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ABSTRACT: Metal−organic frameworks (MOFs), as porous
fillers possessing molecular sieving properties, have been
combined with polymers to give mixed-matrix membranes
(MMMs) with enhanced separation performance. This field of
research has produced a large number of different membranes,
and many MOF/polymer combinations have been tested and
reported to show potential application to industrial gas
separation. Although MOFs have been proposed as novel
additives with high porosity and tunable pore size, which were
supposed to outperform other porous fillers, due to restrictions in
separation performance of the filler and challenges concerning the
compatibility of polymer and MOF, only a small fraction of these
works report both improved permeability and selectivity. In this
review these challenges are set into the context of MOF synthesis
and membrane fabrication by the choice of appropriate polymer/MOF combinations, utilization of the MOF functional sites,
modification of the MOF surface chemistry or pore texture and size, and also targeted influence of the size and shape of the filler
particles. The effect of the highlighted MOF additives on the gas separation performance is analyzed and discussed by
comparison of the gas permeability and selectivity. This emphasizes strategies by which high performing MMMs can be achieved
through accessing the full potential of the porous MOF fillers.

1. INTRODUCTION

Artificial membranes are frequently used in chemical industrial
processes. Membranes are thin layers that provide a resistance
to the passage of different substances. Theoretically they can be
used in any process for the separation of substances. Gas
purification, the production of drinking water from seawater
(water desalination), the purification of sewage, and the
recovery of fuel vapors are some of the most important
examples of membrane applications.1

Membrane separation processes are very versatile and are
specified by their application demand, i.e., in industrial
processes, or in the production of purified substances. The
specification of which kind of membrane material or process is
applied depends on the given separation problem and the
conditions like feed composition, compression of feed streams,
or contamination by substances which influence the separation
process. The process or membrane material that is to be chosen
for a specific separation problem is mainly determined by the
size of the components of the mixture. Research into the
development of new membrane materials mostly focuses on the
development of dense polymer membranes where the effect of
modifications is also studied compared to the pure or
unmodified polymer material. Such membranes are charac-
terized for gas separations because of the very similar size of the
substances and the demand for industrial application.

Industrial separation processes are commonly carried out
with conventional methods, such as distillation, crystallization,
or absorption. The use of membrane separation processes often
proves to be more advantageous than these methods for many
applications. Particularly the lower costs, the lower energy
consumption, and simpler process conditions make membrane
separation processes the preferred technology for the
purification of mixtures.2 Membrane separation processes can
give energy savings of up to 50% of the production cost over
other separation technologies.3,4 Membrane processes, which
are already in place in industry, include the removal of CO2

from natural gas (before the natural gas can be passed to the
pipeline), the isolation and recovery of hydrogen (for example
in cracking processes), and oxygen/nitrogen separation from air
(for enriched oxygen in medical devices and enriched nitrogen
used for oxygen sensitive materials).2,5 Membrane processes for
vapor6 or monomer recovery, e.g., ethylene/N2 or propylene/
N2 separation,

7,8 or for the removal of water or larger molecules
from organic solvents9 are increasingly applied. Organic
polymers are typically used for commercial membranes as
they are inexpensive and easy to manufacture.

Received: April 25, 2017
Published: June 12, 2017

Review

pubs.acs.org/crystal

© 2017 American Chemical Society 4467 DOI: 10.1021/acs.cgd.7b00595
Cryst. Growth Des. 2017, 17, 4467−4488

pubs.acs.org/crystal
http://dx.doi.org/10.1021/acs.cgd.7b00595


Table 1. Permeability and Selectivity Data of the Highlighted MMMs and Corresponding Polymer Membranesa

Pb [Barrer] selectivity Measurement conditionsd

filler (specification) polymer

filler-
ldg.

[wt %] CO2 CO2/CH4 CO2/N2
c T [°C] Δp [bar] method ref

PSF 0 7 27 30 10 mixed sweep 107
NH2-MIL-125(Ti) 10 15 29

20 23 30
30 37 6

Matrimid 9725 0 6 30 35 9 mixed const vol. 108
MIL-125(Ti) 15 18 44

30 27 37
NH2-MIL-125(Ti) 15 17 50

30 50 37
SPEEK 0 16 23 34 30 1.5 single sweep, dry 111

MIL-101(Cr) 40 31 31 37
HSO3-MIL-101(Cr) 40 35 40 41

SPEEK 0 543h 23h 34h 30 1.5 single sweep, humid
MIL-101(Cr) 40 1623 33 40
HSO3-MIL-101(Cr) 40 2064 50 53

SPEEK 0 16h 22h 33h 30 1.5 mixed sweep, dry, CO2/
CH4 (30/70) CO2/N2
(20/80)

MIL-101(Cr) 40 29 29 36
HSO3-MIL-101(Cr) 40 34 39 40

SPEEK 0 540h 21h 32h 30 1.5 mixed sweep, humid
CO2/CH4 (30/70),
CO2/N2 (20/80)

MIL-101(Cr) 40 1600h 31h

40 1609h 39h

HSO3-MIL-101(Cr) 40 2029h 48h

40 2013h 51h

Matrimid 9725 0 6 31 35 9 mixed const. vol. 129
UiO-66(Zr) 30 16 36
UiO-66(Zr)-BA 30 18 43
UiO-66(Zr)-ABA 30 14 45
NH2-UiO(Zr)-66 30 18 37
NH2-UiO-66(Zr)-BA 30 17 39
NH2-UiO-66(Zr)-ABA 30 38 48

PSF asymm. 0 204 21 30 6 mixed sweep 136
ZIF-8 6 420 19
IL@ZIF-8 6 312 34

0 227 26
ZIF-8 6 464 29
IL@ZIF-8 6 351 115

PMMA 0 (O2) 0.09 (O2/N2) 8 35 2 single const. vol. 140
PMMA 0 (O2) 0.09 (O2/N2) 8 35 2 single const. vol. 141

0 (O2) 0.11 (O2/N2) 8
NH2-CAU-1 15 (O2) 633 (O2/N2) 2 25 1 single const. vol. 139
NH2-CAU-1@PDA 15 (O2) 627 (O2/N2) 3

Matrimid 5218 0 8 29 25 n.s. single const. vol. 123
NH2-UiO-66 23 23h 35h

NH2-UiO-66-PA 23 28h 36h

NH2-UiO-66-C10 23 22h 27h

NH2-UiO-66-SA 23 19h 30h

SPEEK 0 15h 27h 37h 30 1.5 single sweep, dry 143
MIL-101(Cr) 40 29 32 39
PEI@MIL-101(Cr) 40 36 40 48

SPEEK 0 545 25 36 30 1.5 single sweep, humid
MIL-101(Cr) 40 1623 32 40
PEI@MIL-101(Cr) 40 2490 72 80
MIL-101(Cr) 40 29 32 38 30 1 mixed sweep, dry CO2/

CH4 (30/70), CO2/N2
(10/90)

143
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Table 1. continued

Pb [Barrer] selectivity Measurement conditionsd

filler (specification) polymer

filler-
ldg.

