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Preface

The results presented in this thesis were achieved while I was a member of the
scientific research group of Prof. Dr. Jiirgen Caro at the Gottfried Wilhelm Leib-
niz University of Hannover, Institute of physical chemistry and electrochemistry

from Nov. 2011 until Apr. 2015.

During this period, I took part in the German Research Foundation (Deutsche For-
schungsgemeinschaft - DFG) program SPP 1362 “Porous Metal-Organic Frame-
works”, organized by Prof. Dr. Stefan Kaskel.

This thesis includes five publications that were written by me as first or coopera-
tive author. Furthermore, I am first or co-author, respectively, of four additional
papers which are not included in this thesis, but listed in chapter 5. The following

part will clarify the contributions of each author to the published articles.

The first article (chapter 2.2) presented in this thesis was written by me with the
kind support from my co-workers. My contribution was to prepare the ZIF-8
membrane and the ZIF-8 powder. Additionally, I characterized the ZIF-8 powder
and the membrane by powder XRD and performed the SEM pictures. Further-
more, [ tested the membrane for the pervaporation of an equimolar n-
hexane/benzene and mesitylene/benzene mixture and proved the liquid adsorption
by liquid adsorption studies. Frank Steinbach showed me how to produce clear
SEM pictures. Dr. Helge Bux contributed to the publication by helpful
suggestions. M. Sc. Dennis Wachsmuth built up the pervaporation apparatus dur-
ing his master thesis. And finally, Prof. Dr. Jiirgen Caro supported the work by

valuable discussions and corrections.

The second publication (chapter 2.3) was written by Dr. Daniil Kolokolov. My
contribution to this paper was to perform the macroscopic measurements of the
diffusivity of benzene in ZIF-8 by membrane pervaporation studies and to calcu-

late the Maxwell-Stefan diffusivity using the measured parameters.

The third article (chapter 3.2) was also written by me as the first author with kind
support from my co-authors. My contribution was to synthesize the neat ZIF-8
membrane, to perform the permeation measurements and to prepare the powder

XRDs and SEM pictures of the membranes. Dr. Xinlei Liu prepared the PMPS
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membrane and the mixed matrix membrane. Prof. Dr. Yanshuo Li, Prof. Dr.
Weishen Yang and Prof. Dr. Jiirgen Caro supported the paper by helpful criticism

and corrections.

The fourth article (chapter 3.3) was also written by me with kind support from my
colleagues. My contribution was to synthesize the membranes, to perform the
SEM pictures of the neat ZIF membranes and to characterize all membranes by
XRD. Furthermore, I carried out the permeation experiments. M. Sc. Nanyi Wang
showed me how to synthesize the neat ZIF-90 membranes and the ZIF-90 nano-
particles. M. Sc. Alexander Schulz and Frank Steinbach prepared the mixed ma-
trix membranes for the SEM and TEM characterization and Frank Steinbach pro-
duced the SEM and TEM pictures of the mixed matrix membranes. Prof. Dr. Jiir-

gen Caro contributed to the paper by valuable comments and corrections.

The fifth publication (chapter 3.4) is a paper written by me as the first author and
supported by my colleagues and co-authors. My contribution was to synthesize
the membranes, to characterize the neat ZIF membranes and mixed matrix mem-
branes by SEM and to carry out the permeation measurements. Béarbel Schwied-
land and Prof. Dr. Ulrich Giese helped me with the DSC measurements and by
their discussions. I would like to thank Frank Steinbach for the clear TEM, and
SAED characterizations of the mixed matrix membranes and Prof. Dr. Jiirgen

Caro for the discussions and the corrections.
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Abstract

The following thesis discusses the development of cost-intensive and rarely re-
producible Metal-Organic Framework membranes (MOF membranes) towards
cheaper and more easily reproducible Mixed Matrix Membranes (MMMs). For
the studies the prototypical MOFs ZIF-8 and ZIF-90 (Zeolitic Imidazolate
Framework) were used. This thesis includes five articles published in internation-

ally renowned journals, which are rearranged in a logical order.

First of all, the — for the gas separation already successful tested — ZIF-8 mem-
brane was used for the pervaporative separation of alkanes from aromatic com-
pounds. It was found that benzene was able to permeate through the dense ZIF-8
membrane layer despite of its small pore size. The reason for this adsorption is the
significant framework flexibility of ZIF-8. To prove this unexpected finding an
additional “H NMR (nuclear magnetic resonance) study was performed which
established the movement patterns of a benzene molecule within the ZIF-8 cage
and its self-diffusion coefficient. Since the manufacture of ZIF membranes is very
time- and cost-intensive, as well as not scalable, a new type of membrane was ex-
amined — the MMM. This composite membrane is able to combine the excellent
separation performance of MOF membranes with the flexibility and easy handling
of polymer membranes. Within this thesis ZIF-8 and ZIF-90 nanoparticle MMMs
with rubbery or glassy polymer matrices were produced und tested for gas per-
meation in comparison with the neat ZIF and polymer membrane. The MMM
with polymethylphenylsiloxane (PMPS) as rubbery polymer matrix showed the
same separation results as the neat PMPS membrane, but combined with a
noticeably higher gas permeability. This behavior results from an increased free
volume of the PMPS polymer after introduction of ZIF-8 nanoparticles. By
contrast, the MMMs with glassy Matrimid as polymer matrix often showed
improved separation results but lower gas permeabilities than expected. An
additional study allowed to explain this phenomenon with a hindrance of the ZIF
framework flexibility due to the surrounding polymer. This effect was
reproducible by using other glassy polymers like 2,2’-bis(3,4-carboxyphenyl)
hexafluoropropane dianhydride-diamino-mesitylene (6-FDA-DAM).




Keywords: Permeation, Pervaporation, MOF membranes, Mixed Matrix

Membranes
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Zusammenfassung

Die vorliegende Dissertation beinhaltet die Entwicklung von metallorganischen
Membranen (MOF Membran) hin zu leichter herstellbaren Mixed Matrix Mem-
branen (MMM). Fiir die Untersuchungen wurden die prototypischen MOFs ZIF-8
und ZIF-90 (ZIF = zeolith-artige Imidazolat-Geriiststrukturen) verwendet. Die
Arbeit schlieBt insgesamt fiinf in internationalen Fachzeitschriften verdffentlichte

Publikationen ein, die in logischer Reihenfolge aufgefiihrt sind.

Die in der Gastrennung bereits erfolgreich getestete ZIF-8 Membran wurde in die-
ser Arbeit zundchst zur pervaporativen Trennung von Alkanen und Aromaten ge-
nutzt, wobei zu beobachten war, dass Benzol durch die engporige ZIF Membran
permeierte. Aufbauend auf diesem unterwarteten Ergebnis wurde eine “H NMR
(nuclear magnetic resonance)-Studie zur Charakterisierung und Quantifizierung
der Benzoladsorption am ZIF-8 durchgefiihrt. Hierbei konnte das Bewegungs-
muster eines Benzolmolekiils in einer ZIF-8 Gertiststruktur und dessen Selbstdif-
fusionskoeffizient ermittelt werden. Da die Herstellung einer ZIF Membran sehr
kosten- und zeitintensiv und zudem die Membran praktisch nicht hochskalierbar
ist, wurden nachfolgend MMMs eingehender untersucht. Wie sich herausstellte,
kann dieser Membrantyp unter bestimmten Umstinden sowohl die guten Separa-
tionseigenschaften der ZIFs als auch die Flexibilitdt und gute Bearbeitbarkeit der
Polymere aufweisen. Hierzu wurden ZIF-8 und ZIF-90 Nanopartikel-MMMs mit
gummi- und glasartigen Polymeren hergestellt und in der Gastrennung mit den
reinen ZIF und den reinen Polymermembranen verglichen. Es ergab sich, dass die
MMM mit dem gummiartigen Polymethylphenylsiloxan (PMPS) &dhnliche
Trenneigenschaften aufwies wie die reine PMPS-Membran, wobei die Gasper-
meabilitdt deutlich erhoht war. Dieses Resultat ist darauf zurlickzufiihren, dass die
ZIF-8 Nanopartikel die Struktur des PMPS storen und Hohlrdume erzeugen. Bei
den MMMs mit dem glasartigen Matrimid konnten dagegen hdufig deutlich ver-
besserte Separationen mit leicht verringerten Permeabilititen festgestellt werden.
Eine aufbauende Studie konnte zeigen, dass diese Ergebnisse durch eine behin-
derte ZIF Gitterflexibilitdt entstehen und auch bei anderen glasartigen Polymeren
wie  2,27-bis(3,4-carboxyphenyl)hexafluoropropandianhydrid-diaminomesitylen
(6-FDA-DAM) auftreten.
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1. Introduction

1 Introduction

1.1 Motivation

The separation of gases and liquids by membranes plays an increasingly important
role in the reduction of industrial process costs.[1, 2] Accordingly, membranes are
already applied in reverse osmosis (e.g., sea water desalination), nanofiltration
(e.g., water removal to concentrate sugar), ultrafiltration (e.g., oil/water emulsions
separation), and microfiltration (e.g., wastewater treatment). Further industrial
applications with increasing demand are gas separations (e.g., natural gas
refining) and pervaporations (e.g., alcohol extraction from organic solvents).[3, 4]
The membrane technology offers a number of benefits over other separation
technologies. In contrast to conventional gas separations that require much energy
due to a gas-to-liquid phase change in the gas mixture (for example cryogenic
distillation of air or condensation to remove condensable organic vapor from gas
mixtures), this step is not necessary in membrane technology. Another advantage
is that gas separation membrane units are smaller than other types of plants and
that membrane systems are less complex mechanically.[5] Currently, gas selective
membranes are most widely used in industry for [6]:

e Hydrogen separation

e Separation of nitrogen from air

e Carbon dioxide and water removal from natural gas

e Organic vapor removal from air and nitrogen streams

For the liquid separation (pervaporation) the membrane technology offers an
additional advantage. Many commonly used organic solvents form azeotropes that
cannot be easily separated by conventional methods. Thus, pervaporation is a

widely accepted technology for

e The removal of water from organic mixtures

e The separation of volatile organic components from gas streams.
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Considerable efforts have also been devoted to develop membranes that separate
aromatic hydrocarbons - like benzene - from aliphatic ones and olefin from pa-
raffin.[7]

The most widely used membranes are non-porous polymeric membranes. They
are very attractive as membranes because they can be processed into hollow fibers
with large surface areas. The relatively low manufacturing costs make them
interesting for large-scale industrial applications.[8] Unfortunately, the efficiency
of a membrane separation process is determined by the membrane’s separation
properties - its permeability and selectivity with respect to different gas or liquid
mixtures. For most gas selective membranes the following rule applies: as
selectivity increases, permeability decreases and vice versa. This upper-bound
limit for the performance of polymeric membranes was predicted by Robeson.[9,
10] Significantly higher diffusivity selectivities than for polymeric materials were
expected for molecular sieves like zeolites and for metal organic frameworks
(MOFs).[11] The accurate size and shape discrimination resulting from their
narrow pore distributions ensures superior selectivities. Additionally, MOF
membranes can also be modified to achieve enhanced solubility-based
separations.[12-20]

For the pervaporation thin and defect-free polymeric hollow fibers with sufficient
chemical, mechanical, and thermal stability are in use. However, the chemical
stability of the organic polymer limits the application.[1] Thus, zeolite membranes
have been developed that are much more stable and show high fluxes and
selectivities. But unfortunately, the quick launching of inorganic membranes is
still seriously hindered by the extremely high costs for the membrane production,
the brittleness and the lack of technology to produce defect-free membranes. A
slight improvement has been achieved by using MOFs as sieving material. The
critical and energy-intensive calcination step, necessary for most zeolite
productions, can be avoided in the template-free MOF production.

Nevertheless, a new approach was needed to get cost-efficient, selective and
permeable membranes which are less fragile and easy to reproduce. Thus, the
research has focused on composite membranes like mixed matrix membranes
(MMMs). MMMs are defined as the incorporation of a solid dispersed phase (here

MOFs) into a continuous polymer matrix. MMMs have the potential to achieve
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higher gas selectivity, higher gas permeability or both in relation to the neat
polymeric membrane which results from the embedded porous particles. At the
same time, the fragility of the MOF membranes can be reduced by using a flexible
polymer as continuous matrix.[21-23] Using polymer, however, makes the new
membranes susceptible to inorganic liquids.

Thus, the aim of this work was to examine at first existing MOF membranes for
the pervaporative separation of aliphatic organic liquids from aromatic liquids.
And, as MOF membranes are difficult to reproduce and to handle, MMMs with
MOFs were developed and tested for applications in gas separation. Additionally,
we developed a model to explain the enhanced selectivity results of MMMs in

comparison to the neat MOF and the neat polymer membrane.
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1.2 Metal organic framework membranes

1.2.1 MOFs and their structure

Metal organic frameworks (MOFs) are highly crystalline materials (see Fig. 1)
with an ultrahigh porosity of about 90 % free volume. Consequently, these
materials have large internal surface areas, extending beyond 6000 m*/g. With this
property, MOFs are ideal as gas storage media, high-capacity adsorbents and
separation media. Additionally, MOFs exhibit a high degree of variability for both
the organic and the metal building unit. Thus, a further application for MOFs is
the catalysis.[24]

Metal cluster

Organic linker

Fig. 1: Basic construction principle of MOFs: The metal clusters or centers are
coordinatively bonded with multiple bonding organic linkers thus building an
ordered, porous framework. Above the simple cubic MOF-5 with (ZnsO)®" metal

cluster units and 1,4-benzenedicarboxylate linker molecules is shown.

Due to their structural and chemical flexibility, the area of MOFs has become one
of the fastest growing fields in chemistry. The MOF research can be classified by
the following five categories: (1) advances in cluster chemistry, (2) linker
preparation and post-synthetic modification, (3) improvements in structure

determination and development of programs for the evaluation of sorption
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properties, (4) interdisciplinary research, and (5) research for applications.[25]
The term “MOF” dates back to publications by Yaghi and his coworkers in 1995.
In this work, the synthesis and  characterization of  the
Co(I)(BTC’)(PYR)2(PYR)p67 - with BTC’ = 1,3,5-benzenetricarboxylate and
PYR = pyridine — were described. According to Yaghi and coworkers these
frameworks show a selective and reversible uptake of aromatic molecules.[26]
Already 30 years ago, in 1959, Kinoshita and coworkers found the first polymeric
metal-organic structure (Cu(I)(AND),(NOs;) with AND = adiponitrile).
Unfortunately, they never performed any adsorption studies on this new

material.[27]

1.2.2  MOF nomenclature and classification

Similar to the zeolites, MOFs are often denoted by three letters plus a number.
These letters are often abbreviations for the origin university or for certain
structural properties — for example, MIL stands for “Material of Institute

3

Lavoisier” and UiO for “University of Oslo” whereas ZIF stands for “zeolitic
imidazolate framework”, BIF for “zeolitic boron imidazolate framework” and
MOF for “metal organic framework™. Thus, it happens that one and the same
structure has different names: ZIF-8, for example, is also called MAF-4 (metal
azolate framework-4) and CPO-27 (coordination polymer of Oslo-27) is the same
structure as MOF-74.[28, 29]

Until now, there are different approaches to classify MOFs. Kitagawa and his
coworkers, for example, subdivided the MOFs into different generations. The first
MOF generation includes all types of frameworks that are instable after removing
solvent molecules. The second generation includes MOFs with a rigid and stable
network during sorption processes, and MOFs with a stable but flexible network
during sorption processes form the third generation of MOFs.[30] Férey and his
coworkers, in contrast, classified MOFs into groups with different connectivity
dimensions of the inorganic building unit.[31] However, in most cases the
structures are divided into sub-groups, depending on their structural similarity to
other materials or special building units. ZMOFs (zeolite-like metal organic

frameworks), for example, are MOFs that have a zeolite-like structure. In this
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subgroup we can find the ZIFs (zeolitic imidazolate frameworks). These are

zeolite-like MOFs with imidazolate linkers.
1.2.3  MOF subgroup: ZIFs

In general, ZIFs consist of tetrahedrally-coordinated transition metal ions (Zn*",
Co*", Cu*", Fe*") and imidazolate ligands.[32] Since the metal-imidazolate-metal
angle is similar to the 145° Si-O-Si angle in zeolites, ZIFs resemble the zeolite
networks.[33] A large variety of ZIFs has been synthesized in the past decade and
most of them exhibit high chemical stability and permanent porosity. ZIF-8
(Zn(mim),, mim = 2-methylimidazolate) and ZIF-90 (Zn(ica),, ica = Imidazolate-
2-carboxaldehyd) , for example, are zeotype to the sodalite structure. This means
that ZIF-8 and ZIF-90 built a cubic sodalite structure (space group 143m) with B-
cages, which consist of six four-membered and eight six-membered rings. The
cages are connected by the four- and six-membered rings (see Fig. 2). The corners
of the B-cages consist of tetrahedrally coordinated zinc ions and the edges are

formed by the imidazolate linkers.[34]

Fig. 2: Cubic ZIF-8 structure built up with tetrahedrally coordinated Zn*" ions
(blue balls) and 2-methylimidazolate linker molecules (yellow sticks) forming a

sodalite network.
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ZIF-8 and ZIF-90 consist of different imidazolate linkers. Hence, both
frameworks have different unit cells and pore sizes. The cubic unit cell of ZIF-§,
for example, has a length of 16.99 A. The largest cavity diameter is 11.4 A and
the largest pore diameter of the rigid framework is 3.4 A (see Fig. 3a). Besides,
the Langmuir surface area amounts to 1810 m® g', the BET surface area is
1813 m? g'1 and the density of the ZIF-8 framework is 0.93 g cm™.[33] ZIF-90, in
contrast, has a cell length of 17.27 A, a maximum cavity diameter of 11.0 A and a
maximum pore diameter of 3.5 A in the rigid framework (see Fig. 3b). The
Langmuir surface area amounts to 1320 m* g, the BET surface is 1270 m* g and

the density of the ZIF-90 framework is 0.99 g cm™.[34]

Fig. 3: (a) ZIF-8 pore: The zinc (blue balls) and the nitrogen atoms (green balls)
form a ring structure (yellow bindings) in which the 2-methyl-imidazolate linkers
(black balls = carbon atoms, red balls = hydrogen atoms) extend. Accordingly, the
pore aperture is 3.4 A in the rigid ZIF-8 framework. (b) ZIF-90 pore: The zinc
(blue balls) and the nitrogen atoms (green balls) form a ring structure (yellow
bindings) in which the 2-carboxaldehyd-imidazolate linkers (black balls = carbon
atoms, red balls = hydrogen atoms, pink balls = oxygen atoms) extend.

Accordingly, the pore aperture is 3.5 A in the rigid ZIF-90 framework.
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1.2.4 Chemical and physical stability properties of ZIFs

Most ZIFs have an exceptional chemical stability in refluxing organic solvents,
water, and aqueous alkaline solutions; an outstanding finding for MOFs.
Additionally, ZIF-8 can be heated up to 550 °C in N,.[33, 35, 36] The thermo-
gravimetric analysis of ZIF-90 shows very similar results. Up to a temperature of
300 °C, the framework loses solvent molecules, whereas in the subsequent region
(300 - 500 °C) no further mass loss is observed. At 500 °C, the framework starts
to decompose. Consequently, many ZIFs are good candidates for separation and
storage applications at medium temperature ranges of up to 500 °C.
Unfortunately, ZIFs exhibit only low physical stability. Coudert and coworkers
were able to show that the very high porosity of the empty ZIF-8 causes a low
resistance to shear and pressure-induced shear softening. Thus, the ZIF-8
framework could be damaged at 0.4 GPa.[37] Furthermore, ZIF frameworks show
no rigid frameworks at room temperature. There are some recent reports for the
neat ZIF-8 and the neat ZIF-90 frameworks that demonstrate an adsorption of
bulky molecules such as benzene or xylenes [38-40], despite of their pore
openings of 3.4 A and 3.5 A respectively, as found by Rietveld XRD analysis.[32,
33] Hence, it seems to be possible that adsorbed molecules can open the pores
(also called “gate”) under certain conditions. Furthermore, gas sorption studies on
different ZIF powders show hysteresis that arises from threshold pressures

inducing the “gate opening”.[41-48]

1.2.5 Mass transfer in ZIFs

Generally, a mass transfer through a membrane is possible if a driving force is
applied. In our case, the mass transfer takes place due to a constant pressure
difference Ap between the feed side and the permeate side of the membrane.[49]
The feed gas is the applied gas mixture that crosses the membrane. A part of the
gas mixture cannot pass the membrane and hence form the retentate. The other
gas molecules will permeate through the membrane and make up the permeate

which is transported through the pipes by an inert sweep gas (see Fig. 4).
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Fig. 4: Schematical illustration of the permeation apparatus. The mixed feed gas
(gas 1 and gas 2) crosses a membrane. A part of the gas mixture does not
permeate through the membrane and leaves the apparatus as retentate. The other
part of the gas mixture permeates through the membrane and is transported via
sweep gas into a gas chromatograph. To apply a pressure difference across the
membrane the back pressure valve can be closed. The digital manometer indicates

the pressure on the feed side of the membrane.

