuous polymer phase. The dramatic improvements of flux
and selectivity of MMM cannot by understood on the base of the classical Maxwell
theory. One possible explanation of the improved selectivity of MMM s that the

polymer matrix stops linker distortion which increases selectivity.
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