[wt %] CO2 CO2/CH4 CO2/N2
c T [°C] Δp [bar] method ref

PEI@MIL-101(Cr) 40 36 39 47
SPEEK 0 529h 22h 33h 30 1 mixed sweep, humid CO2/

CH4 (30/70), CO2/N2
(10/90)

MIL-101(Cr) 40 1586 30
40 1548 38

PEI@MIL-101(Cr) 40 2384 70
40 2437 78

6FDA−ODA 0 14h 50h 35 10 mixed const. vol. 53
MIL-53(Al) 25 21h 44h

NH2-MIL(Al)-53 10 14h 49h

15 14h 50h

20 14h 53h

25 14h 65h

30 15h 71h

32 15h 78h

6FDA−DAM 0 315 10 35 10 mixed const. vol. 171
MIL-53(Al) 10 330h 11h

15 351h 12h

NH2-MIL(Al)-53 10 307h 14h

15 288h 15h

20 298h 9h

6FDA−DAM−HAB 0 46h 34 35 10 mixed const. vol. 171
MIL-53(Al) 10 55h 37h

15 64h 41h

NH2-MIL(Al)-53 10 42h 78h

15 44h 65h

20 54h 35h

6FDA−DAM−HAB 0 54 18 35 10 single const. vol. 171
MIL-53(Al) 10 61 16

15 71 15
NH2-MIL(Al)-53 10 47 79

15 47 58
20 44 28

PVDF 0 0.9 21 25 6 mixed const. vol. 173
m-PVDF 0 1.2 26

MIL-53(Al) 5 1.8 35
10 2.5 37

NH2-MIL(Al)-53 5 1.7 37
10 2.2 43

MIL-53(Al)-53 PVDF 5 1.2 21 25 6 mixed const. vol. 172
10 1.6 21

NH2-MIL(Al)-53 5 1.1 23
10 1.4 26

Pebax 1657e 0 72 14 34 20 3.75 single const. press. 175
ZIF-7 8 145 23 68

22 111 30 97
34 41 44 105

Chitosan 0 307 0,5 50 2 single const. vol. 179
Chitosan/ [emim][Ac] 0 1338 5

ZIF-8 10 5413 12 50 2 single const. vol. 179

HKUST-1 5 4754 19
XLPEO 0 450 15 25 1 mixed sweep 195

bulk Zn(pyrz)2(SiF6) 10 540 23
submicron Zn
(pyrz)2(SiF6)

10 620 27

20 590 30
XLPEO 0 470 19 25 1 mixed sweep CO2/N2

(20/80)
195
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1.1. Membrane Performance Characteristics for Gas
Separation. A brief mathematical description of permeability
and selectivity is given in the Supporting Information.
The gas flow through the membrane is usually measured at

“constant pressure and variable volume” or with “variable
pressure and constant volume’”. For mixed gas experiments a
special sensor is used to determine the mole fractions of the
components in gas streams. In the method to measure gas
permeation with constant volume and variable pressure, the
permeate flow is determined by detecting the pressure increase
by a pressure transducer in a constant-volume cell in which
permeate flows through the membrane.10 For measurement

approaches with “continuous flow” or “constant-pressure and
variable-volume”, direct measurement of the steady-state gas
flow rate on the permeate side of a membrane is achieved using
a flow meter. Commonly electronic flow meters or capillary
soap-bubble flow meters are used for this purpose. Both
methods can be used to directly measure the single gas
permeability when pure gases are used as feed. If a gas mixture
is applied as the feed gas, either the collected gas volume at
steady state or a sample of the continuous flowing gas stream is
directed to, for example, a gas chromatograph, to determine the
permeate composition. Alternatively the permeating gas is

Table 1. continued

Pb [Barrer] selectivity Measurement conditionsd

filler (specification) polymer

filler-
ldg.

[wt %] CO2 CO2/CH4 CO2/N2
c T [°C] Δp [bar] method ref

bulk Zn(pyrz)2(SiF6) 10 540 25
submicron Zn
(pyrz)2(SiF6)

10 670 29

20 630 29
PBI 0 (H2) 4 (H2/CO2)

10
35 5 single const. vol. 197

(OH)2-UiO-66(Hf) 10 (H2) 8 (H2/CO2)
19

20 (H2) 11 (H2/CO2)
13

30 (H2) 15 (H2/CO2) 8
Matrimid 0 8h 32h 35 5 mixed const. vol. 204

ZIF-8 (particle fusion) 30 26h 53h

ZIF-8 30 20h 41h

PVC-g-POEM 0 70 14 35 1 single const. vol. 206
ZIF-8 10 170 12

20 495 11
30 623 11

aThe data were used to plot the comparative permselectivity graphs to visualize the impact of the different strategies to modify MMM materials for
separation. bPermeability of preferentially permeating gas. If another gas other than CO2 is the preferentially permeating gas, it is specified in
brackets next to the value. cIf another gas other than CO2 is the preferentially permeating gas, the gas pair is specified in parentheses next to the
value. dIf not specified, in mixed gas experiments the feed gas composition is 50/50 vol %. eComposite membrane. hData obtained and calculated
from figures.

Figure 1. Factors that influence the process economics of a membrane gas separation process, in particular, energy use, and thereby determine the
properties of the optimum membrane.