The ZIF membranes have been prepared on stabilizing macroporous alpha-
alumina supports, which may influence the mass transfer. But their effects on the
separation process are negligible compared to the influence of the microporous
ZIF layer.[50] Thus, the following chapter will only focus on the mass transfer
through ZIFs.
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1.2.5.1 Sorption on ZIFs

The sorption of a gas on or inside a ZIF is an equilibrium process during which
the molecules interact with the surface by chemisorption or physisorption.
Chemisorption means a covalent bonding between the adsorpt and the adsorbent
with an adsorption enthalpy of about 200 to 400 kJ/mol. The chemisorption is
usually exothermic and the adsorbed molecules often decompose during this
process. Between the gaseous species and the ZIF surface, physisorption normally
takes place. Compared to chemisorption physisorption is a much weaker sorption.
The gaseous species are only bonded by Van der Waals interactions with an
adsorption enthalpy of about 20 to 40 kJ/mol. This weak interaction often results
in breaking the bonds between the adsorptive agent and the adsorpt which means
that the gaseous species stay unchanged.[51] The energetic effect of the sorption
process can be described by the following parameters, the adsorption enthalpy
AyqH and the adsorption entropy A,4S (see equation (1)). A,4S is normally
negative since the adsorption process increases the order of the system. Thus, the
adsorption enthalpy has to be more negative than TA,;S (exothermic process) so
that the reaction occurs spontaneously (A,4G < 0):

AadG = AadH - TAadS (1)

A,qH can be measured calorimetrically and is determined by :

(a ln([%)> _ _ DaaH )
k

oT RT?
i

i

wherein [%] is the normalized partial pressure of the gas i, the temperature is

denoted by T, k; is the constant adsorpt concentration and R represents the ideal

gas constant.[2, 51]

The sorption process is often illustrated by the coverage ratio 6 as a function of

the partial pressure p; at a constant temperature T. The coverage ratio is thereby

defined as:
v
e o Vmono (3)

12



1. Introduction

with V as the volume of the whole adsorbate and V,,,,, as the volume of the
adsorbate that forms a monolayer on the substrate. The resulting curves are called
isotherms. According to IUPAC, the isotherms are subdivided into six groups (see

Fig. 5) [52, 53]:

E—
p; | Pa

Fig. S: Types of adsorption isotherms according to the UIPAC definition (I-VI) as

a function of the coverage ratio 8 in dependence of the partial pressure p;.

Pure microporous materials often show type I isotherms, which means a steep
increase of the adsopt concentration at low pressures, until the micropores are
completely filled and the coverage ratio remains constant. To describe a type |

isotherm the Langmuir model is mostly used.[2]
The Langmuir model is a very simple theoretical model, which assumes that:

e The adsorbed molecules form only a monolayer
e The surface is uniform on the molecular level, which means that all

adsorption bindings are equal and

13



1. Introduction

e The adsorbed molecules don’t have any interaction between each other

Thus, the dynamic equilibrium of the gas molecules i and the binding sides M on
the surface can be described by i(g) + M(surface) = iM (surface). In the
reaction shown, the adsorption takes place with a velocity k.4 and the desorption
with a velocity k,,. The variation of the coverage ratio with respect to time during
the adsorption can now be described by k,; and the partial pressure p;, the
number of all binding sites N and the ratio of the not covered binding sites
(1-20):

de

% = kaaPiN(1~ 0) @

The variation of the coverage ratio with respect to time by desorption accordingly
is:

ae
at = kgqeNO ®)

Using equation (4) and (5), the coverage ratio 6 in the Langmuir model is given
by:

Kaa,,
g = Lo _ _ Kb (6)

3 =
1+Ldpl. 1+K;p;
kge

This basic equation (6) can be modified to describe the coverage ratio of i in a

multi-component isotherm of two gas species i and j:

K:D;
9, = __SiPi (7)
1+Kipl-+ijj

Although the Langmuir isotherm fits very well to the experimental data, the
surface area obtained does not describe the true inner surface areas of ZIFs,
because the filling of the micropores does not necessarily lead to a large
monolayer. [51] For a better fitting the multilayer model of Stephen Brunauer,

Paul Emmett and Edward Teller (BET model) is often used.

The BET isotherm characterizes the coverage ratio of a gas species i (6;) as a
function of the equilibrium pressure p, the saturation pressure p* of the species i

above the adsorbate-multilayer and a constant c:
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B
91 (1—%)-{1—(1—(:)-%} (8)

The proportionality constant ¢ depends on the desorption enthalpy A;.H and the
evaporation enthalpy A,H as well as on the ideal gas constant R and the

temperature T:

AgeH-ApH
c = o¥F ) )
The BET model requires:

e An energetically homogenous surface
e The possibility of forming undefined numbers of adsorbate layers

e No lateral interactions between the adsorbed molecules.

Accordingly, the BET model is only able to indicate the values of the inner
surface for microporous materials, but it is not able to quantify the real values.[2,

51]
1.2.5.1 Diffusion in through ZIFs

The gas permeation through ZIF membranes is caused by a pressure difference
Ap; applied across the membrane. During the steady-state the upper/feed and the
bottom/permeate membrane sites thus show a concentration gradient

Vc; = ¢; g — ¢;y (concentration of the upper site ¢; ; and the bottom site ¢; p).

The mass transfer through a ZIF membrane can be quantitatively described by

Fick’s empirically found first law, which defines the diffusivity (D;):

OCL'

Ji=-Di;

= —DiVCl' (10)

where J; is the flux of a component i and V¢; means the concentration gradient in
the z direction. If the concentration varies in all three directions, then Fick’s

second law applies:
%4 = y(DVey) (11)

which when expanded is
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aCi _ (aZCi aZCi aZCi)
at D; dx2 + dy?2 + 9z2 (12)

It should be noted that the diffusivity D; is not a constant, but can show a strong
concentration dependence. Generally, Fick’s first law can also be used for
multicomponent diffusion systems.[54] In that case, the flux J; of a component i

in a system with n — 1 other components is described by
with the mixture diffusivity D;; which may significantly differ from the diffusivity

D; if the components influence each other in a multicomponent system. In Eq.

(13) one component (component n) has to be a solvent.

Fick’s first law implies that the driving force for the diffusion is the concentration
gradient. This is, however, only a macroscopic observation. The actual driving

force is the difference in the chemical potential y;. If the diffusion is considered as

. . . . . o dy
a flow driven by a chemical potential gradient in the z direction ﬁ, a

counteracting force can be defined — the frictional force with a friction

coefficient f. Thus, in the steady-state following equation holds:

frug=—t (14)

dz

where u; is the flow velocity of the species i. The flux is given by:

Ji=ui-¢ (15)

To relate the chemical potential y; to the concentration c;, the partial pressure p;

must be considered, resulting in:

u; = p + RTIn(p;/[p]) (16)

dCi

2 intc,/1c) the flux in the steady-state

Using eq. (14), eq. (16) and the relation ¢; =
can be written as:

__1RTdIn(pi/[p]) | de; RT dIn(pi/[p])  dc;

Ji=ui ¢ = f dz d in(c;/[c]) - _7WL/[C])E (17)

By comparison with eq. (10) the transport diffusivity D; can be expressed as:

_ RT din(pi/[pD)
D = o (18)
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d in(p;/[p])

where eIl

represents the gradient of the equilibrium isotherm in
logarithmic coordinates.[55, 56]

The difference in the chemical potential as the driving force is also presumed in
the Stefan-Maxwell formulation. This model has the advantage that the

diffusiveties D;jhave values found from binary experiments and that the model

does not require designating one species as solvent. For isothermal conditions the

Stefan-Maxwell formulation can be simplified to:

Ji = =B Tty (19)

with J; as the flux of the component i, D;; as the Stefan-Maxwell diffusivity for

d in(p;/[p])

both components i and j, d In(c;/[c])

as the equilibrium isotherm of the component

. dc; . o L
i and d—(;‘ as the concentration gradient in the z direction. Eq. (19) can also be used

to describe the diffusion of a single component i in a porous adsorbent k. In this
case, the Stefan-Maxwell diffusivity D;;, means the diffusivity of the component i.
Furthermore, in a microporous adsorbent there is no clear distinction between
molecules adsorbed on the surface and those free in the gas phase. Therefore, only
a total “intracrystalline” concentration c¢ is considered. Assuming an ideal vapor

phase, the transport equation then takes the form:

—_p%*__ din(p/[pD  dec
J=-D dz (DO d In(c/[c]) )dz (20)

d In(p/[p])

D, is defined as the corrected diffusivity and din(c/[c)

= I" is the thermodynamic

factor which arises from the nonlinearity of the relationship between the partial

pressure and the concentration.[55]
1.2.6 Gas separation performance of ZIF membranes

ZIF membranes were tested for many important industrial separation applications
such as natural gas sweetening, carbon dioxide capture, and hydrogen
purification. Until now only a few ZIFs could be synthesized as dense
membranes, namely ZIF-7, ZIF-8, ZIF-9, ZIF-22, ZIF-69, ZIF-71, ZIF-78,
ZIF-90, ZIF-95 and ZIF-100.[18, 36, 57-74] The advantage of ZIF membranes in
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comparison to commonly used polymer membranes is a size and shape
discrimination resulting from their narrow pore distributions. Additionally, ZIF
membranes can also be modified to achieve enhanced solubility-based
separations. Hydrogen, for example, is purified under conditions that require
membrane operation under high temperatures, pressures, and aggressive gases.
The purification involves separating hydrogen from a variety of mixtures,
including H,/CO,, Hy/CH4, and Hy/N,. In the H,/CO, separation, ZIF-7, ZIF-8,
ZIF-22, ZIF-78, ZIF-90, and ZIF-95 membranes exceed the present Robeson plot.
[58-78] The ZIF-8 performance in the H,/CHy4 separation is median relative to
other materials and does not reach the polymeric upper bound.[36, 38]

In general, ZIF-8 appears uniquely suited for several potential gas separation
applications that include CO, removal from CHy4 streams (acid gas removal) or N,
(post-combustion CO, capture) and separating N, from O,. The expectations
stems from the similarity between the crystallographic pore diameter of ZIF-8
(3.4 A) that falls between these pairs (critical diameter of O,: 3.5 A, Nj: 3.6 A,
CO,: 3.3 A, and CHy: 3.8 A). Unfortunately, ZIF-8 performance falls short of
expectations since the material framework is quite flexible. Consequently, the
trend of gas diffusivity in ZIFs is different from that observed for rigid zeolites
that have a sharp decrease for gas molecules with critical diameters similar to the
crystallographic pore size. ZIF apertures have been modeled as a temporal
distribution of pore sizes, in which large pore openings are rare. Thus, it becomes

increasingly difficult for large molecules to pass.[41-48, 75]

1.3 Mixed Matrix Membranes (MMMSs)

1.3.1 The advantages of MMMs

MMMs consist of an inorganic or MOF phase in the form of nano- or micro-
crystals (discrete phase) which are embedded in a polymeric matrix (continuous
phase). The combination of two different materials with different fluxes and
selectivities provides the possibility to fabricate more stable and highquality
membranes.[76, 77] If, for example, porous additives like zeolites or MOFs are

combined with low permeable, glassy polymers, a strong improvement of

18



1. Introduction

permeability is expected, which is economically attractive for large scale
separations. MMMs in general attracted attention as a promising means to
improve the properties of polymer membranes. Polymeric membranes suffer from
a trade-off relationship between the permeability and the selectivity, which is
clearly illustrated in the so-called Robeson plots.[9] The separation abilities of the
MMMs, however, can be far above these plots.[78] In addition, MMMs are often
mechanically more stable than the pure inorganic or MOF membranes and easier
to produce. Furthermore, it is possible to fabricate hollow fibre membranes out of
MMMs, which is nearly impossible for the inorganic or MOF membranes.[79] In
some cases the new materials offer enhanced physical, thermal and mechanical
properties in the face of aggressive environments and could therefore be used to
stabilize polymer membranes against variations in permeability and selectivity by
temperature.[80,81] However, there are still some difficulties to overcome. One
significant problem is the compatibility of the polymer and the additive to get a
mechanically stable membrane with a homogenous particle dispersion.
Agglomerates, however, represent unselective pathways for gas molecules.[22,
23] Additionally, unlinked additives tend to get separated from the polymer
solution during the drying process due to gravitation. This phenomenon allows
only moderate particle volume fractions of around 30 vol-% and a highly viscid
MMM solution for the membrane preparation. The drying process is also very
crucial since fast drying leads to solvent entrapments in the polymer, whereas

slow drying promotes the segregation of additives.

1.3.2 MMM Classification

1.3.2.1 MMMs with rubbery and glassy polymer

MMMs can be synthesized using rubbery and glassy polymer matrices. But the
choice of the polymer has far reaching implications for the separation
performance of the resulting membranes. Different studies show a high
correlation between the chemical structure of the polymer and the observed gas
permeation parameters.[80-83] As to the rubbery polymers, most detailed studies

were performed for siloxane with different side chains.[76, 84-86] It was shown
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that when the size of the side groups increases, the chain becomes less flexible,
the glass transition temperature, as a result, increases and the gas permeability
decreases, while the selectivities sometimes increase. In this, rubbery polymers
differ from glassy polymers, where the introduction of larger side groups often
results in an strongly increased permeability.[82] An explanation for such a
behavior can be given on the basis of the free volume theory.[87, 88] So far, only
the effect of nonpolar side chains have been considered. The introduction of
functional groups which are capable of dipole-dipole interactions or which can
form hydrogen bonds can strongly influence the gas permeability due to
increasing interchain interactions or interactions with some penetrants. Thus, an
increase of the selectivity is possible.[89] Generally, rubbery polymers have a
high gas permeability and only a moderate gas separation selectivity, while
glassy polymers often show great selectivities but a moderate or low gas
permeability.[9] Beside the correlation between the structure of the polymer and
the observed permeation, the polymer structure also influences the matrix-additive
interaction.[23] For example, if the glass transition temperature of a solvent-
swollen polymer is higher than the MMM synthesis temperature, the evaporation
of the solvent during the MMM synthesis process can lead to considerable tensile
stresses in the glassy polymer matrix. These stresses can tend to void-forming
between the polymer and the additive surface, but only if the interactions of the
polymer and the additives are not too strong as, for example, between zeolites and
glassy polymers.[90, 91] On the other hand, if the polymer is rubbery at the
MMM synthesis temperature, it is still flexible and can adapt to the sieve surface
even when all the solvent has left. The formation of defects is unlikely with this.
Nevertheless, repulsive interactions between the polymer and the additive may

also lead to poor MMMs.[92]

1.3.2.2 MMMs with inorganic fillers

The integration of zeolites into a polymeric membrane has attracted much
attention since it is possible to combine the size and shape selectivity of zeolites
with the mechanical stability of polymers. However, the interaction between

polymer and zeolite is often poor, thus leading to void spaces between both
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components. Another problem arises from the partial pore blockage of the zeolite
pores. This phenomenon has, for example, been observed with 3A, 4A and 5A
zeolites in polyethersulfone matrices, where the permeabilities of the gases
decreased with an increase in additive amount. Only the 5A zeolite got constant
permeability values.[76, 82] Because of these challenges, the zeolite MMMs have

never attracted industrial usage.

1.3.2.3 MMMs with inorganic-organic fillers

Because of their hybrid nature with organic parts, MOFs are of increasing interest
as porous fillers in MMMs. It is possible to functionalize the ligands of the MOFs
accessing a better interaction between the polymeric phase and the disperse MOF
phase. Thus, the formation of micro-gaps between an inorganic-organic MOF and
an organic polymer phase can be avoided. The first incorporation of a MOF into a
polymer for the fabrication of gas selective MMMSs has been that of copper(Il)
biphenyl-dicarboxylate-triethylenediamine into poly-(3-acetoxyethylthiophene).
[93]

1.3.3 Limitations of the MMM synthesis

1.3.3.1 Particle size, sedimentation, and agglomeration

The effect of different particle sizes on the separation ability of MMMs has been
investigated for silicalite in PDMS.[94] It was shown that the permeability of
MMMs decreases with decreasing particle size of silicalite. This behavior may be
due to the rigidified polymer layers around the zeolite. The importance of using
small filler particles to achieve a good n-C4H;¢/CH4 separation in PMP has been
demonstrated in [95]. Significant increase in permeability has been observed only
for particles smaller than 50 nm. Obviously small particles show a tendency to
agglomerate, which leads to defective MMMs.[96]

One of the most influential factors during the MMM preparation is the particle
agglomeration due to small particle sizes, sedimentation or migration to the

surface. Due to different physical properties or different densities between the
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filler and the polymer, precipitation of the additive may occur, resulting in the
formation of inhomogeneous membranes. Furthermore, agglomeration of the filler
particles will result in empty, non-selective voids in the MMM. One solution to
eliminate the problem of sedimentation was to increase the viscosity of the MMM
solution in order to slow down the process.[97, 98] Another solution is to form
and dry the membranes rapidly [99] or to match the polarity of the polymer matrix
and the filler’s surface groups as well as a covalent binding between both
phases.[100] As a rule agglomeration gets serious, when extending the filler
loadings up to 30 vol-% of the MMM and when the fillers and polymers do not
show any attractive interaction between each other. In contrast to sedimentation,
particles agglomerates move to the membrane surface when the membranes were
formed at high temperatures. This phenomenon is the result of convection cells
which are formed during the film formation due to different surface tensions.[81,

101, 102]

1.3.3.2 Interface morphologies

The permeabilities of MMMs strongly depend on the nanoscale morphology of
the interface between the polymer and the filler. Fig. 6 shows a schematic diagram

of various nanoscale interface structures.

22



1. Introduction

Casel

Case2

Rigidified polymer

s

Ideal morphology

Cased

Case3

t Reduced per-

ity Fegia Interface voids

Fig. 6: The schematic diagram of various morphology of the mixed matrix
structure.[22] Case 1 is the ideal case without morphology changes; case 2 shows
a rigidified polymer due to the incorporation of filler particles; case 3 shows a
reduced permeability region on the surface of the porous filler particles and case 4

illustrates the void-forming between the polymer matrix and the filler particles.

The case 1 is the ideal case, in which the filler particles and the polymer have a
defect-free, structural unchanged transition. Its separation results correspond to
the ideal Maxwell model predictions (see chapter 1.3.4). The second case of the
diagram shows a rigified polymer layer around the filler, which can be induced by
strongly attractive interactions between the polymer and the filler surface. Case
three displays a situation in which the filler pores have been partially closed by
polymer chains or additives. This case is sometimes observed with zeolites in
polymer matrices.[103-105] The last case shows an interface void between the
filler and the polymer, caused by repulsive interactions or stress-induced void-

formation.
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In general, pore blockage of porous fillers always decreases the gas permeability
of the MMMs, while its effect on the selectivity of MMMs is different.[104, 106]
Pore blockage considerably decreases the selectivity if the original pore size of the
filler is comparable to the molecular diameter of the gas molecule. On the other
hand, pore blockage may increase the selectivity if the original pore size of the
filler is larger than the molecular diameter of the studied gases. Since pore
blockage disturbs sometimes the separation function of the inorganic filler,
investigations are necessary to suppress this effect. Li et al.,, for example,
modified the zeolite surface by using a silane coupling agent (APDEMS =
(3-amino-propyl)-diethoxymethylsilane), which induced a distance of about 5-9 A
between the polymer chains and the zeolite, thus reducing the partial pore

blockage.[106, 107, 108]

1.3.4 Mass transport and permeability

In the area of membrane-based gas separation, non-porous polymeric membranes
separate according to the solution-diffusion model.[107-109] Herein, the gas
permeation is controlled by the diffusivity coefficient (D) and the solubility
coefficient (S). The diffusivity is the mobility of individual molecules passing the
polymer chains. The solubility (S), in contrast, is the ratio of the dissolved
penetrant concentration in the upstream face of the polymer c; ,-¢ to the upstream

penetrant partial pressure p;:
Ciz=0 = Si " Di 21)

The permeability (P) represents the ability of molecules to pass through a

membrane:;
P=D-S (22)

The ability of a membrane to separate two molecules i and j can be described by

the ratio of their permeabilities, called the membrane selectivity a;; [49]:

_ P

al-j = P]- (23)

Accordingly, the difference in the permeabilities of the two gas species results not

only from the diffusivity difference, but also from the differences in the
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interactions with the polymer. An upper limit for the performance of polymeric
membranes in gas separation was predicted by Robeson in the early 1990s.[10]
Improvements have been achieved by using MMMs. To predict the MMM
performance various models are available, including the Maxwell model, the
Higuchi model, Landuer model, and the effective medium theory. Several studies
have compared the predictions of MMMs with these studies and found that the
predictions were very similar.[22, 98, 110, 111] Nevertheless, the Maxwell model
is the most appropriate model to estimate the predicted MMM behavior, because
of the simplicity of the expression and its well-fitting predictions. The Maxwell
model first analyzed the steady-state dielectric properties in a conducting dilute
suspension of identical spheres.[112] When this analysis is extended to find the
composite permeability of a composite containing a dispersion of spheres, the

following expression results:

P — [Pd+2Pc_2¢d(Pc_Pd)
eff =t pygt2pctdpa(P—Pa)

24)

where Psy 1s the effective composite permeability, ¢4 the volume fraction of the
dispersed phase, P. the permeability of the continuous polymer matrix and P, the
permeability of the dispersed filler material. By defining a “reduced permeation
polarizability” B as [86]:

Pg—Pc

b= (25)

Pg+2P;

the effective composite permeability can also be written as

_ 1+26¢
Peff _Pc[l—ﬁd)dd]' (26)

For the “reduced permeation polarizability”, three different cases exist: For highly
permeable fillers (P; > P.) B becomes 1, for equal permeability in both phases
becomes 0 and for non-permeable filler P; =0 B becomes -0.5.[113] The
Maxwell model is intended to be applicable for low filler loadings (¢4 < 0.2)
since it assumes that the diffusion mass transport around filler particles is not
affected by the presence of nearby particles. The Bruggeman model is an
improved version of the Maxwell model for higher loads and correlates the
effective permeability (P.rr) with the volume fraction (¢4) of the dispersed

phase:
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Peir)_ (P 2
(2) (pc)] () = - ) 27)

1—(};—‘;) Pc

The above Maxwell and Bruggeman models give similar results up to ¢4 = 0.2.

[114] For non-ideal MMMs with interface voids, polymer chain rigidification and
pore blockage, the Maxwell model can be modified to a model for a three-phase
system. The permeability Py of this three-phase membrane was obtained by
applying the Maxwell model twice. At first the permeability of the combined
interface void/rigidified polymer phase and the molecular sieve can be described
with a revised version of the Maxwell model, in which the molecular sieve is the

dispersed phase and the interface void/rigidified polymer is the continuous phase:

_ Pg+2P1—2¢s5(P;—Pq)
Pegr = I[Pd+2P1+¢5(P1—Pd)] (28)

Herein, P,fs is the permeability of the combined sieve and interface (void or
rigidified polymer phase), P; is the permeability of the dispersed sieve phase, P;
is the permeability of the interphase and ¢, is the volume fraction of the
molecular sieve in the combined phase (molecular sieve plus interphase). Finally,
the permeability of the three-phase membrane (polymer plus interphase plus
molecular sieve) can be described by the permeability of the continuous polymer
phase P, and the permeability of the dispersed and combined inter- and molecular

sieve phase Pgsr. Thus, P3ppypy 1S given by:

Peff+2Pc=2(a+$1)(Pe=Pesy) (29)

P. =
3MMM ¢ Peff+2Pc+(¢d+¢l)(Pc_Peff)

with ¢4 as volume fraction of the sieve phase and ¢; as volume fraction of the

interface in the three-phase membrane.[22, 23]
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2 Pervaporative separation of benzene containing

mixtures on ZIF-8 membranes

2.1 Summary

The separation of alkanes and aromatics is a popular topic, which gets
increasingly important since a recent regulation of the US Environmental
Protection Agency called most refiners on to reduce the benzene content in
gasoline to less than 0.62 vol-% till 2013. Unfortunately, it is difficult to meet the
demands only with pre-fraction of the naphtha stream. The pervaporation or vapor
permeation of the n-alkane/aromatic mixture by nanoporous membranes would be

a less-energy intensive solution for this problem.

In chapter 2.2 ZIF-8 was evaluated as a selective membrane for the pervaporative
separation of n-hexane/benzene and n-hexane/mesitylene. Although the size of the
pore window of ZIF-8 is 3.4 A from crystallographic data, it was found no sharp
separation between the n-alkane and the bulky benzene molecule, whereas
mesitylene was not adsorbed. This experimental finding can be explained by a

marked framework flexibility of ZIF-8.

Additional “H NMR experiments were carried out by our cooperation partners
from the Boreskov Institute of Catalysis in Novosibirsk, who characterized and
quantified the molecular dynamics of benzene adsorbed in ZIF-8 (chapter 2.3). It
could be observed that the benzene molecule undergoes fast rotations within the
ZIF-8 cage and relatively slow isotropic reorientations by collisions with the
walls. Furthermore, benzene undergoes also translational jump diffusions between
neighboring cages. The benzene mobility could be estimated by the self-diffusion
coefficient of Doy ~4-107'®m?s™* at T =323 K. The macroscopic
pervaporation measurements of our group, however, showed a diffusivity of
3.5 -107m?2s71 at T = 298 K and a fractional occupancy of ® = 0.99. This

experimental finding could demonstrate the limits of macroscopic measurements.
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2.2 Pervaporation studies of n-hexane, benzene, mesitylene and their

mixtures on zeolitic imidazolate framework-8 membranes
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The metal-organic framework (MOF) ZIF-8 (ZIF-8 = zeolitic imidazolate framework-8) was evaluated as
molecular sieve membrane in the pervaporation of the two liquid mixtures n-hexane/benzene and n-hex-
ane/mesitylene. Though it is known from permeation studies of light gases that ZIF-8 membranes show
no sharp separation cut-off at the estimated crystallographic pore size of 3.4 A, highly branched or aro-
matic hydrocarbons > Cs could be expected therefore to become rejected by the ZIF-8 pores thus remain-
ing in the retentate. However, the ZIF-8 membrane shows for n-hexane and benzene remarkable fluxes.
Under consideration of the leakage of the apparatus, we can state that n-hexane and benzene can pass the
ZIF-8 membrane. Benzene had a lower flux than n-hexane, whereas for mesitylene we could only observe
a very small leakage rate through the O-ring gasket. Correspondingly, medium mixture separation factors
have been found for the pervaporation separation of a liquid n-hexane/benzene mixture, Additional
mixed gas hydrogen/methane separations, adsorption experiments and leak rate measurements were
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carried out to evaluate the results.
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1. Introduction

The separation of alkanes and aromatics is a popular topic,
which nowadays gets even more important. One of the US EPA’s
(EPA = Environmental Protection Agency) recent regulation (MSAT
IT) calls refiners to further reduce aromatic compounds to less than
0.62 vol.% in US gasoline until 2013 [1]. A survey published by EPA
showed that most of the refiners plan to install additional naphtha
pre-fractionation capacities [2]. The catalytic conversion of aro-
matics as proposed by Weitkamp can be a competing technology
[3]. Molecular sieving of n-alkane/aromatic mixtures by nanopore
membranes in pervaporation or vapour permeation might be an-
other competing technology to distillation.

Molecular sieve membranes, such as zeolite membranes, are
based on the principle of physical separation by size exclusion
[4]. Additionally, also the interplay of mixed component adsorp-
tion and diffusion can result in remarkable separation effects [5].
However, up to now, only LTA zeolite membranes are used in the
de-watering of bio-ethanol [6]. There is still no commercial zeolite
membrane-based gas separation process on the market. It is hoped
that metal-organic framework (MOFs)-based membranes can
solve the problems encountered in the development of zeolite
membranes [7,8]. MOFs are porous hybrid organic-inorganic

* Corresponding author.
E-mail address: juergen.caro@pci.uni-hannover.de (J. Caro).

1387-1811/$ - see front matter ©@ 2012 Elsevier Inc. All rights reserved.
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materials consisting of metal cations or metal oxide clusters
bridged by organic linker molecules [9-11]. Their mechanical
properties are located between inorganic zeolites and organic poly-
mers [12]. MOFs show remarkable properties such as ultra-high in-
ner surfaces, framework flexibility (e.g., breathing or gate opening
effects) [13], and chirality [14]. It is, therefore, not surprising that
MOFs are currently discussed for multiple purposes, such as carri-
ers for drug delivery [15,16], as a storages for hydrogen [17,18] or
for capturing greenhouse gases [19,20], and as future catalyst
materials [21,22]. MOF syntheses are widely template-free and
can be even performed at room temperature by non-classical
methods as layer-by-layer growth [23-25]. This might open new
and efficient pathways for membrane productions that are impos-
sible to realize with classical molecular sieves as zeolites. Recently,
several groups reported breakthroughs in the preparation of poly-
crystalline MOF molecular sieve membranes showing selectivity
above Knudsen in gas separation experiments [26-36]. However,
there are up to now only a few examples utilizing polycrystalline
MOF membranes for liquid phase separation by pervaporation
[37].

In our recent publications, we discussed the separation proper-
ties of polycrystalline MOF membranes employing ZIF-8 (ZIF-
8 = zeolitic imidazolate framework-8 [38]) in several light gas per-
meation experiments [39]. On the basis of these experiments and
reports from other groups [29-31], it can be concluded that the
framework flexibility of ZIF-8 prevents sharp molecular sieving
(cut off) like it is observed for zeolite membranes with a more rigid
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framework. In this report, to the best of our knowledge, we present
the first liquid separation experiments with polycrystalline ZIF-8
membranes by pervaporation. In our investigations, we focused
on the separation of liquid mixtures of n-hexane (critical diameter’
7 =4.3 A [40]) with benzene (¢ = 5.8 A [40]) and with mesitylene
(1,3,5-trimethylbenzene, ¢=8.4A [41]), respectively. Although
the size of the pore window of ZIF-8 is estimated to be 3.4 A from
crystallographic data, several reports have shown that the frame-
work structure of ZIF-8 is in fact more flexible rather than static
and even large molecules like CH, (critical diameter 3.8 A) can en-
ter the pore network [42,43]. In their report on chromatography by
ZIF-8, Luebbers et al. demonstrated that n-alkanes (critical diame-
ter 4.3 A) become easily adsorbed by ZIF-8 [44]. Another chromato-
graphic study showed that more bulky branched alkanes (critical
diameter > 5.4 A) are not able to pass the narrow pore windows
of ZIF-8 whereas the linear ones are adsorbed [46]. The consider-
ation of framework flexibility is crucial to predict correct separa-
tions on MOF membranes. Permeation studies on ZIF-22 [47] and
ZIF-90 [48] membranes also showed that no sharp cut-off exists
for hydrocarbons with critical diameters larger than the crystallo-
graphic pore size. A more appropriate expression for the terminus
“breathing” might be “gate opening” [49]. In a recent paper of Kap-
teijn’'s group, it was shown that ethane is adsorbed by ZIF-7 at a
lower pressure in comparison to the only slightly lighter and stiffer
ethylene [50].

It is, therefore, the aim of this paper to study for the first time
single component pervaporation of n-hexane, benzene, and mesit-
ylene as well as of their binary mixtures on a supported ZIF-8
membrane. Additional mixed gas studies will be done for mem-
brane evaluation.

2. Experimental
2.1. Synthesis of ZIF-8 nanocrystals and seeding suspension

ZIF-8 nanocrystals were prepared by the method reported by
Cravillon et al. [51]. 0.73 g ZnNO3-6H,0 (2.45 mmol, 1eq.) in
50 mL methanol and 0.81 g 2-methylimidazole (9.86 mmol, 4 eq.)
in 50 mL methanol were mixed under vigorous stirring and kept
for 2 h at room temperature. Afterwards, the precipitate was col-
lected by centrifugation and washed two times with 50 mL meth-
anol. Meanwhile, 0.12 g sodium hydrogen carbonate und 1.20g
polyethyleneimine (PEI, ~50% in water, 4 wt.%) were solved in
30 mL water. Eventually, 0.80 g wet ZIF-8 nanoparticles (2.5 wt.%)
were added to the solution, and the suspension was stirred
overnight.

2.2. ZIF-8 membrane preparation

The polycrystalline ZIF-8 membranes were prepared on the ba-
sis of a fine-tuned procedure we published recently [39]. As porous
support, asymmetric o-Al;0; microfiltration disc membranes
(18 mm x 1 mm; Fraunhofer IKTS, former Hermsdorfer HITK, Ger-
many) were used. The previously cleaned supports (acetone, dried
at 90 °C) were dipped in the seeding suspension at 30 °C and 15%-
RH. The dipping parameters were set as following: up
speed = 200 mm min~!, down speed =300 mm min~', lower de-
lay = 10 s, and upper delay = 3 min. The coated supports were dried
overnight at room temperature. For the secondary growth process
054¢g ZnCl; (3.94mmol, 1leq.), 049g 2-methylimidazole

! The critical diameter is the smallest cross-sectional diameter. It can be calculated
from the Lennard-Jones potential under consideration of the electron clouds [40].
Another approach for the determination of critical parameters is the determination of
the “shadow” of a molecule from the projection of the molecule to different planes
[45].
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(5.92 mmol, 1.5 eq.) and 0.27 g sodium formate (3.94 mmol, 1 eq.)
were solved in 80 mL methanol. The solution was filled in a 200 mL
Teflon autoclave and one of the coated supports was put vertically
in the solution. The closed autoclave was heated in the microwave
oven with a heating rate of 7.5 °Cmin~' at 100 °C for 1.5 h. After
the autoclave was cooled down to room temperature, the mem-
brane was washed with 20 mL methanol and dried overnight at
room temperature.

2.3. Characterizations

X-ray diffraction (XRD analysis of a typical ZIF-8 membrane was
carried out on a Bruker D8 Advance diffractometer (reflection
mode, Cu Ko radiation). The 2@ range from 5 to 50 was scanned
with a step size of 0.02. For scanning electron microscopy (SEM),
a typical membrane was manually broken for cross sectional view.
The images were taken on a JEOL JSM-6700F instrument (acceler-
ation voltage = 10 kV, current = 10 pA).

2.4. Gas permeation measurements on ZIF-8 membranes

For an evaluation and comparison with previously prepared
supported ZIF-8 membranes, mixed gas separation was measured
in a modified Wicke-Kallenbach apparatus using an equimolar
H,/CH, feed with a total flow rate of 100 ml min~"' at 1.6 bar pres-
sure. N was used as sweep gas with 50 ml min ' at a pressure of
1 bar.

2.5. Pervaporation experiments on ZIF-8 membranes

For the pervaporation experiments, we used a home-built appa-
ratus as shown in Fig. 1. To seal the membranes within the pervap-
oration module, rubber O-ring gaskets made from different
materials were tested (Table 1). For FKM50 O-Rings a leak rate of
0.3-1.2 x 10~7 mol/min cm? have been determined for n-hexane,
benzene and mesitylene. In the following hydrocarbon pervapora-
tion studies, FKM50 has been used to seal the membrane.

The feed mixtures contained different vol.% ratios of (i) n-hex-
ane and benzene and (ii) n-hexane and mesitylene. The driving
force for mass transfer across the membrane was applied by using
reduced pressure (vacuum) of about 4 mbar. The permeate was
collected in liquid nitrogen cooling traps, and the collecting pro-
cess were stopped after 30 min. The collected samples were
weighted by a precision balance and their composition analyzed
by gas chromatography (GC).

The ideal permselectivity a}f"“’ can be calculated from the pure
component fluxes N; and N; and is defined as follows [52]:

N

ideal __
ﬂu- = Nj

(1)
The corresponding binary mixture separation factor ozg?“’ can be

calculated by dividing the molar ratio of the permeate x;/x; by the
molar ratio of the retentate y;fy;.

Electrical stirrer

Cooling traps
A

Manometer

Membrane. Rotary vane pump
Pervaporation| Flow meter
cell

Manometer

Fig. 1. Experimental setup of the pervaporation equipment.
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Table 1
Leakage rates of different O-ring gasket materials in mesitylene, hexane and benzene
“pervaporation” at 23 °C using a metal plate instead of a ZIF-8 membrane.

Gasket material Liquid Leakage [mol/min cm?]

VMQ70 Mesitylene 2.8 x 1077

FKM70 Mesitylene 2.5 x 1077

Kalrez*6375 Mesitylene 3.0x 107

FKM50 Mesitylene 03 x 1077

FKM50 Hexane 12 x 1077

FKM50 Benzene 08 x 107
Xi/Xj

a.g?ni — l/ ‘] (2)

Yil¥;

2.6. Liquid phase adsorption studies

To prove the adsorption of hexane, benzene and mesitylene by
ZIF-8 we did some liquid phase adsorption studies. Therefore, we
put 0.1 g activated ZIF-8 microcrystals, which were dried for 7 days
at 90 °C, in glass vials and add equimolar liquid mixtures of ethanol
and hexane, benzene or mesitylene, respectively. The vials were
closed air-tight and stored for 24 h at room temperature. After-
wards, the remaining liquids were weighted and analyzed by GC.
The adsorbed amounts of alkane, aromatics and ethanol were cal-
culated from the molar amount of the liquid mixture in the begin-
ning minus the molar amount of the remained liquid divided by
the mass of added ZIF-8.

3. Results and discussion
3.1. Characterization of the ZIF-8 membranes

The top and the cross-section views of the supported ZIF-8
membrane prepared as described in Section 2.2 are shown in
Fig. 2. The SEM images illustrate that the ZIF-8 membrane layer
of about 15 um thickness is continuously and densely grown on
top of the o-Al,05; microfiltration support.

The XRD patterns (Fig. 3) show the phase purity of the ZIF-8
layer formed.

In the mixed gas permeation of an equimolar hydrogen/meth-
ane mixture after Wicke-Kallenbach a mixed gas separation factor
o5y, of 15 has been measured analyzing the retentate and per-
meate compositions by gas chromatography. The individual fluxes
amount Ny, =~ 0.244 ml/min cm?® and Ncy, ~0.015 ml/min cm?.
Both this separation factor and the fluxes are characteristic of
high-quality ZIF-8 membranes [39].

It has to be noted that - as already discussed in the
Introduction - the critical size of methane is with 3.8 A too big to

L. Diestel et al. /Microporous and Mesoporous Materials 164 (2012) 288-293

Intensity [a.u.]

20[°]

Fig. 3. XRD pattern of the ZIF-8 membrane under study. Reflections marked by
asterisks denote signals from the u-Al,05 microfiltration support.

enter a ZIF-8 pore assuming a rigid 3.4 A pore size (see Fig. 4b). This
pore size originates from single crystal studies of ZIF-8 as shown in
Fig. 4a [53]. However, from pioneering in situ XRD studies it is
known that the imidazolate linkers show a swing effect upon gas
adsorption, thus the pores open and give access to the cavity [49].

3.2. Pervaporation

3.2.1. n-Hexane/benzene

The permeate flux N; in mol min~"! ¢cm~? across the ZIF-8 mem-
brane was calculated from the total amount of the permeate col-
lected by freezing. First experiments with the pure components
n-hexane and benzene showed significant mass transfers for both
species. The flow rates were found to amount N,c=8.5 x
10 % mol min ' cm 2 for hexane (nC6) and Npn; =~ 4.4 x 10~7 mol
min~—' cm 2 for benzene (bnz). After subtracting the leakage rates
(Table 1), fluxes of Nycs =~ 8.4 x 10~® mol min~' cm ™2 and Ny, =~
3.6 x 107" mol min' cm 2 remain. From this corrected fluxes,
for n-hexane/benzene separation, an ideal permselectivity
oideat =~ 23 can be predicted. For the equimolar n-hexane/benzene
mixture, the real mixture separation factor ’-":?s',bnz was found to be
much less and amounts to only 8.4 if taking the small leakage ef-
fect into consideration. This finding, that the real mixture separa-
tion factor is much less than the ideal permselectivity, is
characteristic of a physical situation if mass transport of a mobile
component - like n-hexane - is blocked by a less mobile one - like
benzene. It follows indeed from the liquid phase adsorption studies

Fig. 2. SEM top view and cross section of the ZIF-8 membrane under study. The ZIF-8 membrane layer is located on an o-Al,05 microfiltration support.
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Fig. 4. (a) Orientation of the methylimidazolate ring in the 6-membered Zn-methylimidazolate-Zn ring as determined from single crystal XRD data [53]. By adding the
covalent radius of hydrogen, an open pores size of 3.4 A is estimated. (b) A methane molecule (central molecule with van der Waals radii) with a critical size of 3.8 A seems
unable to pass the ZIF-8 pore (outer 6-membered ring with the corresponding van der Waals radii) assuming a rigid framework.

shown in Fig. 5 that benzene - as the less mobile component in
comparison with n-hexane - becomes adsorbed by ZIF-8.

To investigate the possibility of the adsorption of benzene and
mesitylene in ZIF-8, liquid adsorption studies were carried out as
described in Section 2.6. For this purpose, the corresponding adsor-
bates n-hexane, benzene and mesitylene, were mixed with the sol-
vent ethanol. To prevent competition in adsorption between the
solvent and the adsorbates under study, ethanol was employed as

0,010

0,000 4 Il Adsorbed ethanol
. [l Adsorbed alkane/aromatic
0,008 -

0,007

0,006

0,005

0,004

0,003
0,002 4

Adsorbed amount [mol/g ZIF-8]

0,001

0,000 -

ethanol’lhexane  ethanol/lbenzene ethanol/mesitylene

Fig. 5. Adsorption of binary equimolar mixtures of n-hexane, benzene and
mesitylene with ethanol on ZIF-8 powder at 23 °C for 24 h contact time.

solvent since ZIF-8 favors non-polar adsorbates over polar ones
[54]. This assumption is in complete accordance with the findings
from the adsorption of liquid mixtures (Fig. 6). Though the experi-
ments are quite simple and do not allow quantitative statements,
they qualitatively confirm the expectation that n-hexane and
benzene, but not mesitylene, are adsorbed by ZIF-8. Interest-
ingly and in contrast to the finding from Luebbers et al. [44], the

9,0x10°

8,0x10°

7,0x10° o
1 [}
6,0x10°

5,0x10°

4,0x10° +
3,0x10°

2,0x10° A

1,0x10° 4 T
1 = .
0 20 40 60 80 100
0
X5 [%]

n-Hexane flux [mol min"'cm™]

Fig. 6. n-Hexane fluxes from an n-hexane/mesitylene mixture through a supported
ZIF-8 membrane as function of the molar mesitylene ratio X, in the liquid n-
hexane/mesitylene feed at room temperature.
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measurements show that despite its molecular size benzene can be
adsorbed within the ZIF-8 framework. It is interesting to note that
the volume of the adsorbed n-hexane corresponds to the published
pore volume of ZIF-8 of 0.66 cm?/g [38]. The whole amount of the
adsorbed amounts of ethanol and benzene occupies a volume of
about 0.4 cm?fg which means that not the whole pore volume of
ZIF-8 is occupied which might be a kinetic effect. However, there
is no doubt that benzene becomes remarkably adsorbed under our
experimental conditions by ZIF-8. This experimental finding is in
complete accordance with the results of recent breakthrough exper-
iments showing that p-xylene is adsorbed by ZIF-8 although its ki-
netic diameter is almost twice as large as the formal pore size [55].

3.2.2. n-Hexane/mesitylene

Since the single component flux of mesitylene
Nines =~ 3.0 x 1078 mol min~" cm 2 was found to be in the order of
the leak flux, it is not useful to calculate ideal permselectivities
and real mixture separation factors. However, we studied the per-
vaporation of n-hexane/mesitylene on a ZIF-8 membrane for differ-
ent feed compositions (Fig. 6). With increasing mesitylene
concentrations up to molar ratio n-hexane:mesitylene ~ 0.5, the
n-hexane flux decreases continuously. For molar mesitylene con-
centrations >50%, the n-hexane flux does not further decrease.
Obviously, a critical mesitylene concentration of Ny, < 50% is nec-
essary to form the blocking mesitylene layer for the uptake of n-
hexane by the ZIF-8 membrane. This finding is in complete accor-
dance with the model that a non-transporting bulky molecule
blocks the pore entrances for the mobile component as observed
for the sorption kinetics of n-decane on 5A zeolites from nonad-
sorbing solvents [56].