Crystal Growth & Design Review

DOI: 10.1021/acs.cgd.7b00595
Cryst. Growth Des. 2017, 17, 4467−4488

4470

http://pubs.acs.org/doi/suppl/10.1021/acs.cgd.7b00595/suppl_file/cg7b00595_si_001.pdf
http://dx.doi.org/10.1021/acs.cgd.7b00595


directed from the membrane to the sensor system using a
sweep gas stream at atmospheric pressure.
All above-mentioned methods are commonly used in studies

on membrane gas separation performance (cf. Table 1), but in
order to evaluate the practical separation performance of
membranes, mixed-gas permeation tests should be performed.
The mixed-gas permeability of membranes can be reduced,
compared to their corresponding single gas permeabilities, due
to the effect of permeate competition from the competitive
sorption and diffusion of both gases.11 Ideally a membrane
should have both a high permeability and a high selectivity. The
lower the permeability the larger the membrane area needed or
the number of membrane modules for the given gas volume
and time factor. Lower selectivity requires more steps in the
separation with more complex operations, typically leading to
higher costs. Large volume separations, such as O2/N2 for oxy-
combustion or CO2/CH4 for natural gas treatments require
highly permeable membranes. In some cases ultrahigh
membrane selectivity is not necessarily desirable for large-
scale gas separations, as for example, CO2 separation from
natural gas. This is because the permeate concentration of the
more permeable gas reaches a plateau even as the selectivity
continues to increase. Thus, a membrane with very high
permeability and good selectivity may be more industrially
attractive for large-scale applications.12 In many industrial gas
separations, process economics also limits the pressure ratio
(feed pressure/permeate pressure) that can be used. As a
consequence, the optimum membrane may not be the one with
the highest selectivity, and membranes with different
selectivities may be preferred in different portions of separation
plants.13 The factors that influence the process economics and
thereby determine the properties of the optimum membrane
are illustrated in Figure 1.
Highly permeable membranes are always the aim in the

development of new materials, but the optimum membrane
selectivity depends on the process and the operating
conditions, especially the pressure ratio. The cost of the
compressor package may be much more than the cost of the
membrane unit, and the cost of electricity used to power the
compressor is usually the largest operating expense. For these
reasons, pressure ratios used in industrial processes are
normally below 20, and are typically in the range of 5−15.
The compressor/vacuum energy use is directly related to the
membrane pressure ratio (Figure 1). A competitive process
requires an affordably low pressure ratio, and this determines
the preferred membrane selectivity.13 Calculations of Merkel et
al.12 on the design for a postcombustion CO2 capture process
with membranes shows that at a given pressure ratio a trade-off
exists between membrane area and permeate CO2 concen-
tration, which results in a narrow range of optimum selectivity
for this separation. Even for a more selective membrane, the
process would still require a larger membrane area to improve
the purity of CO2 in the permeate gas stream.
1.2. Membrane Material and Shape. In commercial

biogas purification, feed streams typically contain a high
fraction of CO2 and impurities like H2S and H2O. Conventional
biogas purification is achieved through CO2 and H2S gas
absorption in suitable solvents, but absorption processes are
highly energy-intensive and not well-suited for large-scale
applications due to the large size and weight of the process
equipment. Membranes used for industrial biogas purification
are made from cellulose acetate and separate small polar
molecules such as CO2, moisture, and the remaining hydrogen

sulfide.14 Currently, the benefits of CO2 removal by membrane
plants, including low capital cost, high energy efficiency, and
high product recovery, are restricted by challenges such as
membrane plasticization, low contaminant resistance, and lower
product purity than solvent absorption.15 Plasticization is the
phenomenon that the permeability of both components
increases and the selectivity decreases. This is caused by an
increase in the segmental motion of polymer chains at high feed
pressures due to the presence of one or more sorbates.16

Another important constraint in the development of
membrane applications is the inverse correlation between
permeability and selectivity. Organic polymer membranes are
particular susceptible to this gas permeability and selectivity
relationship, such that membranes with high permeability have
a low selectivity and vice versa. The well-known Robeson
plots17,18 for gas pairs, or related plots for pervaporation from
Lue and Peng et al.,19 summarize the permeability and
selectivity of known dense membranes and thereby illustrate
that as permeability increases the selectivity of the membrane
decreases, giving an upper bound of membrane performance
(Figure 2). These upper bounds of performance for organic

polymer membranes increase gradually with further develop-
ment, but these do not approach the performances observed by
other materials, for example, inorganic membranes. Efforts are
being undertaken to pass this “Robeson upper bound” by the
development of new polymeric materials,20 pure inorganic
membranes like zeolites (crystalline, porous aluminosili-
cates),21,22 metal−organic frameworks (MOFs),23 carbon
molecular sieves (CMS),24,25 carbon nanotubes (CNTs),26

and graphene27 or by combining different materials in so-called
mixed-matrix membranes (MMMs) (see below).
Pure (also called continuous) inorganic zeolite or hybrid MOF

membranes combine very good selectivity with high perme-
ability.29−32 The problems with fabricating such continuous
membranes from individual microcrystals is the defect-free
preparation and mechanical stability of the membrane during
operation. The occurrence of cracks or holes will result in a loss
of selectivity. There are numerous studies on sophisticated and
specialized engineering techniques to produce supported
MOF33,34 and zeolite31,35,36 thin films as a selective layer.
Fabrication of a mechanically strong and stable, well-intergrown
defect-free pure MOF membrane is still challenging and
difficult to scale up for industrial application.31,32,37,38

Figure 2. Schematic presentation of the inverse correlation (trade-off)
between permeability and selectivity of dense membranes in gas
separation with the 1991 and 2008 Robeson upper bounds.17,18

Technologically interesting and better performing membranes lie
around or above the Robeson upper bound. Figure reproduced from
ref 28 with permission. Copyright Royal Society of Chemistry, 2012.
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MMMs consist of a micro- or nanosized additive or filler
component which is dispersed in the continuous organic
polymer phase (Figure 3).28,35,39−55 MMMs target the

combination of the good flexibility and processability of
polymers and the very high gas separation performance of
porous inorganic materials to thereby surpass the Robeson
upper bound.18 The addition of fillers to polymer materials can
also meet the challenges of commercially used polymer
materials, like membrane plasticization, low contaminant
resistance, and low product purity and provide high perform-
ance gas separation MMMs, on the condition that defects at the
filler−polymer interphase can be avoided. Various porous or
nonporous inorganic additives have been tested as filler
materials.18,28,35,39,42−57 Improvements in membrane separation
performance are expected for nanostructured porous additives
such as zeolites or MOFs with size-selective adsorption and
separation properties.39,44 Concerning the filler, its chemical
properties, functional groups on the surface, the distribution of
particle sizes, and its shape are other important variables.
Gas separation MMMs are produced in different shapes: on

the one hand symmetrical MMMs, in which the filler particles
should be uniformly embedded in the polymer matrix, and on
the other hand asymmetric MMMs, which consist of a thin
polymer layer with filler and a thicker, porous carrier layer.
Membranes used in industrial applications are usually
integrated as asymmetric membranes which can be produced
as flat sheets or as hollow fibers.58

Flat asymmetric MMMs can be prepared by the phase
inversion method. The polymer and filler dispersion is poured
onto a flat surface and solidifies after solvent exchange. During
solidification, defects can occur within the membrane or on the
surface. To minimize the defects on the surface an additional
layer of polymer can be applied by spin coating.59 The
additional polymer layer can also be chemically cross-linked to
the membrane layers which can increase the thermal and
chemical stability as well as the selectivity usually with
reduction in permeability.60,61

Asymmetric hollow fiber membranes are a focus when there
is the problem of low gas flow through the membrane. Because
of the high membrane area per module volume, the high
packing density and the high gas flow through the hollow fiber,
this membrane shape is optimal for industrial applications, as
seen from an engineering and process economics point of view.
In the preparation of MMM hollow fibers either a layer of the
polymer−filler dispersion is applied onto the already
prefabricated hollow fiber substrate, or the hollow fiber is
directly fabricated from the target material.62,63

In the development of novel polymer and filler materials, and
the investigation of effects of polymer and filler interaction, a
symmetrical MMM is often chosen because the comparability
of the production methods is better and effects on separations
can be discussed more easily from a chemical point of view.
The step toward module design and optimization of the
membrane area/module volume is done in the engineering
process. Such membrane shape and engineering aspects are
significant for the industrial future of new membrane materials,
including MMMs but go beyond the scope of this review.