From the adsorptions studies of the ethanol/benzene mixture it
followed clearly (see Section 3.2.1 and Fig. 5) that benzene be-
comes adsorbed by ZIF-8. However, no remarkable adsorption
was found for mesitylene but with increasing mesitylene concen-
tration in the feed, pore blocking by mesitylene reduces the per-
vaporation flux of n-hexane.

4. Conclusions

Supported polycrystalline ZIF-8 membranes were evaluated by
separating liquid mixtures of n-hexane/benzene and n-hexane/
mesitylene as feed in pervaporation experiments at room temper-
ature. Even considering the framework flexibility that already has
proven to spoil a clear cut off in the separation performance of
ZIF-8 in light gas permeation experiments, bulky aromatic com-
pounds should not be able to enter the framework and a molecular
sieve exclusion separation was expected. Surprisingly, this sharp
separation could not be found experimentally. Accordingly, simple
liquid adsorption experiments were carried out with mixtures of
the hydrocarbons under study and ethanol. The measurements
qualitatively show that n-hexane and benzene become adsorbed
by ZIF-8, but mesitylene not. This corresponds to the trend found
in pervaporation experiments, showing that the real mixture sep-
aration factor is lower than the predicted ideal permselectivity
for n-hexane/benzene in comparison with n-hexane/mesitylene
since the maobile component n-hexane is blocked by the less mo-
bile one benzene. In contrast, for n-hexane/mesitylene, molecular
sieving takes place and with increasing mesitylene concentration
in the binary mixture, the n-hexane flux is increasingly reduced
by pore entrance blocking.
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ABSTRACT: In relation to unique properties of metal—organic framework

(MOF) ZIF-8 to adsorb and separate hydrocarbons with kinetic diameters notably 8 v

larger than the entrance windows of the porous system of this microporous @ z\‘zj
material, the molecular dynamics of benzene adsorbed on ZIF-8 has been ¢

characterized and quantified with H nuclear magnetic resonance. We have OD - = e
established that within the ZIF-8 cage the benzene molecule undergoes fast ® P 2 V\‘
rotations, hovering in the symmetric potential of the spherical cage and relatively Cop | ,0

slow isotropic reorientations by collisions with the walls. Benzene performs also vgj Py
translational jump diffusion between neighboring cages characterized by an G i ]

activation barrier Ej, = 38 kJ mol™ and a pre-exponential factor 7pg = 4 X 107%s. % 6’; D:elf-' 4x10"° m’/s
This microscopic measurement of benzene mobility allows us to estimate the self- gg ‘ @ 4
diffusion coefficient for benzene in ZIF-8 (D’ s~ 4 X 107"* m* s™' at T = 323 K). » E, = 38kJmol

Macroscopic measurements of diffusivities derived from membrane permeation

studies (3.5 X 107"* m* s~ at T = 298 K for fractional occupancy © & 0.99) and sorption uptake (D, s &~ 1072 m* s™" at 323 K)
are several orders of magnitude larger or smaller than the microscopic self-diffusion coefficient D’,; which was derived from
relaxation time analysis. This experimental finding is attributed to the limits of macroscopic measurements.

1. INTRODUCTION aromatic molecules with d;, ~ 5 A.%'" This spectacular effect
was related to the “flexibility” of the framework.
The MOF type materials are remarkable to show different

kinds of flexibility including the (i) substantial change of the

Zeolitic imidazolate frameworks (ZIFs) are an important
subclass of metal—organic framework (MOF) materials,
characterized by zeolite-like topologies."”” Such framework

organization coupled with very high pore volume, exceptional unit ce]_ll size, callet-d “breathi.ng",“_” (“) sm'f\ll orno chan‘ge of
for a MOF chemical and thermal stability (up to ~550 °C) and the umEMCiH size for linker reorientation, called “gate

. » 7 ey . . .
tunable organic building blocks, make them highly attractive for OpEiiig. and (iii) the overcoming of the window barrier

applications as gas storage, chemicals encapsulation, sensing, by sl.ightly'larger mo}eculgs W%th SIi‘gﬁl‘;jent kinetic energy under
and separation.®~” consideration of lattice vibrations. ™~ However, for molecules

Although about 100 different ZIF structures were already with critical diameters la_rger» than 3.{: A (Rietveld pore opening
discovered, one of the most studied is ZIF-8."* It is composed of ZIF-8), the gat.e OpEmIng 1 mos.t likely the key phenomenon.
of zinc cations coordinated to four 2-methylimidazolate ligands, Indeed, the application of excessive pressure, temperature, or
resulting in a hybrid material with sodalite topology (SOD) adsorption of guest molecules was demonstrated to induce
with large spherical cavities of ~11.6 A diameter connected by deformations of linker orientation relative to their equilibrium
small windows with a dimension of ~3.4 A pc'sitiomm‘m’2l Pirngruber et al.? described this gate opening

Such framework composition makes ZIF-8 particularly effect as the “transitory tilt” of the imidazolate ligands, which
interesting as a molecular sieve. Indeed it was demonstrated allows to increase the formal pore window size of 3.4 A by

recently that ZIF-8 is capable to separate light paraffins/olefins almost the factor of 2 and tried to correlate this phenomenon
with high selectivity.” These results stimulated further

adsorption and membrane permeation studies that revealed Received: March 18, 2014

ZIF-8 was capable to fit molecules like linear and branched Revised:  May 15, 2014

alkanes” with kinetic diameter of d_;, &~ 4.3 A and even larger Published: May 29, 2014

A4 ACS Publications  © 2014 American Chemical Society 12873 dxdoi.org/10.1021/jp5026834 | 1. Phys. Chem. C 2014, 118, 1287312879
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with separation of n-alkanes/aromatic molecules by ZIF-8 in
breakthrough experiments.'” This linker “tilting” also qual-
itatively explains the relatively high value of the flux of benzene
(Nbensene & 3.6 X 1077 mol min~' cm™2) permeating through
the ZIF-8 membrane.”

However, despite the importance of the problem and
numerous macroscopic measurements, no microscopic study of
the molecular dynamics of benzene inside the ZIF-8 pores was
reported yet. Moreover, the only attempt to estimate the
diffusion of aromatic molecules inside ZIF-8 was made by gas
phase sorption uptake experiments.® These macroscopic
measurements estimated a rather low corrected diffusivity of
D ans ~ 1072 m* 57! for a loading ~1 molecule per cage at 323
K, with a relative high activation energy Epya ~ 40 kJ mol™".
These corrected diffusivities from macroscopic studies should
be comparable with self-diffusivities derived from microscopic
studies.

Measuring such slow translational dynamics, and differ-
entiating it from fast internal rotations expected for adsorbed
benzene, is not a trivial task, and we need some adequate
experimental tool. A particularly good solution could be
provided by solid-state *H nuclear magnetic resonance
(NMR) since it covers a very broad time scale of molecular
motions, 107*=107"" 5. ’H NMR line shape is very sensitive to
the mode and the rate of the motion in which the molecule is
23726 Therefore, *H NMR patterns can be used to
probe the actual mechanism of reorientational motion and thus
serve as a marker of the molecule surrounding in the confined
area. Benzene as the basic and most important representative
among aromatic molecules is often used as a model guest to
probe molecular interactions and organization in different
classes of porous materials. So far the benzene dynamics was
characterized by *H NMR in bulk/condensed state””** and
adsorbed into mesoporous silica gels,***” active alumina,*®*'
graphite,32 zeolites,** % and MOFs.** Those results clearly
demonstrated that benzene mobility was extremely sensitive to
the inner potential provided by the interior of porous material.

In this work we report the successful use of H NMR
technique to probe molecular mobility of benzene inside the
ZIF-8 micropores and estimate the time scale of rotational and
translational motion of adsorbed benzene. For correlation, also
macroscopic measurements of benzene pervaporation through
ZIF-8 membranes have been performed and the derived
transport  diffusion coefficient can be compared with the
microscopic estimation of the self-diffusivity derived from *H
NMR relaxation measurements.

involved.

2. EXPERIMENTAL SECTION

2.1. Materials. Nanocrystals of ZIF-8 have been prepared
following the recipe of Cravillon et al.*” First, 0.73 g of ZnNO;-
6H,0 (2.45 mmol, 1 equiv) in 50 mL of methanol and 0.81 g
of 2-methylimidazole (9.86 mmol, 1 equiv) in 50 mL of
methanol were mixed under vigorous stirring and stored for 2 h
at room temperature. The precipitate was collected by
centrifugation and washed twice with 50 mL of methanol.
Further material was dried in nitrogen at 373 K overnight. X-
ray diffraction analysis (XRD) proved that it was pure ZIF-8
with a crystal size of 40 nm. SEM image of the nanosized ZIF-8
and the corresponding XRD pattern are given in the
Supporting Information.

Perdeuterated benzene-dg with 99.6% *H isotope enrichment
purchased from Sigma-Aldrich Inc. was used in this work.
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2.2. Sample Preparation. In order to prepare a sample for
the NMR experiments, approximately 0.064 g of ZIF-8 powder
was loaded in a glass tube, 5 mm outer diameter, and connected
to a vacuum system. The sample was then heated at 423 K for 8
h under vacuum to a final pressure above the sample of 107> Pa.
After cooling the sample back to room temperature, the
material was exposed to the vapor of previously degassed
benzene-d; (30 mbar) in the calibrated volume (38.7 mL). It
took ~20 min for complete consumption of benzene-dg vapor
to occur (4 mg of benzene was adsorbed). The quantity of
adsorbed benzene corresponded to 1 molecule per cavity of
ZIF-8. After adsorption, the neck of the tube was sealed off,
while the material sample was maintained in liquid nitrogen in
order to prevent its heating by the flame. The sealed sample
was then transferred into the NMR probe.

2.3. NMR Measurements. *H NMR experiments were
performed at the Larmor frequency w,/2x = 61.42 MHz on a
Bruker Avance-400 spectrometer, using a high power probe
with § mm horizontal solenoid coil. All *H NMR spectra were
obtained by Fourier transformation of quadrature-detected
phase-cycled quadrupole echoes arising in the pulse sequence
(90°, — 7, — 90° — 7, — acquisition — t), where 7, = 20 s, 7,
=21 ps, and t is a repetition time of the sequence during the
accumulation of the NMR signal.41 The duration of the n/2
pulse was 1.8—2.1 us. Spectra were typically obtained with
500—1000 scans with repetition time ranging from 1 to 10 s.
Inversion—recovery experiments for determination of the spin—
lattice relaxation times (T;) were carried out using the pulse
sequence (180°, — 7, — 90°,, — acquisition — f), where 7, was
a variable delay between the 180° and 90° pulses. T, values
were derived from the Lorentzian-type spectra according to the
well-known relation T, = 1/7Av, ;,, where Ay, is the width at
a half-height of the Lorentzian line shape. Some experimental
values of T, were additionally measured by a Carr—Purcell—
Meiboom—Gill (CPMG)™* pulse sequence. A good coincidence
of T, measured with CPMG with that derived from the line
width was found. T values were measured with an accuracy of
5—8%, while the estimation of the accuracy of T, values are in a
7—10% interval with regard to the measured values.

The temperature of the samples was controlled with a flow of
nitrogen gas, stabilized with a variable-temperature unit BVT-
3000 with a precision of about 1 K.

3. RESULTS AND DISCUSSION

3.1. Mobility Characterization and Estimation of
Benzene Self-Diffusivity with 2H NMR. Figure 1 shows
’H NMR line shapes expected for benzene molecule involved
in different reorientational motions. The actual reorientation
mechanism of benzene molecules depends strongly on
environmental media. In the gas state, the benzene molecule
represents an axially symmetric rotor with the rotation around
the Cg4 symmetry axis being the most favorable. In the solid
state, the benzene molecule is immobile on the *H NMR time
scale (i, 7. > 107® 5) only below 90 K,*"** exhibiting the line
shape like that shown in Figure la. At the temperature as high
as 100 K the molecules of solid benzene become involved in
the rotation around their Cy axes with the line shape shown in
Figure 1b, and this rotation is retained up to the melting point
of benzene.””**

The presence of other modes of benzene molecule
reorientation, including the random isotropic reorientation,
depends strongly on the particular system. The ’H NMR line
shape of benzene adsorbed in ZSM-$ cannot be described by

dx.doi.org/10.1021/jp5026834 | /. Phys. Chem. C 2014, 118, 12873-12879
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Figure 1. Theoretical *H NMR line shapes for deuterated benzene
molecules undergoing different types of motion: static molecules (a);
fast planar rotation around C4 symmetry axis (b); fast rotation around
both Cy4 and C, axes (c); and fast isotropic reorientation (d).
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isotropic reorientation at temperatures T < 440 K.*’ However,
it can be described by an isotropic motion at T > 200 K in SBA-
15, ALO,,* and NaX zeolite®**® since Lorentzian type line
shapes were observed in these cases. Below 200 K, the random
reorientation of benzene is very slow (7. > 107" s) in the
porous materials mentioned above, even in MIL-47(V) type
material with relatively large pores (~10 A x 10 A) and low
loading of 1 molecule per MOF unit cell.*”

Figure 2 shows the evolution of the *H NMR spectra of
benzene-d,; adsorbed on ZIF-8 in dependence of the temper-
ature. Contrary to other adsorptive systems reported so
far, 2833363743 4he adsorbed benzene exhibits a Lorentzian
line shape already at T &~ 100 K. This indicates that benzene in
ZIF-8 is involved in isotropic motion already at a temperature
as low as 100 K. Such results is a direct spectroscopic evidence
that benzene molecules are indeed isolated from each other and
rapidly isotropically rotating, hovering in the internal potential
of the cavity like a weakly bonded molecular top. From this
finding by H NMR we can conclude that the benzene
molecules have entered the ZIF-8 pore system and do not form
any surface layer on the outer surface of the ZIF-8
nanocrystallites.

The information on benzene dynamics in ZIF-8 can be
obtained from the analysis of the spin—lattice (T,) and spin—
spin (T,) relaxation times as a function of temperature (Figure
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Figure 2. Evolution with temperature of *H NMR spectrum of
benzene-dy adsorbed on ZIF-8 with loading of ~1 molecule per cavity.

3). The behavior of two curves for T; and T, shows that, in
contrast with a typical liquid state situation,* the benzene
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Figure 3. Temperature dependences of HNMR T, (O) and T, (O)
relaxation times for benzene-d; adsorbed in ZIF-8.

molecules in ZIF-8 framework exhibit both (i) very fast
motional modes, governing the T, relaxation times, and (ii)
much slower modes that affect the transverse relaxation T,.
Such behavior of T, and T, was already observed for linear
alkanes in SA zeolite with a cavity—window—cavity structural
topology similar to ZIF-8."

T, smoothly changes with temperature without any bending
of the curve within the temperature range of 100—400 K. This
means that the relaxation is regulated in this temperature
window by a single fast motional mode. However, at 450 K the
T, stops to further increase and tends to decrease with

dx.doi.org/10.1021/jp5026834 | . Phys. Chem. C 2014, 118, 1287312879
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temperature, which indicates the presence of another motional
mode.

T, relaxation shows clearly two regions of its evolution with
temperature. In the temperature region I from 100 to 400 K,
the evolution of T, is characterized by a very low slope, and in
the temperature region II between 400 and 500 K, with a much
steeper monotonic growth. Thus, we have again two motional
modes that define the T, evolution with temperature. It is
important to note that the evolution of T, in the temperature
region Il is clearly meeting the change of evolution of T, in
temperature region IL. This indicates that both T, and T,
evolutions in the temperature region II reflect essentially the
same motion. In order to correctly describe the experimental
results we need a dynamical model that can fit both relaxation
curves simultaneously.

Let us first deal with the T, relaxation. The spin—Ilattice
relaxation is most sensitive to motions with characteristic time
~w,”, ie, ~1077 s, for our experimental conditions. Since T,
evolves smoothly between 100 and 450 K we can assume that
only one internal fast motion controls the molecular motion of
adsorbed benzene. It can be assumed that this fast motion
represents the rotation of the benzene ring around its Cg axis.
However, our fitting test for T, and T, has shown (see
Supporting Information, Figure S1) that one cannot fit both
experimental curves, provided that the T, curve reflects only a
single fast rotation. So we have to assume in addition to the fast
Cg another more slow rotation around the C, symmetry axis.
Since we could not estimate the parameters of the Cg4 rotation,
we have assumed that the kinetics of the rotation around Cj
axis is similar to those measured for benzene in MOF MIL-47
system® (E¢, = 3 kJ mol™; ¢, & 107"% 5). We have to note,
however, that the parameters of the C4 rotation were not
essential for T, and T, curves fitting, provided that benzene is
involved in a second, much slower rotation around its C, axis. It
follows that the parameters of Cg rotation just have to be at
least 10 times faster at 100 K than the second rotation around
C, axis. We have inferred that the rotation around C, axis is
responsible for the observed T, relaxation curve with fitting
parameters Ec, = 6.5 kJ mol ™ and Tco = 1.6 X 1072 5. The

geometry of this rotation is defined by the benzene geometry
(see Supporting Information for fitting details).

The situation for the T, relaxation is more complicated.
Adsorbed benzene exhibits a liquid-like line shape. This means
that T, is defined by an isotropic reorientation of benzene
molecules. However, the fast internal rotations of benzene
alone are not able to explain the observed isotropic pattern. So
some additional motion of benzene must exist. This isotropic
reorientation can arise basically from two types of motion. The
first one is the random collision of benzene molecules with the
walls within one cage of ZIF-8, and the second one is the
translational migration of benzene over the pore system, e.g, by
jumps from cage to cage passing the window. The second
motion could be considered as translational jump diffusion with
a self-diffusion coefficient D’ Tt can be assumed that
reorientation by collisions with cage walls could be
characterized by a small activation barrier and thus governs
the temperature region I of the T, relaxation curve. The
translational jump diffusion through narrow “gates” could
require much higher activation energy. Therefore, it is fast
enough only at relatively high temperatures.

The relaxation model that takes into account four different
modes of benzene motion in ZIF-8 allows us to perfectly fit
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simultaneously both T, and T, experimental curves. Reor-
ientation by random collision with cage walls is characterized by
a very low activation barrier Ey = 2 kJ mol ™' and a rather high
pre-exponential factor 7y, = 1075 s. Such long characteristic
time indicates that either this motion is not very effective in
terms of random reorientation or that the benzene molecule is
literally suspended in the spherical potential of the ZIF-8 cavity.
Its collisions with walls are quite rare, compared to internal
rotations. The translational motion by jumps between the cages
is characterized by an activation barrier of Ej, = 38 kJ mol ! and
a pre-exponential factor 7p, = 4 X 107" 5 as derived from T,
and T, fitting. Such parameters of translational motion indicate
that we are indeed monitoring the microscopic, local diffusion
between the cages. This is essentially the main result of the
present study.

Having got the kinetic parameters for translational diffusion
characteristic time 7p, we can estimate the self-diffusion
coefficient D’ of benzene in ZIF-8 and compare it with
results of macroscopic measurements. Assuming that the
diffusion occurs by jumps between the centers of the cages,
the self-diffusion coefficient D’ can be estimated from
Einstein equation D’ = (I)*/6rp, where [ is the mean
distance between the centers of neighboring cages and 7y, is the
mean residence time of the molecule in the cage. We have
estimated from this equation that D®,; ~ 4 X 107" m”? s™" at
323 K. Such low diffusivity can hardly be monitored by pulsed-
field gradient (PFG) NMR. The arguments for this are
described in the following paragraph.

The PFG NMR diffusometry determines the self-diffusion
coefficient D by measuring the decay of the amplitude $ (S, for
zero gradient) of a stimulated echo in dependence of the field
gradient intensity g by the well-known equation (see ref 47) y
= 8/8, = exp [-D(5gy)(A — (6/3))]. Here, & denotes the
gradient pulse duration and A is the observation time between
the first and third 7/2 pulses of the stimulated echo pulse
sequence. The value of the gyromagnetic ratio amounts for 'H
nuclei y = 267522128 % 10" s~ T~'. We consider now benzene
in ZIF-8 at 323 K with our experimentally estimated self-
diffusion coefficient of D’y & 4 x 107¢ m* s\, In order to
calculate the expected PFG NMR echo decay for the benzene,
we use a gradient pulse duration of 1 ms, which has to be
shorter than the transverse relaxation time (the experimentally
under MAS determined value is 2.9 ms), and an observation
time of ls, which has to be shorter than the experimentally
obtained longitudinal relaxation time of 2 s. In addition, we
assume a maximum gradient of S0 T m™". Then we obtain y &
0.07. However, a value of y & 1 is necessary for the accurate
determination of the self-diffusion coeflicient by PFG NMR. A
maximum gradient of about 200 T m~" would be needed, but is
not yet realized in PFG NMR diffusometry.

Hence, because of the impossibility to measure the self-
diffusion coefficient by PFG NMR for benzene in ZIF-8, we
further compared our *H NMR relaxation estimate of self-
diffusivity with diffusion coefficients derived from (i)
membrane permeation and (ii) sorption uptake.

3.2. Determination of Transport Diffusion Coefficient
from Pervaporation Studies of Benzene through ZIF-8
Membrane. ZIF-8 membrane has been grown as a supported
dense layer on top of a porous ceramic as shown in Figure 4,
and pervaporation studies of benzene on this membrane have
been carried out. Details of the membrane synthesis and
pervaporation are given in ref 22 and in the Supporting
Information.

dx.doi.org/10.1021/jp5026834 | J. Phys. Chem. C 2014, 118, 12873-12879

50



2. Pervaporative separation of benzene containing mixtures on ZIF-8 membranes

The Journal of Physical Chemistry C

ZIF-8 layer

Parous alumina support

Figure 4. Cross section of a 15 ym ZIF-8 membrane on a ceramic
macroporous support.