1.3. Zeolites and MOF Additives−Background and
Opportunities for MOFs. MOFs have been investigated as
inorganic−organic hybrid additives for MMMs64−69 as they are
highly porous and should be able to interact better than purely
inorganic zeolites with the surrounding polymer. MOFs have
adaptable chemical properties and porosities through the
metal−linker combination.70 The interaction of the organic
ligands of the MOF with the polymer, which can be enhanced
with functional groups for specific supramolecular or even
covalent bonding, should prevent interfacial microgaps, which
lead to loss in selectivity.28,35,42−44 In order to obtain materials
with optimized separation properties, a perfect interaction
between the two components is highly important for the
preparation of MMMs.
Gas separation is the most studied field with MOF-MMMs,

which is due to the very similar size of the substances in gas
mixtures and microporous fillers with designable pore
characteristics. The types of gas separations investigated with
MOF-MMMs include CO2/CH4 separations for natural gas
sweetening and biogas purification, CO2/N2 for the purification
of flue gas streams, precombustion H2/CO2 capture, and air
separation (O2/N2).

64

Lab-scale adsorptive gas separation and purification processes
have already shown the high potential of MOFs as a porous
material compared to other adsorbers.23,71 It has been reported
that Mg and Fe-MOF-74, packed in a column, exhibit enhanced
CO2 separation from methane and C1 to C3 hydrocarbons.

72,73

Another example, where the overall capacity of the MOF
material outperformed commercially available activated carbon
materials as adsorbents, namely, Norit (type RB4) and
CarboTech (type C38/4), is the removal of tetrahydrothio-
phene (THT) from natural gas in a fixed bed reactor.74 The
outstanding molecular size cutoff properties and high selectivity
of MOFs would be maximally utilized in a neat supported layer
prepared from intergrown MOF crystals. However, when
MOFs are used as a filler in MMMs it is still possible to access
their separation properties with high filler loading, but there will
always be a compromise with the separation properties of the
polymer-matrix, which is in most cases less efficient than the
pure MOF material.
Zeolites possess a sharp molecular “cut-off” when used as

fillers or neat, supported membranes, due to their fixed pore
size and have been one of the most common inorganic
materials used for the preparation of MMMs.31,45 Because of
their molecular sieving properties, they have been an
extensively studied class of materials for membrane fabrication
in multiple membrane forms and shapes (hollow fiber,
supported molecular sieve membrane) with focus on industrial
separation.75,76,35,77 Zeolite membranes can exhibit remarkable
separation properties, when they are fabricated as composite
membranes which consist of a zeolite top layer on a
mesoporous ceramic or metal support.30 The company NGK
INSULATORS, LTD has developed and produced a pure,

Figure 3. Schematic representation of a mixed-matrix membrane with
two different additives (fillers), thereby also indicating different
possible sizes, shapes, and components for the inorganic filler
materials. Figure taken from ref 28 with permission. Copyright
Royal Society of Chemistry, 2012.
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supported MFI-type (ZSM-5, f ive) zeolite gas separation
membrane by forming a film on a porous ceramic substrate,
which extracts p-xylene from xylene isomers produced in the
petroleum refinery process. For the refinement of biogas
generated from raw garbage by fermentation, a deca-dodecasil
3R (DDR)-type zeolite membrane was developed by the same
company. This is also supported on a porous ceramic substrate
and could isolate CO2 from a mixture of methane and CO2.

78

For neat, supported MOF-membranes, phenomena like “gate
opening” and “breathing” make it hard to obtain the theoretical
selectivities (cut off because of pore size) when MOFs are
processed as a thin-film membrane.31 Despite this, MOF/
polymer MMMs usually show improved fluxes compared to
pure polymer membranes and zeolite-based MMMs. Addition-
ally, water is known to inhibit the CO2 adsorption capacity of
zeolites due to CO2 and water competition for the sorbent
sites.79 These effects are also known for MOFs, but in certain
instances, such as the case of hydrated MIL-101, terminal water
molecules can act as additional binding sites for CO2

adsorption, promoting CO2/CH4 separation at low pressures.80

These reasons make MOFs a preferred material, when
processed as fillers in polymer/MOF MMMs, while zeolites

are superior, when processed as supported thin-film mem-
branes.31

Besides gas separation, industrially interesting separation
technologies include liquid filtration like nanofiltration and
pervaporation. The field of MOF-MMMs has also expanded to
these applications and has been the subject of recent
reviews.81,82 For example, in organic solvent nanofiltration
from styrene oligomers, the addition of MIL-101(Cr) to a
polyamide (PA) matrix showed a remarkably increased flux
while preserving rejection.83 Further, the combination of MIL-
101(Cr) and ZIF-11 in a polyamide thin film nanocomposite
membrane resulted in an enhanced and versatile membrane for
organic solvent nanofiltration from organic dyes combining the
high porosity of MIL-101(Cr) and the hydrophobicity of the
ZIF-11.84 In pervaporation the separation of water from ethanol
was carried out with a HKUST-1/Matrimid MMM, at 40 wt %
the addition of HKUST-1 to the MMM led to an increased flux
of 0.43 kg m−2 h−1 (compared to 0.24 kg m−2 h−1 for pure
Matrimid) without decreasing selectivity due to the hydro-
philicity of HKUST-1.85

1.4. Challenges with MOF Additives. The hydrothermal
stability of the MMM, including the filler material, is a crucial
issue. It is not economically possible to fully dry industrial gases

Figure 4. Repeat units of commercial polymers which are frequently used in polymer/MOF MMMs.
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before separation to prevent membrane degradation. On the
contrary, the membrane and its components must be stable
toward moisture. Unfortunately MOFs, which are metal−ligand
coordination compounds, are inherently unstable toward
reaction with water and linker displacement by aqua
ligands.86,87 Zinc-carboxylate MOFs, such as MOF-5 and the
IRMOF-series, have a low moisture stability, whereas HKUST-
1 (Cu3(BTC)2) is intermediate but eventually decompo-
ses.86,88−90 MIL-type compounds, including MIL-101(Cr),91−93

NH2-MIL-53(Al), Al-fumarate,89,94 CAU-10-H95 and ZIF-8,
exhibit higher water stability.86,88−90,96,97 Therefore, hydrolyti-
cally stable MOF materials must be employed as additives for
MMMs to have a realistic chance for further technical
development. Concerning other contaminants in biogas
purification, and in pre- and postcombustion CO2 separation,
gases such as H2S, SOx, NOx, CO, NH3 are known as
membrane poisons, effecting the separation process by
plasticization and aging effects or degradation of the material.
Testing MOFs for not only water stability, but also pH
dependent stability, shows that the chemical stability toward
acids and bases is overall disappointing, but again MIL-
101(Cr), MIL-53(Al), and UiO-66(Zr) gave the best results
concerning pH stability.87 MOFs are studied for the adsorptive
removal of hazardous compounds from gas streams and air, and
their adsorptive capacities have shown excellent potential.
However, there is a lack of studies which discuss their
regenerability, i.e., stability.98 Many of pristine MOFs are
often not suitable for the sorptive treatment of highly reactive
and corrosive gases such as H2S and SO2. To overcome this
limitation structural functionalization of MOFs can be
utilized.99

1.5. Scope of this Review. MOFs are widely studied as
fillers in mixed matrix membranes and compared for their
impact on the separation performance of pure polymer
materials.28,31,38,64 Most reported studies on the preparation
and characterization of MOF-based MMMs are often
fundamental, but herein we present an analysis of these results
to develop an understanding of the separation mechanisms, the
role of the MOFs and the effect of the polymer/MOF particle
interface. This knowledge is needed to develop MOF-MMMs
which are suitable for industrial applications. MOF-MMMs
have been the subject of recent reviews.28,32,37,44,64 In this
review, the current trends of MMM fabrication will be
examined with a focus on recent significant developments in
the MMM field concerning MOF and polymer compositions
and newer aspects, such as the role of particle size and shape
control in MOF-MMM fabrication. This will demonstrate how
developments in membrane separation performance can be
advanced through the incorporation of designed MOF
additives. With MOF-MMM works expanding to higher
complexity and more material combinations, the new synthetic
approaches for MOF additives need updating in a comparative
manner to point out the successful strategies which could lead
to the fabrication of high performing MMMs. The impact of
these additives on the separation performance is analyzed by
the comparison of the permeability and selectivity data of the
highlighted MMMs and corresponding polymer membranes.
The numerical values are summarized in Table 1. To provide
guidance on the shape and structural dimension of pore sizes
and secondary building units of the frameworks, images and
structure descriptions of the MOF-fillers are given in the
Supporting Information. The membrane polymers, which are

noted in the following sections, are depicted in Figure 4 with
their repeat unit.

2. SIGNIFICANT DEVELOPMENTS OF MOF INCLUSION
IN MMMS

2.1. Linkers with Functional Groups. MOFs with polar
functional groups on their linkers can give a better selectivity
for one of the gases in a mixture.100 Polar functional groups
such as amine, −NH2, hydroxo, −OH, nitro, −NO2, and
sulfonic acid −SO3H on the linkers in MOFs like NH2-MIL-
125(Ti)101,102 or HSO3-MIL-101(Cr)103 improve interactions
with CO2 due to their polarizability and/or hydrogen bonding
interactions with the CO2 molecule.104 Further, the suitable
selection of a corresponding polymer can enhance the
polymer/MOF-particle interface interaction. Especially in
polyimides, interactions such as hydrogen bonding between
the polymer backbone and the surface-functional groups of the
MOF filler particle led to increased compatibility. The
improved gas separation properties of MMMs based on
amine-containing MOFs, including NH2-UiO-66(Zr) and
NH2-MOF-199 (MOF-199 is also known as Cu-BTC or
HKUST-1),41 NH2-MIL-53(Al),40,55,105,106 and NH2-MIL-101-
(Al),105,106 were explained accordingly.
A good comparison is provided by a polysulfone (PSF)/

NH2-MIL-125(Ti)101,102 MMM where the selectivity for CO2/
CH4 separation dropped at high filler loadings (30 wt %)
because of voids from poor polymer−filler adhesion.107 On the
other hand, a Matrimid/NH2-MIL-125(Ti) MMM at 30 wt %
loading showed a 550% increase in CO2/CH4 selectivity
together with 35% higher CO2 permeability than the PSF
MMM (Figure 5).108 We note, however, that no spectroscopic
proof was given for the anticipated hydrogen or even covalent
bonding between the polyimide and NH2-groups on the MOF
surface.109

HSO3-MIL-101(Cr)103 MMMs110 exhibited a better CO2/
CH4 gas selectivity (50 at a CO2 permeability of 2064 Barrer)
compared with the MMM from unmodified MIL-101(Cr) (31
at a CO2 permeability of 1600 Barrer). In both of these MMMs
humidification or bound water led to increased CO2

Figure 5. Comparative CO2/CH4 permselectivity and upper bound
plot for Matrimid/MIL-125(Ti) MMMs (squares) with unmodified
MIL-125(Ti) (gray) and NH2-MIL-125(Ti) (green) for different
MOF/MMM mass fractions108 and PSF-based MMMs (circles) with
NH2-MIL-125(Ti) with a strong drop in selectivity at higher filler
loading.107 See Supporting Information for a graphic and structure
description of MIL-125.101
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permeability and improved selectivity (Figure 6). Hydrated
sulfonic acid groups will improve hydrophilic CO2 solubility in

the MMM and thereby lead to increased permeability and
selectivity over hydrophobic CH4.