In single component benzene pervaporation experiments, a
benzene flux of Nyepene & 3.6 X 1077 mol min™' cm™ through
the ZIF-8 membrane has been measured at room temperature.
From these pervaporation experiments, Fickian or “transport”
diffusion coefficients D, ;, and Maxwell—Stefan or “corrected”
diffusion coefficients D; s can be derived (for details, see the
Supporting Information).

According to refs 46 and 47 for constant driving force, the
first Fickian Law gives the permeation flux density N

N = =D paVq, (1

with Vg; as the gradient of the molar loadm‘é D, iy is related to
the D, s by the thermodynamic factor I

D,

ek = Dywst

@

I'; characterizes the curvature of the adsorption isotherm and is
defined by

9% _
B, de

dinp
dlng,

L=

i

(3)

If the adsorption system behaves ideally, i.e,, if there is a linear
(Henry) adsorption isotherm, d In p,/d In g; becomes 1, and
under this condition, the Fickian or “transport” diffusivity is
equal to the Maxwell—Stefan or “corrected” diffusivity (ref 47).

Molecular dynamics simulation showed that at zero loading
the three diffusion coefficients D,gy, Diys and the self-
diffusion coefficient D’ were identical but with increasing
loading D, > Diys = D°,. However, for most adsorbate
systems the self- and Maxwell—Stefan diffusion coefficients
become similar again at high loadings* since at pore saturation
the correlation effects become dominant. Krishna* showed for
mixtures that, as the concentration of guest molecules within
the pores approached saturation, the molecular jumps became
increasingly correlated. When substituting in a thought
experiment the binary mixture components by tagged and
untagged species, this virtual experiment leads to the physmally
expected and mathematically exact relationship D’ = D ys.

For the flux density N;, eq 1 can be simplified to

£Pq,
Ni = 5ﬂtDi,MSl—;(@feed k2 (4)

with the membrane porosity £ = 0.62, the ZIF-8 framework
density p = 924 kg m™, the saturation capacity for benzene q,,,
= 4.5 mol kg’], the ZIF-8 membrane thickness d = 15 um, and
the thermodynamic factor I'. For a single-site Langmuir
isotherm, eq 3 gives I, = 1/(1 — ©,) with © as the fractional

€]

permeate)
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occupancy. Published isotherm data of benzene in ZIF-8°' can
be used for the calculation of I'. As a rough estimate, the
downstream fractional loading of the membrane can be
assumed to be zero, i.e, Oppeye = 0. By assuming different
values of fractional occupancy ©; on the upstream side of the
membrane, the corresponding Djys can be calculated. As
outlined above, for high loadings, the Maxwell—Stefan
diffusivity D,y derived from pervaporation studies should
come near to the self-diffusivity D’ estimated from NMR
relaxation time experiments. This expectation is indeed found
as a tendency in Figure S1, Supporting Information. However,
there is still 1 order of magnitude difference between Dj s ~
3.5% 107" m*s™" from pervaﬁporation at © = 0.99 loading and
the level of D%, ~ 4 x 107'° m* s™! from NMR relaxation.

However, when comparing our result on benzene diffusivity
in ZIF-8 as derived from pervaporation studies with the Dy
data obtained from gas phase sorption uptake experiments,” we
see that the activation barrier of the process is basically the
same ~40 kj mol ™!, whereas the corrected diffusion coefficient
Dy = 107 m? s'l at 323 K is several orders of ma§n1tude
smaller than the microscopic self-diffusion coefficient D’ ¢ = 4
% 107" m* 57" as derived from NMR relaxation analysis, which
underlines the limits of macroscopic transient uptake measure-
ments. Often discrepancies between macroscopic and micro-
scopic diffusivity measurements are reported, which can be
explained in terms of structural defects leading to surface and
intracrystalline barriers, exhibiting dramatic effects on sorption
uptake kinetics on the macroscale but with only minimal
influence on the microscale.*”*>

4. CONCLUSIONS

We were able to demonstrate by means of solid-state *H NMR.
that the benzene molecules are indeed adsorbed inside the ZIF-
8 cages proving the gate opening effect in this MOF on a
microscopic level. At low loadings (~1 molecule per cage) the
adsorbed benzene molecules are located in separate cages and
thus isolated from each other. Within the ZIF-8 cage, the
benzene molecule quickly rotates hovering in the symmetric
potential of the spherical cage and performs relatively slow
isotropic reorientations by collisions with its walls. Finally
benzene performs translational jump diffusion between the
neighboring cages with an activation barrier Ej, = 38 kJ mol™
and a pre-exponential factor 7,y = 4 X 107'" 5. These are the
first microscopic measurements of benzene diffusivity in ZIF-
type materials since the direct measurement of the slow
benzene self-diffusion by pulsed field gradient NMR is not
possible. Our self-diffusivity (D%; % 4 X 107 m*s™ at T =
323 K) estimated from relaxation time analysis using the model
of activated jumps between neighboring cavities lies in between
the Maxwell—Stefan or “corrected” diffusivities derived from
membrane permeation (D,ys & 3.5 X 107" m* s at T = 298
K for fractional occupancy @ » 0.99) and sorption uptake
studies (Dys & 107" m? 57" at 323 K).
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3 Mixed matrix membranes as alternative for MOF and

polymeric membranes

3.1 Summary

Despite the superior performance of the crystalline MOF membranes with their
well-defined pore systems, low flux polymeric membranes rule the commercial
scene because of their reproducibility, processing and mechanical strength.
Furthermore, the scale-up of neat MOF membranes is still a major bottleneck.
However, the existing polymeric membrane materials are not optimal since
improvements of the permeability are always at the expense of selectivity, and
vice versa. During the last few decades, various polymers have been modified
with inorganic or MOF fillers forming MMMs to improve the performance of the
polymeric membranes. MOFs are very promising nanoporous filler materials
because these materials have high surface areas, high pore volumes and a
chemical nature that can be fine-tuned by a special linker selection or post-
synthetic modification. Moreover, MOFs exhibit an intrinsic hybrid nature which

leads to enhanced interactions between the polymer and the filler materials.

In chapter 3.2 rubbery polymer MMMs made of polymethylphenylsiloxane
(PMPS) and ZIF-8 nanoparticles are studied for the separation of different
practice-relevant gas mixtures in comparison with the neat polymer membrane
and the neat ZIF-8 membrane. The neat ZIF-8§ membrane showed the best size
selective separation, whereas the neat PMPS membrane had higher separation
factors for the CO, separations from other gases. It was anticipated that the
selectivity of the 9 vol-% ZIF-8-PMPS MMM results from an interplay of PMPS
and ZIF-8. But actually, the permeability of the MMM was higher than that of the
PMPS membrane and sometimes also higher than the permeability of the neat
ZIF-8 membrane while the selectivity was comparable to that of the neat PMPS.
Thus, these results indicate an increase in free volume for the PMPS polymer after

introducing ZIF-8 nanoparticles.

In chapter 3.3 glassy polymer MMMs consisting of Matrimid®5218 and ZIF-8 or
ZIF-90 nanoparticles, respectively, are studied for the H,/CO, separation and

compared with the neat polymer and the neat ZIF membranes. It was found that
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the embedding of the nanoparticles modifies the separation performance of the
neat Matrimid membrane due to well fittings between the glassy polymer and the
nanoparticles. Thus, the separation behavior of these MMMSs should be able to be
described by the Maxwell-Stefan model. However, the MMMs showed slightly
higher selectivities and lower permeabilities than expected. Even better separation
results could be obtained by binding ZIF-90 particles covalently with

ethyleneamine to the Matrimid matrix.

To verify and explain these surprising results additional separation studies were
carried out. In chapter 3.4 the separation of the binary mixture H,/CH4 on neat
ZIF-8 and ZIF-90, neat glassy Matrimid and 10 to 30 vol-% ZIF-8 and ZIF-90
nanoparticle/Matrimid MMMs are compared. Again surprisingly high separation
performances could be found for the MMMs with particle loadings < 20 vol-%.
Higher loadings lead to agglomerations and segregations, which result in MMMs
with a lower selectivity. After analyzing the polymer structure around the ZIF
nanoparticles, which showed no structural changes, it was concluded that the
polymer matrix seems to prevent the framework flexibility of ZIF-8 and ZIF-90.
To verify this assumption, neat ZIF-8 and ZIF-90 membranes were coated with a
Matrimid polymer layer (dual-layer membrane). Indeed, the polymer coating
caused a suppression of the linker distortion of the ZIF layer in contact with the

polymer which results in enhanced H,/CHy selectivity.
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1. Introduction

The energy-efficient and environmentally friendly separation of
practice-relevant model gas mixtures such as CO,/CH,4 for natural
gas processing, CO,/N; for exhaust gas treatment, H,/CO, for
hydrogen recovery and purification, and O,/N; for the production
of oxygen-enriched air and nitrogen as protecting gas is a challeng-
ing research field [1]. Membrane technology has become a work-
horse in gas purification as it requires less energy for the
separation and has less environmental impacts since it needs no
additional chemicals and produces no waste [2|. Compared with
inorganic membranes, commonly used organic polymer mem-
branes have the benefit of a relatively simple manufacture and
an easy scale-up. But membranes show a trade-off between per-
meability and selectivity. This means that thin membranes with
a high permeability have a low separation quality and vice versa
[3]. This trade-off behavior was illustrated by Robeson in a so-
called Robeson plot [4], which was updated in 2008 [5]. Observing
the development of the polymer membrane technology, there have
been great efforts during the last three decades in permeability and
selectivity [6] by using different monomers [7-13], thermal post
treatment [14], chemical and photochemical crosslinking [15]
and by creating mixed matrix membranes (MMM) with porous

* Corresponding author. Tel.: +49 0511 762 2943.
E-mail address: lisa.diestel@pci.uni-hannover.de (L. Diestel).

1387-1811/$ - see front matter @ 2013 Elsevier Inc. All rights reserved.
http://dx.doi.org/10.1016/j.micromes0.2013.09.012

and non-porous fillers [16-18]. Especially porous filler materials
bear a significant research interest in the field of gas and liquid
separation processes [ 19-23] as these fillers can improve the sep-
aration behavior of membranes by size exclusion and adsorption
effects [24,25]. Besides, the pore size of some porous filler materi-
als - MOFs (metal organic frameworks) for example - can be varied
and their affinities towards certain molecules can be fit for the sep-
aration tasks [26]. MOFs are nanoporous materials, which consist
of metal ions or clusters and covalent linking organic molecules.
ZIFs (zeolitic imidazolate frameworks) are a sub-class of MOFs
with an exceptional chemical stability. This makes ZIFs attractive
as membrane and as filler material. Until now many ZIF mem-
branes could be successfully prepared [27-36]. Especially ZIF-8 is
interesting for separation applications as it shows the best stability
towards temperature and chemicals. ZIF-8 consists of Zn(Il) ions
and 2-methylimidazolate linkers, giving a sodalite structure with
a pore cavity of 11.6 A and a theoretical pore aperture of 3.4 A
[37]. It has been demonstrated as capable separation medium for
smaller gas molecules like H/CH; with a selectivity of 11-15
[29,38,39] and CO,/CH,4 with a selectivity of 4-7 [27]. However,
the separation qualities of the ZIF-8 membrane are not yet satisfac-
tory for industrial applications as the scaling-up is difficult and the
gas permeability through the membrane is low [28,30,32-34].
New MMM consist of nanoparticular fillers, for example zeolite,
MOF, ionic liquid or carbon, which are embedded in a continuous
polymer phase thus combining the molecular sieving property of
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the filler with the established processability of the polymer in one
membrane [40-42]. The manufacture of ZIF-8 based MMM has al-
ready been tried by different groups using different materials.
Zhang et al. [43] for example made 6FDA-DAM/ZIF-8 mixed matrix
membranes, which showed high performance in the separation of
C3Hg and C3Hg. Ordofiez et al. [44] mixed ZIF-8 and Matrimid® for
several gas separations. They found increased permeability values
for H,, CO3, 03, N3, CH4 and C3Hg at loadings of 50 wt.% 100 nm ZIF-
8 and improved ideal selectivities of gas pairs containing small
molecules, such as H»/0,, H/CO,, H,/CH4, CO,/CH4 CO3/C3Hg,
and H,/CsHs. Song et al. [45] made MMM with 20 wt.% 60 nm
ZIF-8 particles and Matrimid®, which showed enhanced perme-
abilities of the pure gases Hj, CO5, O;, N3 and CH,4 with negligible
losses in selectivity. First pervaporation studies have been done
by Liu et al. [46] who tested a 9.1 wt% ZIF-8/PMPS MMM for
alcohol/water separation. But until now, there are no attempts to
compare and correlate the separation behavior of a pure ZIF-8
membrane, a pure polymer membrane and a MMM under the same
conditions

2. Experimental
2.1. Membranes preparation

The pure ZIF-8 membrane was prepared on an x-alumina sup-
port by secondary growth using seed crystals. The ZIF-8 nanocrys-
tals used for seeding ZIF-8 were prepared by mixing 0.73 g
ZnNO3-6H;0 in 50 mL methanol and 0.81 g 2-methylimidazole in
50 mL methanol under vigorous stirring and keeping the solution
for 2 h at 25 °C [47]. Afterwards, the precipitate was collected by
centrifugation and washed with methanol. Meanwhile, 0.12 g so-
dium hydrogen carbonate and 1.20 g polyethyleneimine (=~50% in
water, M; 600,000-1,000,000) were dissolved in 30 mL water.
Then, 0.80 g ZIF-8 nanoparticles were added to the solution, and
the clear suspension was stirred overnight. The alumina support
with 70 nm Al,05 particles in the top layer was dipped in this sus-
pension at 25 °C and 25% humidity. For the secondary growth pro-
cess 0.54g ZnCly, 0.49 g 2-methylimidazole and 0.27 g sodium
formate were dissolved in 80 mL methanol. The solution was filled
in a 200 mL Teflon autoclave and the dried seed-coated support
was put vertically in the solution. The autoclave was heated up
to 100°C in a microwave oven at a heating rate of 7.5 °C min ™!
and kept at 100 °C for 1.8 h. After that, the autoclave was cooled
down to 25 °C for 6 h and finally the membrane was washed with
methanol and activated at 30 °C overnight.

The pure PMPS membrane was prepared by mixing 0.03 g dibu-
tyltin dilaurate, 0.30 g tetraethylorthosilicate, 7.00 g isooctane and
3.00 g PMPS successively at 25 °C in a glass bottle, The mixture was
sonicated for 20 min in an ice bath with a probe-type sonicator and
kept at room temperature for 10 min. Afterwards an «-alumina
support was dipped into the solution for 10 s and withdrawn with
1 mm s~'. The membrane was cured at 25 °C for 24 h, at 100 °C for
12 h and then kept at 100 °C for additional 24 h under vacuum.

For the mixed matrix membrane (MMM), ZIF-8 nanoparticles
were produced at 25 °C by adding 70 mL of a zinc precursor solu-
tion (70 mL methanol with 1.03 g Zn(NQ3),-6H,0) to 70 mL of a
stirred 2-methylimidazole solution (70 mL methanol with 2.07 g
2-methylimidazole) [46]. After 1 h the nanoparticles were col-
lected by centrifugation, washed with methanol and re-dispensed
in isooctane to get a 4.5 wt.% ZIF-8 suspension. Then, 0.03 g dibu-
tyltin dilaurate, 0.30 g tetraethylorthosilicate, 3.33 g isooctane,
3.00 g PMPS and 6.67 g ZIF-8 solution were mixed successively at
25°C in a glass bottle. This mixture was sonicated for 20 min in
an ice bath and kept at room temperature for 10 min. Afterwards
an z-alumina support was dipped into this mixture for 10s and
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withdrawn with 1 mm s~ '. The membrane was activated at 25 °C
for 24 h, at 100 °C for 12 h and then kept at 100 °C for additional
12 h under vacuum. Higher nanoparticle loadings in the MMM
(>15 wt.%) have also been tested but the best separation perfor-
mances have been reached at a content of 8.3 wt.% ZIF-8 nanopar-
ticles due to a homogenous distribution of the particles in the
polymer.

2.2. Membrane characterization

All three membranes have been characterized by X-ray diffrac-
tion patterns (XRD) and scanning electron microscopy (SEM). The
XRD patterns were acquired from 5° to 50° at a rate of 0.02°/min
using a Bruker D8 Advance diffractometer with CuKot X-ray radia-
tion. The SEM surface and cross section view of the membranes
have been performed on a JEOL ]SM-6700F instrument (accelera-
tion voltage = 2 kV, current =5 pA).

The mixed gas separations and single gas permeation experi-
ments with the three membranes were performed in a modified
Wicke-Kallenbach apparatus using equimolar gas feeds with a to-
tal flow rate of 100 mL min~' at 1.2 bar pressure or a single compo-
nent gas feed with a flow rate of 50 mL min~' at 1.2 bar pressure.
For the mixtures H,/CH,4, CH4/CO5, and H,/CO; as feed and the sin-
gle gases Hy, CH4 and CO», nitrogen has been used as sweep gas. For
the mixtures N,/CO, and N,/O; as feed gas and the single gases N,
CO; and 05, hydrogen has been used as sweep gas. The sweep gas
had a flow rate of 50 mL min~"! at a pressure of 1 bar. The ideal
permselectivity ag?"‘” can be calculated from the pure component
gas permeabilities P; and P; and is defined as follows:

P;
Py

; :]l_i'eul - (1)

The corresponding binary mixture separation factor ot;-f“’ has
been calculated by dividing the molar ratio of the permeate x;/x;
as determined in gas chromatography by the molar ratio of the
feed gas mixture y;/y; which nearly corresponds to the molar ratio
of the retentate since the feed flux > permeate flux [50]:

greal _ Xil%i 2
A il @)
3. Results

3.1. Membrane preparation

Fig. 1a and b show the SEM and XRD of the ZIF-8 nanoparticles
as synthesized before embedding them into the MMM. These ZIF-8
particles have a size of around 40 nm (Fig. 1a) and show the char-
acteristic XRD pattern of ZIF-8 (Fig. 1b).

It can be concluded from the XRD of the activated MMM in
Fig. 2b that the embedding of ZIF-8 into PMPS did not change the
crystallinity of ZIF-8. On the other hand, the interaction between
the ZIF-8 nanoparticles and PMPS did not structure the polymer
thus creating a pseudo-crystallinity of PMPS. The XRD of the acti-
vated ZIF-8 membrane (Fig. 2a) shows - as expected - the reflec-
tions of ZIF-8 and of o-alumina. The XRD of the activated
polymer membrane shows a weak broad signal of PMPS (e.g.,
10-15° in Fig. 2c) and the reflections of the z-alumina support.
From comparing the XRD signal intensities of the supported
ZIF-8 membrane layer (Fig. 2a) with those of the non-oriented
ZIF-8 powder crystals (Fig. 1b) and those of non-oriented ZIF-8
crystals in the MMM (Fig. 2b) a preferred crystal orientation can
be stated. This orientation of the ZIF-8 crystals in the membrane
layer is characterized by the so called Crystallographic Preferred

58



3. Mixed matrix membranes

212 L. Diestel et al./ Microporous and Mesoporous Materials 189 (2014) 210-215

200 nm

Fig. 1a. Representative SEM picture of the 40 nm ZIF-8 nanoparticles which were
used for the preparation of the MMM. The SEM picture of the ZIF-8 seed crystals
which were used in the secondary growth membrane synthesis looks quite similar.
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Fig. 1b. XRD pattern of the ZIF-8 nanoparticles shown in (a) which are used for the
MMM preparation. Again, the XRD of the ZIF-8 nanoparticle seeds which were used
in the secondary growth membrane synthesis compares.

Orientation index CPO(X)/(Y) which is based on the (X) reflection
and the (Y) reflection and defined as follows [48]:

cro_ (/) - () 3

(Y) (")

where [ refers to the intensity of a reflection X or Y and M and P refer
to the membrane or the non-textured powder, respectively. If the
CPO index is =1 then the crystals in the membrane have a preferred
[X] orientation. For CPO =0 in contrast, the membrane is non-tex-
tured and for a negative CPO index the crystals in the membrane
even prefer [Y] orientation. For the CPO of the ZIF-8 membrane
under study, we compare the intensity of the dominant (200)
reflection with the intensities of the (110) and (211) reflections.
The CPO indices are CPO(200/110)=28 and CPO(200/211)=8
which clearly demonstrates the organization of the {100} plane of
the ZIF-8 crystals lengthwise to the alumina support. The preferred
crystallographic orientation can be explained by the evolutionary
crystal growth by van der Drift [49]. Starting from a randomly
oriented seed crystal layer on top of the a«-alumina support, the
crystals touch each other during the growth process. Right from this

(a) ZIF-8 Membrane

(b) MMM

(c) PMPS Membrane
Y a-AlLO,

200

110

*

21

Intensity/a.u.

310
322
——— e

L e
. JL J 1 ®
il

(c)

10 20 30 40 50
20/°

Fig. 2. XRD patterns of the three supported membranes under study: (a) the pure
ZIF-8 membrane, (b) the MMM, and (c) the pure PMPS polymer membrane,
Asterisks denote the pattern of the #-alumina support.

moment, all crystals which have the fastest growth direction
perpendicular to the supporting surface, will overgrow the other
crystals thus forming the top of the membrane. According to this
experimental finding, the fastest growing direction of our ZIF-8
crystals is the <100> direction which is in complete accordance
with Ref. [31]. From the absence of major defects like pinholes or
cracks in the SEM pictures of the three membranes under study
(Fig. 3) it follows that all membranes seem to be dense and deserve
further testing in the gas permeation. The surface of the ZIF-8
membrane (Fig. 3a) shows a dense layer of well intergrown
5-10 um large ZIF-8 crystals. From the cross section, the thickness
of this membrane is estimated to be about 20 pm as shown in
Fig. 3b. The polymer membrane in contrast, consists of a dense
polymer layer with a thickness of 5 um (Fig. 3c). In the MMM, the
continuous polymer with embedded ZIF-8 nanoparticles forms a
10 pm thick layer (Fig. 3d). The adherence of the polymer layer
and the MMM layer on the alumina support is very good, because
of the intrusion of the polymer into the pores of the support evi-
denced by EDXS analysis [46].

3.2. Permeation studies

The permeation experiments showed that the pure ZIF-8 mem-
brane separates gas mixtures especially by molecular sieving. This
effect is not as accurate as for zeolite membranes with a sharp cut
off, since the ZIF-8 framework is a coordination polymer and much
more flexible than a covalent zeolite framework. Therefore, larger
molecules like CH4 which has a critical diameter of 3.8 A, can enter
the ZIF-8 pore network with a pore size of 3.4 A. In contrast, for the
pure PMPS polymer and the MMM we observed mainly an absorp-
tion-based gas separation which results in a permeation preference
of the molecule with the higher molecular mass like CO,.

3.2.1. Hy/CH, separation

The single gas measurements on the three membranes propose
that a proper separation of H, and CH, is only possible with the
ZIF-8 membrane. The single component permeabilities through
the ZIF-8 membrane were Py, ~ 2598 Barrer and
Pey, = 234 Barrer Table 1. From these permeabilities an ideal
permselectivity of a¢“?, =~ 11 can be calculated for the H,/CH,
mixture on the ZIF-8 membrane (Table 2). The real mixture separa-
tion factor as obtained from gas chromatographic analysis was
indeed oc{ff“cm =~ 11 (Table 2). This experimental finding of
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Fig. 3. SEM pictures of (a) top view and (b) cross section of the supported ZIF-8 membrane on the xz-Al,05 support with a ZIF-8 crystal size of 5-10 pm and a membrane
thickness of about 20 pm, (c) the cross section of the supported PMPS polymer membrane with a thickness of about 5 um, and (d) the cross section of the supported dense

MMM (8.3 wt.% ZIF-8 in PMPS) with a thickness of about 10 pm.

Table 1
Gas permeabilities P of different single gases through the three supported membranes
under study at room temperature: ZIF-8, MMM and PMPS polymer membranes.

Gas P (ZIF-8)/Barrer P (MMM)/Barrer P (PMPS)/Barrer
Ha 2598 103 34
CHy4 234 114 37
€O, 623 827 305
N2 260 118 35
0, 468 190 58

preferred hydrogen permeation is in full agreement with the Config-
urational-Bias Monte Carlo and Molecular Dynamics simulations of
Krishna and van Baten [51]. In contrast to this finding, no separations
could be reached for the H,/CH,4 mixture by using the PMPS polymer
membrane or the MMM. The pure polymer membrane had single
component permeabilities of Py, ~ 34Barrer and Pgy, =~
37 Barrer and the MMM had permeabilities of Py, =~ 103 Barrer
and Pey, =~ 114 Barrer (Table 1). Accordingly, ideal separation fac-
tors of only 0.9 could be calculated for both membranes. Also the real
separation factors from gas chromatographic analysis were found to
be near 1 (Table 2). It is noticeable that the selectivity of the MMM is
the same as that of the pure polymer membrane, which is not

Table 2

Separation factors & (derived from mixed gas permeation) and &' (

surprising since PMPS is the main component of the MMM (91.7
wt.% ~ 91.2 vol.%). However, the MMM has a surprisingly higher
gas permeability than the pure polymer membrane. This higher per-
meability could be explained by an increased free volume of the
PMPS polymer after the introduction of ZIF-8 nanoparticles
[45,52,53].

3.3. CO, separation from N,, CH, and H>

Molecular sieving explains also the other separation patterns of
the pure ZIF-8 membrane. CO, is a small molecule with a critical
diameter of 3.3 A. Thus it is a little bit smaller than N, and CH4
(critical diameters 3.6 A and 3.8 A) but bigger than H, (critical
diameter 2.9 A). For the pure ZIF-8 membrane we measured single
gas permeabilities of Py, =~ 260 Barrer, Py, ~ 2598 Barrer,
Pcy, =~ 234 Barrer and Peo, =~ 623 Barrer (Table 1). From these
values we calculated relatively low ideal separation factors of
o, ~ 2, oo, ~ 0.2, 0, ~ 5, and o, ~ 3 (Table 2).
The real separation factors measured for the binary mixtures with
gas chromatographic analysis were similar. It should be noted that
Oco,n, < 1 has been predicted by Krishna and van Baten on thesis
of Monte Carlo and Molecular Dynamics simulations [51,54]. The
PMPS polymer and the MMM separate the gas mixtures by absorp-

calculated as ratio of the single gas permeabilities) for different gas mixtures on the three supported

membranes under study at room temperature: ZIF-8, MMM and PMPS polymer membranes.

Gas mixture oideal (7]F-8) oddeal (7]F-8) oddeal (MMM & (MMM) o (PMPS) e (PMPS)
H,/CH, 1 1 0.9 1 0.9 0.9

CO4/N; 2 2 7 7 9 8

COy/H, 0.2 0.2 8 8 9 9

CO,/CH, 3 4 7 7 8 3

0,/N; 2 2 2 2 2 2
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tion based separation. Thus as an interplay of solubility and diffu-
sivity selectivity, CO, permeates much faster through the PMPS
and MMM than N», H, and CH,4. For the PMPS polymer membrane
single  component  permeabilities of Py, =~ 35 Barrer,
Pu, = 34 Barrer, Py, ~ 37 Barrer and Pco, ~ 305 Barrer have
been measured (Table 1). With these values, ideal separation fac-
tors of affy =~ 9, oty ~ 9, and ", ~ 8 could be calcu-
lated and validated in mixed gas separation experiments
(Table 2). Our experimental finding of high CO, selectivities for
PMPS membranes is in accordance with Ref. [55] that recommends
polydimethylsiloxane - which is chemically similar to our PMPS
(polymethylphenylsiloxane) - for the separation of CO, from gas
streams. Again the gas permeabilities through the MMM were
found to be higher than the gas permeabilities through the pure
PMPS polymer membrane (Table 1). The values of the gas perme-
abilities for the MMM were Py, =~ 118 Barrer, Py, ~ 103 Barrer,
Py, =~ 114 Barrer and Pco, ~ 827 Barrer. With these values ideal
separation factors of oty =~ 7, o5y ~ 8, and o5, =~ 7
could be calculated for the MMM and validated by the mixed gas
separation (Table 2).

3.4. N»/O, separation

As N5 and O, have nearly the same size (3.6 A and 3.5 A), ZIF-8
cannot separate this gas mixture. The ideal separation factor was
near 2 in favor of oxygen, derived from the permeabilities of the
single gases were Py, = 260 Barrer and Po, ~ 468 Barrer (Ta-
ble 1). Also the PMPS polymer membrane does not show better
separation patterns. The permeabilities were Py, ~ 35 Barrer
and Po, ~ 58 Barrer. Thus an ideal separation factor of
o4, = 2 could be calculated. The real separation factor for both
ZIF-8 and PMPS membranes were in the same range as the ideal
ones (Table 2). The MMM showed a separation factor of 2 but
the permeabilities were again higher in comparison with the PMPS
membrane (Py, ~ 118 BarrerandPp, ~ 190 Barrer). Our separa-
tion factor of oo, n, = 2 is in complete accordance with the separa-
tion factor 0,/N, on polydimethylsiloxane which is chemically
similar to our PMPS [55].

The existence of undesirable interphases in the polymer after
the introduction of nanoparticles is often a common feature in
the preparation of MMM and can spoil the expected beneficial ef-
fect of the MMM. Therefore, there is recent work to consider the ef-
fect of the imperfect embedding by permeation models. If the
permeation performance is predicted by applying the original
Maxwell and Bruggeman models, due to the frequent presence of
interphases, these models often failed [56,57].To resolve this draw-
back, numerous permeation models (GPG, Funk-Lloyd, K]N) were
developed to specifically consider interphases between filler and
matrix. However, the better choice would be to find an experimen-
tally way of eliminating the problem of an increased free volume in
the polymer after the introduction of nanoparticles. Possible would
be a better adhesion of the filler to the polymer matrix by chemical
surface treatment of the filler or even covalent links between filler
and polymer, thus rigidifying the polymer [58,59].

4. Conclusions

Three membranes have been prepared on porous «-alumina
supports and their permeation behavior has been compared: Pure
polymethylphenylsiloxane (PMPS), pure zeolitic imidazolate
framework ZIF-8 and a mixed matrix membrane (MMM ) with 8.3
wt.% ~ 8.8 vol.% ZIF-8 in the polymer matrix.

The permeation experiments show that the pure ZIF-8 mem-
brane can separate mixed gas systems by molecular sieving as a
special kind of diffusion control. Thus, due to their smaller molec-
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ular size H; permeates faster through the ZIF-8 membrane than
CH,4 and CO,.

For the PMPS polymer membrane we observed mainly an
absorption-based separation mechanism. Thus, CO, can be sepa-
rated from the lighter gases H,, CH4 and N3 on the PMPS which
is in accordance with literature.

In all separations studied, the selectivity of the MMM was found
to be identical with that of the PMPS polymer membrane but the
MMM showed remarkably higher fluxes than the pure PMPS mem-
brane. This experimental finding could be explained by an in-
creased free volume of the PMPS due to the incorporation of ZIF-
8 nanoparticles.
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ABSTRACT: In this paper we prepare three “neat” supported membranes, ZIF-8, ZIF-90, and Matrimid 5218, on porous
alumina disks and compare their permeation behaviors in the separation of H,/CO, with the corresponding zeolitic imidazolate
framework (ZIF)/Matrimid mixed matrix membranes (MMMs). These MMMs consist of ZIF-8 and ZIF-90 nanoparticles which
are embedded in Matrimid. We found that the embedding of the nanoparticles modifies the separation performance of the
Matrimid 5218 membrane for separating H, from CO,. TEM and SEM images of the ZIF-8 and ZIF-90/Matrimid MMMs show
that the ZIFs are well embedded into the polymer. Thus, the separation behavior of these MMMSs can be described with the
Maxwell model. However, better separation results could be obtained by binding ZIF-90 particles covalently with
ethylenediamine to the Matrimid matrix. In comparison to the MMMs that contain nonbound ZIFs, the covalent amine
binding between the ZIF-90 particles and the Matrimid matrix leads to slightly lower permeabilities but a much higher H,/CO,

separation factor.

1. INTRODUCTION

The capture of CO, is a crucial step in fossil fuel conversion
and can take place by postcombustion or precombustion
procedures. The problems which have to be solved for the
postcombustion CO, capture are (i) the low partial pressure of
CO,, (ii) the huge amount of flue gas, and (iii) the low pressure
of the flue gas at medium temperatures. In the precombustion
technologies, in contrast, the coal is gasified or the natural gas is
steam-reformed. Afterward, the gas is cleaned and shifted
several times before the hydrogen is extracted. On the whole,
current CO, separation technologies cannot fulfill the
separation as economically as is required for a large scale
CO, reduction. Two of the most common techniques are
amine absorption and pressure-swing adsorption. Both
methods have disadvantages: amine absorption can only work
at low temperatures around 40 °C and Frgssure-swing
adsorption has significant energy requirements. > In contrast
to this, membrane-based technologies work with much less
energy. In the case of the precombustion CO, capture, H,
selective membranes work even 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 H,
permeable membranes can deliver CO, at high pressures, thus
reducing compression costs. Generally, polymer membranes
have been used successfully in a number of industrial
applications, for example, natural gas sweetening, high-purity
nitrogen production, gas dehydration, and acid gas removal."®
For successful use in industrial gas separation chemically and
mechanically stable materials—even at high pressures and
temperatures—are required, for example, Matrimid $218.”"'
Additionally, Matrimid has permeability and selectivity proper-
ties close to the Robeson plot, which illustrates the limit of
current polymer membranes in the trade-off between
permeability and selectivity.'*™'* Alternatives to the polymer

< ACS Publications  © 2015 American Chemical Society

1103

membranes are inorganic porous materials, for example, zeolitic
imidazolate frameworks (ZIFs), which exhibit comparatively
high permeabilities and selectivities. Besides, for the neat ZIF-
8—in this ZIF the Zn>* jons are interconnected by
methylimidazolate ions'®—some recent reports point out that
the framework adsorbs bulky molecules such as benzene or
xylenes,'”"® despite its pore openings of 3.4 A as found from
Rietveld X-ray diffraction (XRD) analysis. Hence, it is possible
that adsorbed molecules can “open the gate” under certain
conditions as found in refs 19—26. Nevertheless, neat ZIFs and
other inorganic membranes suffer from a lack of reproducibility
and problems in the scale-up.'®'"*7~3

Due to these limitations, mixed matrix membranes (MMMs)
seem to be a viable pathway.*”*® MMMs consist of barrier-like
or porous additives which are embedded in a continuous
polymer matrix. These materials often have shown great
benefits compared to neat polymer membranes, but there are
still many challenges to overcome.***17%3 One significant
problem is the compatibility of the polymers and the additives
to get homogeneous particle dispersions without agglomerates
which represent unselective pathways for gas molecules.
Additionally, unlinked additives tend to get separated from
the polymer solution during the slow drying process due to
gravitation. This phenomenon allows only moderate particle
volume fractions of around 30 vol % and highly viscid MMM
solutions for the membrane preparation. The drying process is
also very crucial since a fast drying leads to solvent entrapments
in the polymer whereas a slow drying promotes the segregation
of the additives. An ideal particle—polymer interaction can be
described with the barrier film model**** and the Maxwell
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Figure 1. STEM, TEM, and respectively SEM pictures of two 25 vol % MMMs: (a) ZIF-8/Matrimid and (b) ZIF-90/Matrimid. The nanocrystals are

homogeneously distributed and well embedded in the Matrimid matrix.

model.¥™* The first model illustrates the permeability of gas
molecules through polymer membranes with aligned imper-
meable flakes. In contrast, the second model describes the
permeability of gas molecules through a polymer membrane
with molecular sieve additives which have aspect ratios near
unity. It should be noted that recently a new generation of
metal—organic framework (MOF) based MMMs have been
developed. These new MMMs consist of parallel ordered MOF
layers, through which one kind of gas molecule can permeate
whereas the other kind cannot. Based on this concept, recent
papers reported on delaminated MOF layers which have been
brougl;ng isr;to MMMs and led to superior separation perform-
Our aim was to develop MMMs with bulky inorganic
molecular sieving additives to improve a Matrimid polymer
membrane for the H,/CO, separation and to compare the
separation of the MMMs with the separations of the neat
polymer and the neat inorganic membrane under the some
conditions. Therefore, we used ZIF-8 and ZIF-90 nanocrystals.
ZIFs are microporous molecular sieve materials which consist
of metal ions and imidazolate linker molecules. Until now many
supported ZIF membranes could be successfully prepared.”” "
Especially ZIF-8 is interesting for separation applications as it
shows the best stability toward temperature (200 °C in N,) and
chemicals. ZIF-90 consists of Zn(II) ions and 2-carboxaldehyde
imidazolate linkers, which form a sodalite structure like ZIF-8
but with a pore size of about 3.5 A.>® Both frameworks have
interesting H,/CO, membrane separation abilities of 4 or
respectively 7 with high hydrogen permeabilities.’®**

2. EXPERIMENTAL DETAILS

2.1. Synthesis of ZIF Powders for MMMs. ZIF-8
Particles. The ZIF-8 nanoparticles were produced at 25 °C
by adding 70 mL of a zinc precursor solution (70 mL of
methanol with 1.03 g of Zn(NO,),-6H,0 (Sigma-Aldrich)) to
70 mL of a stirred 2-methylimidazole solution (70 mL of
methanol with 2.07 g of 2-methylimidazole (Sigma-Aldrich)).*
After 1 h the nanoparticles were collected by centrifugation,
washed with methanol, and dried at 80 °C for 2 days in a
convection oven. Figure la shows ZIF-§ particles with a mean
size of 90 nm.

ZIF-90 Farticles. For the synthesis of ZIF-90 nanoparticles
1.92 g of 2-carboxyaldehyde imidazole (Acros) was solved at 70
°C in 50 mL of DMF (N,N-dimethylformamide). In between
this time 148 g of Zn(NO,),'6H,0 (Sigma-Aldrich) was
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solved at 25 °C in 50 mL of methanol. After the imidazole
solution was cooled to 50 °C, the zinc nitrate solution was
mixed under vigorous stirring into this solution. Immediately a
haze and slowly precipitation could be observed, which was
separated after 30 min by centrifugation and washed two times
with methanol. The ZIF-90 particles were dried at 80 °C for 2
days in the convection oven.'” The mean size of the ZIF-90
nanoparticles is 30 nm (see Figure 1b).

2.2. Synthesis of “Neat” Supported Membranes: ZIF-
8, ZIF-90, and Matrimid. ZIF-8. The ZIF-8 membranes were
produced by the secondary growth method.*® Therefore, 0.12 g
of sodium hydrogen carbonate and 1.20 g of polyethylenimine
(Sigma-Aldrich, ~50% in water, 4 wt %) were solved in 30 mL
of water and mixed with 0.80 g of ZIF-8 nanoparticles. Then,
the clear suspension was used for seeding alumina supports (70
nm surface particles; Fraunhofer IKTS, formerly Hermsdorfer
HITK, Germany). The dipping parameters were set as follows:
up speed = 200 mm min~!, down speed = 300 mm min’,
lower delay = 10 s, and upper delay = 3 min. The coated
supports were dried overnight at 25 °C. For the secondary
growth process 0.54 g of ZnCl, (3.94 mmol, 1 equiv), 0.49 g of
2-methylimidazole (5.92 mmol, 1.5 equiv), and 027 g of
sodium formate (3.94 mmol, 1 equiv) (Sigma-Aldrich) were
solved in 80 mL of methanol. The solution was filled in a 200
mL Teflon autoclave, and one of the coated supports was put
vertically in the solution. The closed autoclave was heated in a
microwave oven with a heating rate of 7.5 °C min~" at 100 °C
for 1.5 h. After the autoclave was cooled to room temperature,
the membrane was washed with 20 mL of methanol and dried
overnight at 25 °C. The supported ZIF-8 membrane is shown
in Figure 3.

ZIF-90. The alumina supports (70 nm surface particles;
Fraunhofer IKTS, former Hermsdorfer HITK, Germany) were
treated at 110 °C for 2 h with 046 g APTES (3-
aminopropyltriethoxysilane, Sigma-Aldrich) in 10 mL toluol.
Afterward the functionalized disks were washed several times
with toluol. Than the disks were placed horizontally in a Teflon
autoclave which was filled with a solution that consists of 0.43 g
Zn(NO;),-4 H,0 and 023 g imidazole-2-carboxaldehyde
(Sigma-Aldrich) solved in 24 mL DMF. The autoclave was
heated to 100 °C in a convection oven for 18 h. After the
synthesis the membrane was washed with DMF and dried at 60
°C overnight. Figure 4 shows the supported ZIF-90 membrane.

Matrimid. The neat Matrimid membrane was produced by
solving 0.30 g of Matrimid 5218 (Huntsman) in 3 mL of DCM
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(dichloromethane). The solution was spread on an alumina
support (70 nm surface particles; Fraunhofer IKTS, formerly
Hermsdorfer HITK, Germany), dried under DCM atmosphere
for 48 h, and dried finally for 24 h at 25 °C in ambient
atmosphere. The thickness of the neat Matrimid membrane is
150 pm.

2.3. Preparation of Mixed Matrix Membranes
(MMMs). The two MMMs ZIF-8/Matrimid and ZIF-90/
Matrimid each contained 25 vol % filler and were also
fabricated by solution blending. A 0.30 g sample of
Matrimid5218 was solved in 2 mL of DCM while 0.08 g of
ZIF-8 (§ =093 g cm ™) and 0.08 g of ZIF-90 (§ = 0.99 g cm )
were suspended in 1 mL of DCM. The additive and the
polymer mixtures were mixed together and sonicated for 24 h.
After that alumina supports (70 nm surface particles;
Fraunhofer IKTS, formerly Hermsdorfer HITK, Germany)
were coated with the honey-like polymer solution and dried
under DCM atmosphere for 48 h and under ambient
atmosphere conditions for 24 h until the polymer became
hard. The ZIF-90 + ethylenediamine/Matrimid MMM was
synthesized by solving 0.30 g of Matrimid in 2 mL of DCM and
suspending 0.08 g of ZIF-90 in 1 mL of DCM. To the ZIF-90
suspension 50 uL of ethylenediamine (Sigma-Aldrich) was
added, stirred for 1 h at 25 °C, and mixed with the Matrimid
solution. Afterward the alumina support (70 nm surface
particles; Fraunhofer IKTS, formerly Hermsdorfer HITK,
Germany) was coated with the polymer mixture and dried at
25 °C in DCM atmosphere for 48 h as well as 24 h under
ambient atmosphere conditions. All membranes had a thickness
of 150 pm.

2.4. Characterization. Electron Microscopy. For the
characterization of the homogeneity and the crystal size, all
membranes were manually broken, coated with carbon, and
analyzed by scanning electron microscopy (SEM) or trans-
mission electron microscopy (TEM). The SEM images were
taken on a JEOL JSM-6700F instrument (acceleration voltage =
5kV, current = § yA). The TEM picture was taken with a field-
emission JEOL JEM-2100F instrument. Therefore, the
membrane was glued with epoxide on a supporting glass
plate, cut with a diamond wire saw, polished by a precision
polisher, and further thinned with an argon beam.

XRD. The crystallinity of the neat supported ZIF-8 and ZIF-
90 membranes and the ZIF/Matrimid MMMs were charac-
terized by a BRUKER D8Advance X-ray diffractometer
(reflection mode, Cu Ka radiation). The 20 range from 5 to
50 was scanned with a step size of 0.02.