111 The sulfonic acid groups
from both the polymer matrix, which was a sulfonated
poly(ether ether ketone) (SPEEK), and the sulfonated MOF
may construct facilitated transport pathways for CO2 and,
thereby, improve CO2 solubility and selectivity (cf. Figure 13).
We note that the SPEEK polymer itself, with sulfonic acid as
hydrophilic groups, can adsorb up to 11 wt % water with a
sulfonation degree of 67%.112,113 As a hydrogel with −SO3H
groups, humidified SPEEK already has a relatively high CO2
selective solubility which is beneficial for CO2 transport based
on the solution-diffusion mechanism.113

2.2. Modulated MOF-Synthesis. Linker or node mod-
ification of known MOFs can be used to improve the MOF−
polymer interaction and thereby the separation performance of
the MOF-MMM (see above).38,45 Such linker modification can
be carried out by replacing the linker in the initial MOF-
synthesis, or by so-called postsynthetic linker modification
(PSM)114−117 and solvent-assisted linker exchange
(SALE).118,119 Postsynthetic modification (PSM) of MOFs
refers to the alteration of a MOF framework after its synthesis,
for example, through chemical reaction of the linker (covalent
PSM), solvent ligand replacement on the metal (grafting, dative
PSM) or postsynthetic deprotection of a functional group on
the linker (PSD) (Figure 7).116,120−122 The technique permits
functionalization of the MOF crystallites while retaining the
overall framework structure and porosity.123

Besides the MOF linker and node, also the MOF crystal size,
particle morphology, and outer surface ligands can be adjusted.
This is, for example, done by using monodentate carboxylate
ligands, monatomic anions or surfactants as so-called
“modulators” during the synthesis of the MOF. The modulators
compete with the actual linkers for coordination to the metal
sites. Modulators may lead to particles of similar and desired
size, as well as particles possessing a specific surface chemistry
due to capping with modulator molecules.124−126

Benzoic acid (BA) and 4-aminobenzoic acid (ABA) were
added as modulators in the synthesis of UiO-66(Zr)127,128 and
NH2-UiO-66(Zr)

124 in a 50:1 molar ratio relative to the linker.
Reaction of the amine groups on the MOF surface was seen by
the appearance of amide signals in the IR spectra of Matrimid
MMMs with high amino-MOF filler loading. The membrane of
Matrimid/NH2-UiO-66(Zr)-ABA gave the best performance in
CO2/CH4 mixed-gas separations being over 50% more selective
and 540% more permeable than the continuous Matrimid
membrane and 30% and 140% more selective and permeable
than the Matrimid/UiO-66(Zr) MMM (Figure 8).129

Another aspect with high impact on the separation properties
of the MMM material, besides the above-mentioned chemical
functionality of the linker, is the pore size and shape of the
MOF-filler. The pore aperture (pore window diameter) in ZIF-
8131,132 is about 3.4 Å, so it could be assumed that a ZIF-8
membrane should be able to separate CO2 with a kinetic
diameter of 3.3 Å from larger gas molecules such as CH4 with a
kinetic diameter of 3.8 Å. However, this cutoff size cannot be

Figure 6. Comparative CO2/CH4 permselectivity and upper bound
plot for sulfonated poly(ether ether ketone) (SPEEK)/MIL-101(Cr)
MMMs with 40 wt % nonfunctionalized or sulfonated MIL-101(Cr).
Permeability and selectivity show a strong increase, when a humidified
gas stream (green) is used, compared to dry gas streams (gray).111 See
Supporting Information for a graphic and structure description of
MIL-101.91

Figure 7. Schematic depiction of synthetic approaches to modify a
MOF after synthesis. The different routes are specified after the type of
chemical bond that is formed or broken during the postsynthetic
approach for (a) chemical reaction on the linker (covalent PSM), (b)
ligand replacement on the metal (dative PSM), and (c) postsynthetic
functional group deprotection (PSD). Figure reproduced with
permission of the American Chemical Society. Reprinted with
permission from ref 122. Copyright 2012 American Chemical Society.

Figure 8. Comparative CO2/CH4 permselectivity and upper bound
plot for Matrimid/UiO-66(Zr) MMMs with 30 wt % standard UiO-
66(Zr) (gray) and amino-functionalized NH2-UiO-66(Zr) (green) in
addition with benzoic acid (BA) or aminobenzoic acid (ABA) used as
modulator during the UiO-66(Zr) synthesis.129 See Supporting
Information for a graphic and structure description of UiO-66.127,130
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observed in gas permeation measurements. Neat ZIF-8132

membranes exhibit only moderate CO2 selectivities, and CH4
can slowly pass through the ZIF-8 pore network, resulting in no
sharp cutoff at 3.4 Å.133,134 This is rationalized to be due to the
flexibility of the ZIF-8 network.135 A reduction of the cutoff size
of ZIF-8 for CO2 separation was achieved by incorporating
room-temperature ionic liquids (RTILs) into the ZIF-8 cavities
through an ionothermal synthesis of ZIF-8 in the RTIL butyl-
methyl imidazolium bis(trifluoromethyl-sulfonyl) imide,
[bmim][Tf2N], which also shows good affinity to CO2. The
pore size distribution calculated from N2 adsorption measure-
ments indicated that the effective cage size of ZIF-8 was
remarkably reduced after incorporation of the IL.136 For a 6 wt
% PSF/IL@ZIF-8 MMM the selectivities of CO2/N2, and
CO2/CH4 were remarkably improved from 29 to 115 and from
19 to 34 at only slightly reduced CO2 permeability compared to
MMMs with unmodified ZIF-8 (Figure 9). The affinity of the
IL for CO2 dissolution

137 may have helped in the increase in
selectivity.

A thin polydopamine (PDA) coating (from polymerization
of dopamine hydrochloride) was applied on the particles of the
MOF NH2-CAU-1

138 as a solubilizer for the poly(methyl
methacrylate) (PMMA) matrix.139 The PMMA/NH2-CAU-1@
PDA MMM showed a high O2 and low CO2 permeability with
increased ideal O2/CO2 and O2/N2 selectivity over an MMM
formed with noncoated NH2-CAU-1 (Figure 10).139 Pure
PMMA films were not fabricated or characterized in this work,
which is often necessary to prove the accuracy of the
characterization methods. Thereby the permselectivities of the
MMMs are multiple orders of magnitude higher than the rare
values found in the literature for pure PMMA.140,141

NH2-UiO-66(Zr) was postsynthetically modified with polar
succinic acid (HO2C-(CHOH)2-CO2H), nonpolar decanoyl
chloride (n-C9H17COCl), or aromatic phenyl acetyl chloride
(PhCOCl) (covalent PSM with amide bond formation) and
combined with Matrimid to give MMMs for CO2/N2 single gas
permeation measurements.123 Larger PhCOCl and n-
C9H17COCl molecules cannot diffuse into the MOF pores

and react only with the amine groups on the MOF particle
surface. The smaller succinic acid reacted also with the internal
amino groups. The imide groups in the Matrimid polymer can
interact with the MOF-NH2 groups or PSM−amide linkages
through hydrogen bonding (Figure 11). Aromatic rings from