2.5. Gas Permeation. For an evaluation and comparison of
the neat Matrimid membrane with the MMMs, mixed gas
separation was measured in a modified Wicke-Kallenbach
apparatus using an equimolar H,/CO, feed with a total flow
rate of 60 mL min~" at 0.2—2.2 bar overpressure and 25 °C. N,
was used as sweep gas with 2 mL min~".

For the permeation experiment we used a Wicke-Kallenbach
apparatus and an equimolar H,/CO, mixture. The ideal
permselectivity a?f““ can be calculated from the neat
component gas permeabilities P; and P;:

ideal __ PJ
ﬂ’.’; = F
j 4]
i . 5 . 1
The corresponding binary mixture separation factor ¢ has

been calculated by dividing the molar ratio of the permeate x,/
%; as determined in gas chromatography by the molar ratio of
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the feed gas mixture y;/y; which nearly corresponds to the
molar ratio of the retentate since the feed flux > permeate
flux.®®

real _ xj/ %

ot = —=

@

3. RESULTS AND DISCUSSION

3.1. Membrane Preparation. The TEM image in scanning
transmission electron microscopic (STEM) mode and the SEM

Figure 2. SEM cross section of the neat ZIF-8 membrane under study.
The ZIF-8 membrane layer is located on an a-Al,O; support. The
inset on the upper left shows the orientation of the ZIF-8 crystal as it
follows from XRD (see Figure 4), and the inset on the upper right
shows the top view of the ZIF-8 membrane with the oriented ZIF-8
crystals.

Support

Figure 3. SEM cross section of the neat ZIF-90 membrane under
study. The ZIF-90 membrane layer is located on an a-Al,O; support.
From comparing powder and supported layer XRDs, no preferred
crystallographic orientation of the ZIF-90 membrane is found (see
Figure §).

image demonstrate a homogeneous distribution and good

embedding of the ZIF-8 and ZIF-90 nanoparticles in the
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Figure 4. XRDs of (a) a simulated ZIF-8 powder sample with random crystal orientation and of (b) the measured neat supported ZIF-8 membrane
(see Figure 3) with a certain crystallographic orientation. The asterisks denote the XRD patterns of the alumina support.
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Figure 5. XRDs of (a) the simulated ZIF-90 powder sample with randomly oriented crystals and of (b) the measured neat supported ZIF-90
membrane (see Figure 4) without any crystallographic orientation. The asterisks denote the patterns of the alumina support.

Matrimid matrix (see Figure 1). The neat supported ZIF-8 and
ZIF-90 membranes do not show major defects like cracks or
pinholes (Figures 2 and 3). However, it seems that there is a
certain crystal orientation in the supported ZIF-8 membrane
(see Figure 2). In the following, this orientation will be proven
by comparing the ZIF-8 powder XRD with the XRD of the
supported ZIF-8 layer (see Figure 4).

From comparing the powder XRD of ZIF-8 with the XRD of
the supported ZIF-8 membrane, we can conclude that the
crystals in the neat supported ZIF-8 membrane layer have an
orientation. This orientation can be quantitatively characterized
by the so-called crystallographic preferred orientation index
CPO(X)/():"

(@ P -

CPO-=* =
(¥) I

(3)
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where I refers to the intensity of a reflection (X) or (Y) and
“M” and “P” refer to the membrane and the nontextured
powder. If the CPO index is not equal to 0, then the crystals
have a preferred orientation. For the CPO index of the ZIF-8
membrane under study, we compare the intensity of the (200)
reflection with the intensities of the (110) and (211) reflections
(Figure 4). The CPO indices are CPO(200/110) = 10 and
CPO(200/211) = 3, which demonstrates the organization of
the {100} plane of the ZIF-8 crystals parallel to the alumina
support. The preferred crystallographic orientation can be
explained by the evolutionary crystal growth by van der Drift®
which says that the fastest growth of ZIF-8 takes place along the
(100) direction and that all crystallites which have the right
orientation will overgrow all the other slowly growing crystals
and dominate the crystal orientation in the layer. These results
are in complete accordance with the results of Bux et al*® In
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Figure 6. XRDs of (a) the measured ZIF-8/Matrimid MMM (see
Figure 1 a) in comparison with (b) the simulated powder XRD of ZIF-
8. The asterisks denote the reflections of the alumina support.
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Figure 7. XRDs of (a) the measured ZIF-90/Matrimid MMM (see
Figure 1 b) in comparison with (b) the simulated powder XRD of ZIF-
90. The asterisks denote the reflections of the alumina support.

contrast, the crystals in the neat supported ZIF-90 membrane
show no orientation (Figure 5).

As expected, the ZIF-8 and the ZIF-90 crystals in the
corresponding MMM have no preferred orientation, and
correspondingly the CPO indices are near 0 (Figures 6 and 7).

3.2. H,/CO, Separation on the “Neat” Membranes
Matrimid, ZIF-8, and ZIF-90. Figure 8 shows the results of
the gas permeation for an equimolar H,/CO, mixture on the
three “neat” membranes under study: supported ZIE-8, ZIF-90,
and Matrimid. In complete accordance with previous findings,”
our ZIF-8 membrane shows hydrogen selectivity. For the ZIF-8
membrane we measured mixed gas permeabilities of Py =~
2600 + 87 barrer and P, & 620 + 21 barrer. This gives a
mixed gas separation factor of aﬁf’col = 4.2 £ 0.3. The neat
ZIF-90 membrane shows a higher hydrogen permeability and
also a higher selectivity than the ZIF-8 membrane. Through the
neat ZIF-90 membrane we measured mixed gas permeabilities
of Py ~ 3600 + 120 barrer and P, & 490 + 16 barrer which

give a mixed gas separation factor of afjo, & 7.3 & 0.5 (see

1107

H_/CO, selectivity

10°
H, permeability (Barrer)

10’

Figure 8. Robeson plot for the separation of the H,/CO, mixture with
the three “neat” membranes under study: ZIF-8 (see Figure 3), ZIF-90
(see Figure 4), and Matrimid 5218. The measurements of all three
membranes were performed at 25 °C and a pressure difference of Ap
= 0.2 bar between upstream and downstream. Prior and present upper
bounds are taken from refs 12 and 13.

Table 1. Measured Mixed Gas Permeabilities (PH2 and Pcoz)
and Mixed Gas Separation Factor aﬁ:/lcoz for the Neat

Matrimid and the MMMs at 25 °C and 0.2 bar Upstream
Overpressure

MMM
neat Matrimid ZIF-90 +
5218 ZIF-8 ZIF-90 ethylenediamine
Py/ 28 + 0.9 31+10 30+ 1.0 19 + 0.6
barrer
Peo,/ 8+03 9+ 03 6+ 02 2401
barrer
Ao, 35403  35+£03 50404 9.5 + 0.6

Table 2. Calculation of the Effective Predicted
Permeabilities P, through the ZIF-8 and ZIF-90 MMMs
by the Maxwell Model According to eq 4 Using the Given
Single Component Permeabilities P and P, and ¢, Data”

ZIF-8 MMM ZIF-90 MMM
P iprea(Hs) /Darrer 54 + 1.8 (31 + 1.0) 55 + 1.8 (30 + 1.0)
Pfiprea(CO,) /barrer 15 + 05 (9 +03) 15 + 0.5 (6 + 0.2)

“The measured permeabilities (from Figure 9) are given in
parentheses. Permeabilities of the neat membranes used for the
prediction of the MMM (all values in barrer): (i) Matrimid,
Peoun(H,) = 28 = 09 and Pg,yi(CO,) = 8 + 0.3; (ii) ZIF-§,
Ppzir(H,) = 2600 + 87 and Pp;;:(CO,) = 620 + 21; (iii) ZIF-90,
Ppz(H,) = 3600 + 120, Pp4:(CO,) = 490 + 16. Volume fraction
dp = 0.25.

Figure 8). Since the pore size of ZIF-90 (3.5 A) is slightly larger
than that of ZIF-8 (3.4 A) and the structure of ZIF-90 is very
similar to that of ZIF-8 in terms of topology, the higher H,/
CO, selectivity of the ZIF-90 membrane cannot be explained
by any diffusion selectivity. This experimental finding of a
higher selectivity for the H,/CO, mixture is explained by the
strong interaction of CO, with the aldehyde group of the ZIF-

DOI: 10.1021/ie504096]
ind. Eng. Chem. Res. 2015, 54, 11031112

68



3. Mixed matrix membranes

Industrial & Engineering Chemistry Research

Present upper bound

Ho/CO4 selectivity
i

Matrimid 5218 pure

ZIF-8 pure

ZIF-8 MMM

ZIF-90 pure

ZIF-90 MMM

ZIF-90 + ethylenediamine MMM

®eo0oeDODmE$

Prior upper bound

T
100

1000

Ho permeability (Barrer)

Figure 9. Gas permeation properties of the neat Matrimid 5218 membrane in comparison with the neat ZIF-8 (Figure 3) and its MMM (Figure 1a)
as well as the neat ZIF-90 (Figure 4) and its MMM (Figure 1b) (simply added and covalently bound to the Matrimid matrix). The measurements of
all membranes have been done at 25 °C and 0.2 bar upstream overpressure with downstream pressure of 1 bar. Prior and present upper bounds are

taken from refs 12 and 13.
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Figure 10. Model of the covalent link of ZIF-90 particles to the
Matrimid matrix by ethylenediamine as a bidentate coupling agent.
This covalent bonding leads to an increased H,/CO, selectivity.

90 linker 2-carboxyaldehyde imidazolate as found in recent
DET-D studies.®*® It can be expected from Figure 8 that
combining Matrimid and ZIF-8 will give an MMM with
improved hydrogen permeability while combining Matrimid
and ZIF-90 should result in an MMM with an improved
hydrogen permeability and an improved H,/CO, selectivity.

1108

3.3. H,/CO, Separation on the MMM ZIF-8 and ZIF-90
in Matrimid. All MMMs have been sealed with FKM-70 O-
rings and polyethyleneimide glue which showed no measurable
leakages.

As expected, in comparison with the starting neat Matrimid
membrane, the ZIF-8-based MMM shows a higher hydrogen
permeability with a constant H,/CO, selectivity. This finding is
in complete agreement with previous experimental and
theoretical studies. Reference 66 also found that the embedding
of 20 wt % ZIF-8 into Matrimid does not alter the H,/CO,
selectivity of about 4 but doubles both the H, and CO,
permeabilites. By using molecular simulations, also ref 67
predicted that the incorporation of ZIFs into polyimides for
H,/CO, separation will enhance the gas permeability rather
than improve the selectivity. Different from the ZIF-8-based
MMM, the ZIF-90-based MMM shows a slightly improved H,/
CO, selectivity with a higher permability (see Table 1). The
latter finding is different from the results of ref 68, which
predict by atomic simulations for increasing the volume fraction
of ZIF-90 in polyimide-based MMM from 0 to 0.3 a doubling
of the hydrogen permeability without any selectivity improve-
ment.

In the following, we will apply the Maxwell model—which
was originally developed for the calculation of the electrical
conduction through heterogeneous media®—for a quantitative
interpretation and correlation of the MMM permeation data
since the electrical conduction through such a heterogeneous
medium is analogous with the permeation flux through
membranes.*”*® The Maxwell model can be used to describe
the permeability of gases through a polymer membrane with
spherical, porous additives. Hence, the permeability of the gas
molecules through this membrane depends only on the
permeability of the gas through the polymer as continuous
phase (P¢), and the molecular sieve as dispersed phase (Pp) as
well as on the volume fraction (¢bp) of the dispersed phase in
the continuous polymer matrix. According to the Maxwell
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Figure 11. Gas permeation properties of neat Matrimid 5218 membrane and ZIF-90 plus ethylenediamine MMM at different upstream
overpressures. The measurements of all membranes have been done at 25 °C, and downstream pressure was 1 bar. Prior and present upper bounds

are taken from refs 12 and 13.

model, the effective permeability P of a MMM can be
described by the following expression:

Fg = PC[

Predicting the permeabilities of a binary H,/CO, mixture
through ideal ZIF-8- and ZIF-90-based MMMs with the
Maxwell model using the neat membrane data (see Table 2),
values for the ZIF-8/Matrimid MMM of Py, = 54 + 1.8
barrer and P.gco, = 15 + 0.5 barrer and values for the ZIF-90/
Matrimid MMM of Pogy;, = 55 + 1.8 barrer and Pygeo, = 15 +

0.5 barrer result.
It follows from Table 2 that for the ZIF-8/Matrimid MMM
the measured mixed gas permeabilities Pogy, = 31 + 1.0 barrer

Py + 2P = 20, (B — Pp)
Py + 2B + ¢ (B- - By)

(#)

and Pygco, = 9 + 0.3 barrer are much lower than the predicted

ones. As the ZIF-8 particles are well embedded in the polymer
matrix (see Figure la), we can conclude that the Maxwell
model overestimates the influence of the ZIF-8 nanoparticles
on the total permeability of the gases through the MMM. Since
the neat Matrimid and the neat ZIF-8 membranes show the
same selectivity of aj§%co, & 3.5 in the H,/CO, separation
(Figure 8), the ZIF-8/Matrimid MMM exhibits the same mixed
gas H,/CO, selectivity. Nevertheless, the ZIF-8/Matrimid
MMM represents an improvement in comparison with neat
Matrimid because of its slightly higher hydrogen permeability
(Figure 9).

In comparison with the ZIF-8/Matrimid MMM, the
incorporation of ZIF-90 nanoparticles into Matrimid mem-
brane is expected to increase the selectivity and the hydrogen
permeability since the neat ZIF-90 membrane has a higher H,
permeability and also a higher H,/CO, separation factor than
the neat Matrimid (Figure 8). We could indeed improve both
parameters with the addition of ZIF-90 particles. The hydrogen
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permeability increased slightly to P,gy = 30 + 1.0 barrer and
Pegco, = 6 £ 0.2 barrer and the selectivity increased slightly to
aﬁj}col = 5.0 + 0.4. Again, the H, and CO, permeabilities of
the MMM could not be predicted by the Maxwell model (see
Table 2). Thus, the Maxwell model overestimated again the
influence of the ZIF-90 network on the permeability of the
MMM.

The ZIF-90/Matrimid MMM allows a unique coupling of
filler and matrix. ZIF-90 contains 2-carboxaldehyde imidazolate
as linker molecule with an aldehyde group for covalent
coupling. This aldehyde group can be bonded by a diamine
as a bidentate coupling agent to the Matrimid matrix which also
contains aldehyde groups (see Figure 10). Indeed, better
separation results could be obtained by coupling the ZIF-90
particles with ethylenediamine to the Matrimid matrix (see
Figure 9, Table 1).””" The hydrogen permeabilities decrease
slightly but the H,/CO, separation factor increases as a result
of this covalent coupling. A possible explanation of this
experimental finding could be that linker distortion of the
carboxyaldehyde imidazolate molecules in the surface of the
ZIF-90 crystals—which are in direct contact with the Matrimid
matrix—are suppressed.

As the precombustion techniques and hydrogen purification
are performed at elevated pressures, we tested the influence of
the feed pressure on the MMM separation performance. Figure
11 shows that the hydrogen permeabilities decrease slightly
with higher upstream pressure. This behavior is typical for low-
sorbing penetrants in glassy polymeric membranes as the
transport is more diffusion dependent than sorption controlled.
In the case of CO, the permeability decreases much more
strongly with increasing upstream pressure, thus causing
increasing H,/CO, selectivities. This behavior shows the
higher solubility of CO, in the polymer matrix. Similar
behaviors of CO, at increasing pressures could also be observed
for other glassy polymers.”> The CO, permeability decreases
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until reaching a minimum—at the so-called plasticization
pressure—from which the permeability increases again. The
decrease of the CO, permeability depends herein on the
sorption of the gas molecules in the polymer matrix. The
polymer sorption sides become saturated with gas molecules
until the penetrants plasticize the polymer at the plasticization
pressure. At this point the polymeric chain packing is disrupted
by the CO, molecules due to an increase in the chain mobility
so that the diffusion coefficient—and therewith the perme-
ation—increases with increasing upstream pressure.”” The
plasticization point of Matrimid by CO, is around 12 bar and
has not been reached in the present work.”*

4. CONCLUSIONS

We prepared mixed matrix membranes (MMMs) with bulky
ZIF-8 and ZIF-90 additives and studied the permeation
behavior of these MMMs for the gas mixture H,/CO,. We
found that the ZIF-8/Matrimid MMM improved the hydrogen
permeability, while the mixed gas separation factor remained
constant at ajfco, = 3.5 + 03. With the ZIF-90/Matrimid
MMM we could observe a slight improvement of the mixed gas
separation factor aﬁ:}/coz = 50 + 04 and the hydrogen
permeability that increased slightly from 28 + 0.9 to 30 + 1.0
barrer.

Plotting the H,/CO, selectivity as a function of the H,
permeability (Robeson plot), we can state an improvement in
comparison to the neat Matrimid polymer membrane toward
the Robeson line. A decisive improvement of the H,/CO,
separation factor could be achieved with the covalently bonded
ZIF-90-based MMM. In this membrane, ethylenediamine
linkers have been used to improve the interaction between
the Matrimid polymer and the ZIF-90 particles. Thus, we could
improve the separation factor again to a}j:}coz =9.5 £ 0.6 while
the hydrogen permeability decreased to 19 + 0.6 barrer, which
is most probably due to a densified polymer structure near the
filler particles.
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In this paper the separation of the binary mixture H,/CH4 on (i) neat supported ZIF (zeolitic imidazolate
framework) membranes of types ZIF-8 and ZIF-90, (ii) a neat supported Matrimid polymer membrane, and (iii)
Mixed Matrix Membranes (MMMs) with 10, 20 and 30 vol-% ZIF-8 and ZIF-90 nanocrystals in Matrimid is
compared. A high separation performance was found surprisingly for the MMMs and it was concluded that the
polymer matrix prevents the framework flexibility of the embedded Metal Organic Framework (MOF)
particles, thus increasing the selectivity of MMMs with particle loadings < 20 vol-%. Higher loadings, however,
lead to agglomerations and segregations, which result in MMMs with lower selectivities. To approve the idea of
the hindered linker distortion caused by the surrounding polymer, we coated the top of neat supported ZIF-8
and neat ZIF-90 membranes with an additional Matrimid polymer layer (dual-layer membrane). Indeed, the
polymer coating also caused a suppression of the linker distortion of the ZIF layer in contact with the polymer

Breathing

which results in an enhanced H,/CH, selectivity.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

As energy-efficient separation technology, membranes play an
increasingly important role in industrial gas separation processes [1].
At the moment, the most widely used membranes are polymers.
Nevertheless, the usage of polymeric membranes is limited due to the
trade-off relationship between the permeability and the selectivity,
plastification by feed absorption, and low thermal as well as solvent
stability. Therefore, alternatives such as inorganic zeolite, metal or
ceramic membranes are proposed in many studies. Metal-organic
framework (MOF) membranes can show comparatively high perme-
abilities and selectivities combined with acceptable chemical and
thermal stabilities. But these supported crystalline membranes suffer
from a lack of reproducibility and problems in the scale up [2-10]. Due
to these limitations, Mixed Matrix Membranes (MMMs) seem to be a
future viable pathway [11-18]. MMMs are composed of additives like
zeolites or MOFs, which are embedded in a polymer matrix to
combine the flexibility and the easy handling of the polymer with
the excellent separation performances of the filler materials. In
contrast to most inorganic materials like zeolites, many MOFs —
especially the subgroup zeolitic imidazolate frameworks (ZIFs) - are
not rigid and can undergo structural changes. This means external
stimuli like for example changing pressures and temperatures or

* Corresponding author.
E-mail address: lisa.diestel@pci.uni-hannover.de (L. Diestel).

http://dx.doi.org/10.1016/j.memsci.2015.04.069
0376-7388/© 2015 Elsevier B.V. All rights reserved.

adsorptions and desorption of guest molecules inclusive solvents can
induce pore openings or phase transformations, which are identifiable
by XRD or sorption studies [19-22]. In a recent theoretical paper [23],
the Density Functional Theory (DFT) has been used to unravel the
vibration patterns of selected ZIFs (4, 7 and 8) on the molecular level.
Vibrations in the THz region can explain the cooperative phenomena
of the “gate opening” and “breathing”. With other words, these DFT
calculations support the assumptions of a flexible pore architecture
and support the absence of a clear cut off as found in numerous
permeation experiments on MOF membranes [7,8,24]. MOF-based
MMMs on the contrary, showed surprisingly high selectivities which
are higher than those of the neat polymer and the neat MOF
membrane [25]. A possible explanation for this finding could be that
the continuous Matrimid matrix prevents the framework flexibility of
the embedded ZIFs thus increasing the selectivity of the MMMs.

2. Experimental
2.1. Membrane preparation

2.1.1. ZIF-8 membrane synthesis

The ZIF-8 membranes were produced by the secondary gro-
wth method. 0.12 g sodium hydrogen carbonate and 1.20 g poly-
ethyleneimine were solved in 30 mL water and mixed with 0.80 g
ZIF-8 particles. Then, the clear suspension was used for seeding o-
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Fig. 1. SEM of the cross-sections of (a) a neat ZIF-8 membrane, and (b) a neat ZIF-90 membrane on a macroporous a-alumina support.

—
100 nm

Fig. 2. (a) HRTEM of a 20 vol-% ZIF-8 MMM, and (b) SEM of a 20 vol-% ZIF-90 MMM.

alumina supports (70 nm pore size of the top layer; Fraunhofer
IKTS, former Hermsdorfer HITK, Germany). The dipping parameters
were: up speed =200 mm min~', down speed =300 mm min~",
lower delay =10s, and upper delay =3 min. The coated supports
were dried overnight at room temperature. For the secondary
growth process, 0.54g ZnCl, (3.94mmol, leq.), 049g 2-
methylimidazole (5.92 mmol, 1.5eq.) and 0.27 g sodium formate
(3.94 mmol, 1 eq.) (Sigma Aldrich) were solved in 80 mL methanol,
The solution was filled in a 200 mL Teflon autoclave and one of the
coated supports was put vertically in the solution. The closed
autoclave was heated in the microwave oven with a heating rate
of 75 °Cmin~" at 100 °C for 1.5 h. After the autoclave was cooled
down to room temperature, the membrane was washed with 20 mL
methanol and dried overnight at room temperature. The thickness
of the membrane is about 20 um.