PhCO- can further interact through π−π stacking. While no
spectroscopic evidence for such polymer−MOF interaction was
provided, Matrimid and PSM-NH2-UiO-66(Zr) showed good
film formation, and no cavity formation around the particles
was seen by scanning electron microscopy (SEM). MMMs with
the aromatic PhCOCl-functionalized NH2-UiO-66(Zr) showed
an increase in CO2/N2 selectivity and CO2 permeability over
unmodified NH2-UiO-66(Zr), while the polar and nonpolar
modification gave a decrease in selectivity (Figure 12).
Employing dative PSM, polyethylenimine (PEI) of low

molecular weight (300 Da) was immobilized on and in MIL-
101(Cr)91,142 possibly by grafting to the metal sites (dative
PSM, cf. Figure 7b), although spectroscopic proof for the
coordination of the amine group onto the metal sites in MIL-
101(Cr) was lacking.143−146 IR spectroscopy on the MMM
formed from SPEEK/PEI@MIL-101(Cr) indicated hydrogen
bonding between SPEEK sulfonic acid groups and PEI amine

Figure 9. Permeability and selectivity of PSF/IL@ZIF-8 MMMs
compared to ZIF-8 MMMs and the pure polysulfone (PSF)
membrane. CO2/CH4 (gray) CO2/N2 (green) permselectivity; the
mixed gas permeabilities were measured at 30 °C and 6 bar pressure
difference. Membranes were prepared by dip coating of the polymer or
polymer/MOF mixture on an asymmetric gamma aluminum disc. This
preparation method results in significantly higher permeation rates
than for neat self-supported polymer films.136 See Supporting
Information for a graphic and structure description of ZIF-8.131,132

Figure 10. O2/N2 permselectivity and upper bound plot for PMMA/
NH2-CAU-1 MMMs (green) with and without polydopamine (PDA)
coating.139 The very rare literature values for pure PMMA
membranes140,141 (gray) were added for comparison to the
permselectivity of the MMMs and are not necessarily correlated
with the reported MMM values. See Supporting Information for a
graphic and structure description of CAU-1.138

Figure 11. Possible interactions between the Matrimid polymer and
phenyl acetyl functionalized NH2-UiO-66(Zr). Figure reproduced
from ref 123 with permission. Copyright Royal Society of Chemistry,
2015.
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groups presumably at the polymer−MOF interface. SPEEK
itself is known to change its perm-selectivity when water is
absorbed because of the hydrophilic sulfonic acid groups
leading to formation of a hydrogel. This is connected to high
CO2 selective absorption which is in turn beneficial for CO2
transport based on the solution-diffusion mechanism.112,113

CO2 can react with the abundant PEI amine groups in the
humidified SPEEK/PEI@MIL-101(Cr) membrane producing,
via the carbamate, alkyl ammonium groups, and HCO3

−

(Scheme 1), which could then facilitate CO2 transport by
“HCO3

− ion hopping” from one ammonium site to another
(Figure 13).113

Gas permeation experiments showed that the PEI@MIL-
101(Cr) filled MMMs outperformed those prepared from
unmodified MIL-101(Cr) and pure SPEEK. The CO2
permeability, CO2/CH4 selectivity, and CO2/N2 selectivity all
increased with the PEI@MIL-101(Cr) filler content. The
membrane loaded with 40 wt % PEI@MIL-101(Cr) exhibited
the highest selectivity of 72 and 80 for CO2/CH4 and CO2/N2
mixtures, respectively, with a CO2 permeability of 2490 Barrer
at 1.0 bar and 25 °C (Figure 14). Further, there was a strong

correlation between total water content and the selectivity for
CO2/CH4 and CO2/N2 gas selectivity. For water and CO2
loaded membranes a sharp IR band at 2346 cm−1 was attributed
to carbamate formation RHNCOO−, and bands at 839 and 963
cm−1 were assigned to the subsequently formed HCO3

−

(Scheme 1) which could permeate through the MMM with
lower energy barrier by the hopping mechanism (cf. Figure 13
above).143

The postsynthetic modification of MOFs requires the
accessibility of the pores; otherwise reactants cannot diffuse
into the channels and only react on the surface of the particles
or at the pore openings. In many studies of MMMs the
accessibility of the filler MOF pores are not the focus; typically
the mechanical and morphological properties of the membranes
and properties related to a specific separation are examined.
Also the MOF loading is often relatively low (up to 30 wt %).
For the specific characterization and understanding of a
processable mixed-MMM material, the properties of the
MOFs as an important component in separation processes
should not be overlooked. Properties like pore shape, pore size,
surface area, and chemical accessibility have an important
influence on the transport mechanisms inside a MMM material
and should be closely studied in relation to the transport
phenomena. Cohen et al. have developed a technique to
fabricate MMMs with very high MOF loading such that the
properties of the composite material are not dominated by the
polymer.114 In these examples the loading is high enough (50−
67 wt %) such that the composite material can no longer be
viewed as a MOF filler in a polymer matrix but as MOF
particles connected by a polymeric binder. This allows the

Figure 12. Comparative CO2/N2 permselectivity for Matrimid MMMs
with NH2-UiO-66(Zr) postsynthetically functionalized with succinic
acid (SA, HO2C-(CHOH)2-CO2H), decanoyl chloride (C10, n-
C9H17COCl) or phenyl acetyl chloride (PA, PhCOCl).123 See
Supporting Information for a graphic and structure description of
UiO-66.127,130

Scheme 1. Reaction Scheme for the Reversible Chemical
Absorption of CO2 by Primary Amines to Carbamate and in
the Presence of Water to Hydrogen Carbonate Products

Figure 13. Facilitated transport pathway of CO2 in amino-containing
MMMs where the reversible reaction between facilitated transport
carriers and CO2 molecules enhances the CO2 separation perform-
ance. Figure reproduced from ref 113 with permission. Copyright
Elsevier 2014.