2.1.2. ZIF-90 membrane synthesis

The a-alumina supports (70 nm pore size of the top layer;
Fraunhofer IKTS, former Hermsdorfer HITK, Germany) were trea-
ted at 110 °C for 2 h with 0.46 g APTES (3-aminopropyltriethox-
ysilane, Sigma Aldrich) in 10mL toluene. Afterwards the
functionalized disks were washed several times with toluene.
Than the disks were placed horizontally in a Teflon autoclave
which was filled with a solution out of 0.43 g Zn(NO5),+4 H,0 and

0.23 g imidazole-2-carboxaldehyde (SigmaAldrich) solved in
24 mL N,N-dimethylformamide. The autoclave was heated to
100°C in a convection oven for 18 h. After the synthesis the
membranes were washed with N,N-dimethylformamide and dried
at 60 °C overnight. The thickness of the ZIF-90 membrane is about
15 pm.

2.1.3. Matrimid membrane synthesis

The pure Matrimid membranes were produced by solving
0.30¢g Matrimid®5218 in 3 mL dichloromethane. The solution
was spread on an o«-alumina support (70 nm pore size of the top
layer; Fraunhofer IKTS, former Hermsdorfer HITK, Germany), dried
under dichloromethane atmosphere for 24 h and dried finally for
24 h under ambient atmosphere. The neat matrimid membrane
has a thickness of about 30 pm.

2.14. Dual-layer ZIF-8 and ZIF-90-Matrimid membrane synthesis

For the dual-layer ZIF-8 and ZIF-90-Matrimid membranes neat
ZIF-8 and ZIF-90 membranes were coated with the neat Matrimid
solution. Afterwards, the dual-layer membranes were dried under
dichloromethane atmosphere for 24 h and finally for additional
24 h under ambient atmosphere.
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Fig. 3. H;/CH; selectivity versus H, permeability plot for (a) the ZIF-8 based
membranes, (b) the ZIF-90 based membranes, and (c) the Robeson limits in
comparison with the neat membranes and the 10 to 20 vol-% MMMs. Comparison
of the neat supported Matrimid and the neat supported ZIF membranes as well as
the corresponding MMMs. Red: Measured data, black: Predictions from the
Maxwell model for the MMM according to Eq. (2). All permeation measurements
at 25 °C and a pressure difference of Ap=0.2 bar between upstream (1.2 bar) and
downstream (1 bar). (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

2.1.5. ZIF-8 particle synthesis

The ZIF-8 particles were produced at room temperature by
adding 70 mL of a zinc precursor solution (70 mL methanol with
1.03 g Zn(NO;); 6H,0) to 70 mL of a stirred 2-methylimidazole
solution (70 mL methanol with 2.07 g 2-methylimidazole). After
1 h the particles were collected by centrifugation, washed with
methanol.

2.1.6. ZIF-90 particle synthesis

For the ZIF-90 particle synthesis 1.92 g 2-carboxaldehyde
imidazole were solved at 70 °C in 50 mL N,N-dimethylformamide.
In between this time 1.48 g Zn(NO3); 6H,0 was dissolved at room
temperature in 50 mL methanol. After the imidazole solution was
cooled down to 50 °C, the zinc nitrate solution was mixed under
vigorous stirring into the carboxaldehyd imidazole solution. A
haze and slowly precipitation can be observed, which is separated
after 30 min by centrifugation and washed two times with
methanol.

2.1.7. MMM synthesis

For the MMM synthesis 10, 20 and 30 vol-% of ZIF-8 or ZIF-90
particles, respectively, were mixed with 0.30 g Matrimid in 1 mL
dichloromethane. The solutions were casted on o-alumina sup-
ports (70 nm pore size of the top layer; Fraunhofer IKTS, former
Hermsdorfer HITK, Germany) and dried under dichloromethane
atmosphere for 24 h and under ambient atmosphere for additional
24 h.

2.2. Membrane characterization

For the characterization of the homogeneity of the MMMs and
the crystal size, orientation and intergrowth, all membranes were
manually broken, coated with carbon and analyzed by Scanning
Electron Microscopy {SEM) or Transmission Electron Microscopy
(TEM). The SEM images were taken on a JEOL JSM-6700F instru-
ment (acceleration voltage =5kV, current =5pA). The TEM
picture, the STEM picture and the SEAD have been prepared with
a field-emission JEOL JEM-2100F instrument. Therefore, the mem-
branes were glued with epoxide on a supporting glass plate, cut
with a diamond wire saw, polished by a precision polisher and
further thinned with an argon beam.

The mixed gas separation experiments were performed in a
modified Wicke-Kallenbach apparatus using equimolar gas feeds
with a total flow rate of 100 mLmin ' at 1.2 bar pressure. The
sweep gas had a flow rate of 2 mLmin ' at a pressure of 1 bar.

The binary mixture separation factor (t{f"‘ has been calculated
by dividing the molar ratio of the permeate x;/x; as determined in
gas chromatography by the molar ratio of the feed gas mixture y;/
¥; which nearly corresponds to the molar ratio of the retentate
since the feed flux » permeate flux (Eq. (1)) [26].

apa = 47% 1
v Yil¥; h

3. Results and discussion

The SEM pictures of the neat ZIF-8 and the neat ZIF-90
supported membranes (Fig. 1) show no major defects like cracks
or pinholes. Also the supported MMMs with 10, 20 and 30 vol-%
ZIF-8 or ZIF-90 particles, respectively (Fig. 2) are free of major
defects as it follows from the SEM and TEM pictures. Thus, it seems
that all membranes seem to be dense and can be evaluated in the
gas permeation.

From the measured permeabilities of the mixed gas permeation
on the neat supported ZIF membranes and the neat supported
Matrimid membranes, we calculated the expected permeabilities
and selectivities for the MMMs by the Maxwell model (Eq. (2),
Fig. 3) [27]. The Maxwell model was originally developed for the
calculation of the electrical conduction through heterogeneous
media [26], but it can also be used for a quantitative calculation of
the MMM permeation data since the electrical conduction through
heterogeneous media is analog with the permeation flux through
a polymer membrane with spherical, porous additives [28]. The
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5 1/nm

Fig. 4. (a) STEM dark-field picture of the ZIF-8 particles embedded in the Matrimid polymer matrix, (b) STEM bright-field picture of a ZIF-8 nanocrystal with the embedding
Matrimid polymer, (¢) SAED of the marked areas that reveals spots with d-spacings of 0.2 nm and 0.1 nm for the polymer, the ZIF-8 particles are “invisible” since they have
been amorphized in the electron beam, (d) neat matrimid film which has been analyzed by SAED (e) to compare the diffractogram with the one of the ZIF-8 MMM as shown

in (c).

328 -
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320 +

Glass transition temperature (°C)
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Vol-% ZIF-90 in Matrimid

Fig. 5. Glass transition temperature of the pure Matrimid polymer and the MMMs
with 10 to 30 vol-% ZIF-90. During the DSC-measurements the polymers have been
heated twice with a heating rate of 10 K/min in N, atmosphere (Flux 20.0 mL/min)
to avoid artefacts and to normalize the thermal history.

permeability of the gas molecules through MMMs depends only
on the permeability of the gas through the polymer as continuous
phase (P¢), and the molecular sieve additive as dispersed phase
(Pp) as well as on the volume fraction (¢,,) of the dispersed phase

in the continuous polymer matrix. According to the Maxwell
model, the effective permeability P; of a MMM can be described
by the following expression:

Pp+2Pc —2¢p,(Pc —Pp)

Paep =P,
o = 5C | Py + 2Pc+ ¢ (Pc — Pp)

@

Comparing the predicted permeation results for the binary
mixture H,/CH,4 on ZIF-8/Matrimid and ZIF-90/Matrimid MMMs
with the measured data for these MMMs, we can state a
selectivity enhancement for the MMMs with 10 and 20 vol-%
ZIF particles (Fig. 3). But the H, permeabilities of the MMMs were
lower than the expected values from the Maxwell model. For
MMM particle loadings > 20 vol-%, however, we measured for
both the ZIF-8 and ZIF-90 based MMM lower mixed gas selectiv-
ities and lower hydrogen permeances than predicted (Fig. 3)
since in our case the filler particles agglomerate at particle
loadings > 20 vol-%, which leads to particle clusters with inter-
facial voids. Comparing the measured membrane results with the
Robeson plot, which illustrates the upper bound limit of the
trade-off relationship between the selectivity and permeability
for the best polymeric membranes, we can conclude that the
MMMs could not exceed the limits. But nevertheless we could
gain unexpectedly high gas selectivities in comparison with the
neat matrimid (Fig. 3c).
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Fig. 6. Selectivity enhancement for coated ZIF-8 and ZIF-90 membranes with a
Matrimid polymer layer. H>/CH, selectivity versus H, permeability plot for (a) neat
ZIF-8 membrane as shown in Fig. 1a, neat Matrimid membrane and the dual-layer
ZIF-8 + Matrimid membrane, and (b) neat ZIF-90 membrane as shown in Fig. 1b,
neat Matrimid and the dual-layer ZIF-90+Matrimid membrane. All permeation
measurements at 25 °C and a pressure difference of Ap=0.2 bar between upstream
(1.2 bar) and downstream (1 bar). The error bars mark the deviations of the
membrane performances.

The higher H,/CH, selectivity and lower H, permeabilities of
the measured ZIF based MMMs can be explained by either (i) a
rigidified polymer layer around the embedded ZIF particles, or by
(ii) a hindered gate-opening effect of the ZIFs caused by the
surrounding polymer matrix. Both models can explain our experi-
mental findings of the enhanced selectivity and slightly decreased
hydrogen permeability at low particle loadings of 10 and 20 vol-%
ZIF in Matrimid. If the particle loading of the MMM is higher, the
particles tend to agglomerate and segregate, which leads to
defective membranes with unselective pathways for the gas
molecules since the ZIF particles are not completely surrounded
by the polymer [29].

Rigidified polymer layers could often be found for zeolites and
other additives in polymer matrices if the contact between both
phases was very attractive. The mobility of the polymer chains in
the region directly contacting the particle is inhibited relative to
the polymer chains of the bulk polymer [30]. Thus, the higher
selectivity of these MMMs was only attributed to an enhanced
diffusivity selectivity caused by the increased rigidity of the
polymer matrix. But for MOFs, also a hindered linker distortion
of the imidazolate linker molecules in the ZIF frameworks can

cause higher selectivity and lower permeability. For ZIF-8, there
are some recent reports, that the MOF framework can adsorb
bulky molecules such as benzene or xylenes [31], despite of the
ZIF-8 pore openings of 3.4 A. Hence, it is possible that adsorbed
molecules can “open the gate” under certain conditions as found
in [32]. This behavior leads to declined gas selectivities for certain
MOFs an adsorption and permeation like in the case of the neat ZIF
membranes. A hindered linker distortion can cancel this effect and
generate “molecular sieving”.

To answer the question about the reason for the unexpected
separation performance of the ZIF based MMMs, we analyzed the
polymer structure of the surrounding Matrimid in the neighbor-
hood of the ZIF-8 particles by STEM and HR-TEM (Fig. 4).

Any change could not be identified in the arrangement of the
polymer chains near to the ZIF particles in the STEM picture (Fig. 4a
and b) which could explain an increased selectivity. The selected area
electron diffraction (SAED) of the ZIF-8 MMM contains two diffuse
Debye Scherrer rings (Fig. 4c) which correspond to a maximum in
the radial electron intensity distribution at 0.2nm and 0.1 nm.
Aromatic polyimides, like Matrimid, have a relatively disordered
chain packing structure and form a rather amorphous structure due
to the variation in the conformation around the chain axis. But in the
amorphous phase, there can be found some ordered liquid-
crystalline-like domains in which the polyimide chains have a
preferred layer packing and are packed together both along the in-
plane and the out-of-plane direction [33]. Since no polymer structure
changes near to the ZIF particle are identifiable, we can conclude,
that the polymer seems to be unchanged (Fig. 4c and e). This
assumption could be confirmed by DSC measurements of the neat
polymer and the 10 to 30 vol-% ZIF-90/Matrimid MMMs, which show
no significant differences in their glass transition points (T) (Fig. 5).
The glass transition point itself is a very sensitive parameter with
respect to nearly every aspects of the material microstructure
[34,35]. If a particle/polymer interaction is very intense and the
polymer gets more rigid around the particle, because of the adsorp-
tion of polymer segments, the T of the rigid polymer will be higher
compared with the Tg of the bulk polymer, because of the reduced
chain mobility. Weak interactions instead lead to lower T due to less
organized polymer chains. An unchanged T, indicates that the
structure of the majority of the bulk polymer is unchanged.

This means that our experimental finding of an improved H;/
CH,4 selectivity for the MMM - much higher than the prediction of
the Maxwell model - can be explained most probably by a
hindered gate-opening effect of the ZIFs by the surrounding
polymer matrix. To confirm this idea we prepared ZIF-8 and ZIF-
90 dual-layer ZIF/Matrimid membranes. First, a “normal” sup-
ported neat ZIF membrane as shown in Fig. 1 has been prepared,
and in a second preparation step, a Matrimid top layer was added
to the previously synthesized neat supported ZIF membrane as
described under Section 2. For this experiment, we used our best
ZIF membranes with H,/CH, selectivities around 11-13 for ZIF-8 (3
membranes) and around 7-9 for ZIF-90 (3 membranes). If the
gate-opening effect is really hindered by the presence of Matrimid,
we should observe an increased H,/CH, selectivity for so prepared
dual-layer ZIF-8 and ZIF-90 membranes after bringing a top layer
of Matrimid on the neat supported ZIF membranes. These high H,/
CH, selectivities could be found indeed with a very high reprodu-
cibility (see the error bar) for the dual-layer membranes, however,
with some losses in permeability (Fig. 6).

4. Conclusion
The present study could clearly demonstrate the influence of

the framework flexibility on the gas separation selectivity of ZIF-8
and ZIF-90 membranes. When the supported neat ZIF-8 and ZIF-
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90 membranes become coated with an additicnal Matrimid top
layer, in the contact zone polymer-ZIF the framework flexibility is
frozen, most probably the linker distortion is blocked, and as a
result, the H,/CH,4 selectivity increased dramatically for the coated
dual-layer ZIF membranes. The same phenomenon of suppressed
linker distortion is responsible for the surprisingly high perfor-
mance of Mixed Matrix Membranes (MMM) by embedding the ZIF
nanoparticles in a Matrimid polymer matrix. The measured Haf
CH, selectivities on the MMM were found to be much higher than
the predicted data from the so called Maxwell model. It is shown,
that the increased selectivity values are not caused by a rigidified
polymer layer around the ZIF particles, but by a hindered linker
distortion of the imidazolate molecules in the ZIF frameworks.
Thus, the presence of a well-fitting polymer layer next to the ZIF
particles cancels the negative effect of the imidazolate linker
flexibility on the selectivity.
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4 Conclusions

This thesis gives insight into the development of relatively cost-intensive and
rarely reproducible supported Metal-Organic Framework (MOF) membranes
towards cheaper and more easily reproducible Mixed Matrix Membranes

(MMMs).

First, the stable and for the gas permeation already successfully applied (chapter
1.2.6) ZIF-8 membrane was tested in the pervaporation of alkanes and aromatics
(chapter 2.2). The gas adsorption studies showed that bulky molecules like n-
hexane (critical diameter 4.3 A) can be adsorbed by ZIF-8 powder (pore size
3.4 A). In complete accordance with this finding, n-hexane permeated through the
ZIF-8 membrane during the pervaporation experiment of the practice-relevant n-
hexane/benzene mixture. N-hexane and benzene were separated with a binary

mixture separation factor of «,,,. = 8.4at room temperature. This finding

means that also benzene (critical diameter 5.8 A) can be adsorbed by ZIF-8 and

passes the ZIF-8 membrane with a low but non-zero permeation rate (chapter 2.2).

To study the molecular motion of benzene in ZIF-8, additional “H-NMR studies
were carried out. It was concluded that benzene enters the ZIF-8 pore system and
does not form any surface layer on the outer surface of the ZIF-8 crystals (chapter
2.3). Further information on benzene dynamics in ZIF-8 was obtained from the
analysis of the spin-lattice and the spin-spin relaxation times as a function of the
temperature. It was shown that within the ZIF-8 cage, the benzene molecule
quickly rotates and performs relatively slow isotropic reorientations when
colliding with the ZIF-8 wall. Benzene undergoes a translational jump diffusion
between the neighboring cages and has a self-diffusion coefficient of 4-10™"° m*s™
at 50 °C. This self-diffusivity of benzene in ZIF-8 from NMR was found to be in
agreement with diffusion coefficients derived from pervaporation studies.

Since the handling and scale-up of synthesized ZIF membranes in the geometry of
thin films on porous ceramic supports caused problems, mechanically more stable,
easier and cheaper to produce membranes with excellent separation characteristics
were looked for. MMMs attracted attention as a possibility to combine the
excellent separation performance of MOFs - or in this case ZIFs - with the

flexibility and good handling of polymers. Thus, established polymer processing
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technologies can be used to produce MMMs in the form of hollow fibers or spiral
wound modules.

MMMs can be made of rubbery and glassy polymers which have different
influences on the separation ability of the resulting membrane. For zeolite MMMs
it is known that rubbery polymers often form the better matrix as they are still
flexible at room temperature and can fit the zeolite crystals (chapter 1.3.2.1).
Thus, a 9 vol-% MMM out of ZIF-8 nanoparticles and rubbery polymethyl-
phenylsiloxane (PMPS) was examined. The resulting MMM displayed gas
selectivities identical with those of the PMPS membrane but with higher gas
fluxes which can be explained by a higher free volume of the PMPS due to the
incorporation of ZIF nanoparticles (chapter 3.2).

Completely different results were obtained by mixing ZIF nanoparticles with the
glassy Matrimid®5218 (Matrimid) polymer (chapter 3.3 and 3.4). The evaporation
of the solvent in ambient air during the MMM synthesis can lead to huge tensile
stresses in the glassy polymer matrix which can cause void-forming in the
interface between the polymer and the additive. Hence, we dried our MMMs
under solvent atmosphere. In chapter 3.3, 25 vol-% ZIF-90/Matrimid and 25 vol-
% ZIF-8/Matrimid MMMs have been prepared and tested for the H,/CO, mixed
gas separation in comparison with the neat ZIF and the neat Matrimid membranes.
It was found that the ZIF-8/Matrimid MMM had only a slightly improved

hydrogen permeability in comparison to the neat Matrimid membrane while the

mixed gas separation factor remains constant at ay ., =3.5. The ZIF-

90/Matrimid MMM had a slightly improved mixed gas separation of
Ay, ico,= 9.0 and the hydrogen permeability increased slightly from 28 Barrer to
30 Barrer. Plotting the H,/CO, selectivity as a function of the H, permeability in
the so-called Robeson plot, an improvement compared with the neat Matrimid
polymer membrane towards the Robson line was stated. A decisive improvement
of the H,/CO, separation factor was achieved with the covalently bonded ZIF-90-
based MMM. In this membrane, ethylenediamine linkers have been used to

improve the interaction between the matrimid polymer and the ZIF-90 particles.

Thus, the separation factor was further improved to @, = 9.5, while the

hydrogen permeability decreased. The selectivity improvement was also caused
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by the attractive interaction between CO, and the amine groups. To describe the
gas permeability in MMMs with homogenously distributed, spherical and porous
additives, the Maxwell model can be applied. It is noticeable that the predictions
of permeabilities based on the Maxwell model always showed higher results for
the 25 vol-% ZIF-8 and ZIF-90/Matrimid MMMs than the measured
permeabilities.

This phenomenon could also be observed for the H,/CHy4 separation by ZIF-90
and ZIF-8/Matrimid MMMs (chapter 3.4). In this case we also obtained lower
permeabilities than expected. Additionally, higher separation factors for the
10 and 20 vol-% MMMs were found compared to the neat Matrimid and ZIF
membranes. The findings can be explained by either a rigidified polymer layer
around the ZIF nanoparticles or by a changed filler separation due to a hindered
ZIF framework flexibility. Thus, additional STEM, SAED and DSC
measurements have been done. All these measurements showed no changes of the
polymer structure around the ZIF particles. Thus, we concluded, that the enhanced
selectivity results from a hindered linker distortion on the ZIF surface. This effect
was reproducible by using another glassy polymer: 2,2’-bis(3,4-carboxyphenyl)
hexafluoropropane dianhydride-diamino-mesitylene (6-FDA-DAM).

This thesis could show that ZIF membranes have excellent separation
performances in comparison to the Robeson plot in spite of the markedly
framework flexibility which even allows benzene to become adsorbed. However,
the handling and scale-up of ZIF membranes caused problems. Thus, MMMs
attracted attention as a possibility to combine the excellent separation
performance of ZIFs with the flexibility and good handling of polymers. Indeed,
enhanced gas separation results or gas permeabilities, respectively, could be found
for the MMM s in comparison to those of the neat polymer membranes. For the
rubbery PMPS membrane enhanced gas permeabilities were observed after
introducing ZIF-8 nanoparticles, while the separation results remained constant.
For the glassy Matrimid membranes, instead, unexpected high separations were
found after introducing ZIF-8 and ZIF-90 nanoparticles, while the gas
permeabilities often decreased. The finding was explained by a hindered

framework flexibility caused by the surrounding polymer layer.
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