Figure 14. Comparative CO2/CH4 permselectivity and upper bound
plot for sulfonated poly(ether ether ketone) (SPEEK)/MIL-101(Cr)
MMMs with 40 wt % nonfunctionalized MIL-101 or functionalized
PEI@MIL-101. Permeability and selectivity show a strong increase,
when a humidified gas stream (green) is used, compared to dry gas
streams (gray).143 Compare also to the case depicted in Figure 6
above. See Supporting Information for a graphic and structure
description of MIL-101.91
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MOF particles to dominate the properties of the membrane
material, giving behavior approaching that of a pure MOF film
but with better mechanical characteristics. Because of the
limited particle and pore accessibility of MOF fillers in MMMs,
the PSM of the fillers is usually carried out before incorporation
into the polymer matrix.38,45 Here, in this case, PSM was
possible in the membrane material, demonstrating that the
MOF filler was functionally accessible. For this purpose, a UiO-
66 MMM was immersed in a solution of NH2-bdc for 24 h at
55 °C which resulted in a postsynthetic exchange (PSE)
reaction to give UiO-66-NH2 MMMs, with approximately 33%
of the bdc ligands exchanged for NH2-bdc.
The technique can be used for inclusion of a diverse range of

MOFs into the polymer poly(vinylidene fluoride) (PVDF).
The MOFs used in Cohen’s studies were of UiO-66,130

HKUST-1,147 MIL-101,91,148 MIL-53,149,150 and ZIF-8.132

Conventional membrane preparation methods are carried out
by solution casting (casting of a polymer solution with
dispersed MOF particles) or by using a priming protocol
(priming is a technique where the MOF particle suspension is
combined stepwise with part of the polymer solution and
sonicated to form a suspension, which avoids potential
agglomeration of the filler material and reduces the stress at
the particle−polymer interface). In contrast to this, for the
preparation of MOF/PVDF MMMs, a mixture of solvents was
used to prepare the polymer/MOF casting suspension. The
MOF was first dispersed in acetone, a solvent with low viscosity
and low boiling point; i.e., the dispersion of the particles is easy
to achieve, and the solvent can be removed before casting.
Then the polymer solution (7.5 wt % of PVDF in DMF or
NMP) was added, followed by sonication again (to ensure the
homogeneity of the mixed solvent system) and removal of
acetone, to leave the dispersed particles in the viscous polymer
solution.114 The advantages of casting a viscous polymer
solution with homogeneously dispersed fillers is that the film
can be casted mechanically (with a blade) on a support and the
particles are restricted in their movement during film formation,
avoiding agglomeration, phase separation, or sedimentation.
DMF or NMP can be removed at elevated temperature,
resulting in flexible, mechanically stable membranes with the
highest filler loading achieved for applicable MOF-
MMMs.64−69

To test the applicability of these PVDF based MMMs, the
PVDF/UiO-66 membranes were used for liquid filtration of
Coomassie blue from an aqueous solution of methyl orange.114

The HKUST-1 membranes were investigated for the selective
uptake of ammonia from air. For the separation of ammonia
from air, the water stability of HKUST-1 was tested under
realistic conditions, including the presence of humidity in the
gas mixtures.151 HKUST-1 powder is not stable when exposed
to water as confirmed by powder X-ray diffraction (PXRD)
measurements, FTIR spectra and nitrogen adsorption (exposed
to several different temperatures and relative humidity levels (%
RH)). The most aggressive aging condition was 40 °C and 90%
RH where the change of the HKUST-1 structure starts after 7
days, and changes in the IR spectra occur with the gradual
appearance of bands at 1708 and 1243 cm−1 corresponding to
the CO and C−OH bands of a carboxylic acid. Also a
decrease in the intensity of bands at 1650 and the 1422 cm−1

indicate the transformation of the HKUST-1 carboxylate nodes
to their protonated acid analogues.152 The PVDF/HKUST-1
MMMs were aged under the same conditions, and PXRD
patterns remained unchanged over 28 days. Furthermore, FTIR

spectra did not reveal the formation of the carboxylic acid
bands. The bulk powder of HKUST-1 loses 90% of its capacity
for ammonia uptake after 7 days aging, whereas for the MMMs
only a change below 20% was observed. The MOF perform-
ance characteristics were retained in the MMMs utilizing PVDF
as a binder, but the stability of the MOF material was increased
significantly.

2.3. Polymer−MOF Hybrids (polyMOFs). Polymer−
MOF hybrids (polyMOFs) have organic polymers built into
MOFs or are MOFs constructed from organic polymer linkers.
In one material these combine the advantages of flexible and
easy to process polymer materials with the porosity of
MOFs.153,154 Consequently, the polymer−MOF hybrid materi-
als are intended as neat membrane materials.
Structures of polyMOFs with the same topology (iso-

reticular) as MOF-5155,156 and the IRMOF-n series,157 as well
as high porosity, can be synthesized from 2,5-substituted
derivatives of H2bdc or 2,2′-linked di-H2bdc ligands147,148 or
2,5-connected poly-H2bdc ligands153,158,159 (Figure 15). See

Supporting Information for a graphic and structure description
of MOF-5.155 A systematic investigation of the synthesis
conditions of Zn-based poly MOFs with different spacer length
showed that, depending on the temperature and spacer length
of the 2,5-connected poly-H2bdc, the resulting material
morphologies ranged from spherical superstructures to
crystalline films.153

Very high surface areas (SLang = 4000 m2/g)155,156 and
selective adsorption of CO2 over CH4

160 make MOF-5 and
other IRMOFs interesting as fillers in MMMs for gas
separation.161 However, Zn-carboxylate MOFs have the
problem of rapid Zn-carboxylate hydrolysis when exposed to
air humidity.86,87 Contact angle measurements for the
polyMOFs showed increased hydrophobicity of the material
with a better stability against air/humidity, which should make
separation tests as membranes more realistic. The polyMOFs
have much smaller BET surface areas than MOF-5 because of
the incorporation of polymer chains in the framework but
adsorb more CO2 due to stronger interactions in smaller
pores.162

Figure 15. IRMOF derivatives constructed from (top to bottom): a
H2bdc ligand derivative, a 2,2′-linked di-H2bdc ligand, and a polymeric
H2bdc polymer ligand with variable spacer length (x).
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A polyMOF could also be formed from Zn2+, 4,4′-bipyridine
(bpy), and a 2,5-connected poly-H2bdc ligand, akin to the
known mixed-ligand MOF [Zn2(bme-bdc)2(bpy)]n (bme-bdc =
2,5-bis(2-methoxyethoxy)-1,4-benzenedicarboxylate) (Figure
16).163−165 The polyMOF formed particles which pack into

uniform dense and defect-free films without any extra binder or
polymer. These films exhibited relatively high CO2 sorption but
very low N2 sorption, making them promising materials for
CO2/N2 separation. The mixed-ligand polyMOFs also
demonstrated good water or water vapor stability in contrast
to the parent material [Zn2(bme-bdc)2(bpy)]n.

154

2.4. Functionalized Polymers for MMMs. Thus far in the
review modifications of the MOF-fillers were presented without
attention to changes in the polymers for the MMMs. As noted
above, however, interesting behavior of MIL-53149,166,167

composites with different polyimides has been observed when
the structure of the polymer is altered by substitution of the
diamine monomer to enhance the flexibility of the polymer
cha in . 1 0 5 MIL-53(Al)5 3 , 5 5 , 1 6 8 and NH2-MIL-53 -
(Al)40,52,105,106,169 are two intensively examined fillers in
MOF-based MMMs because they show good adhesion with
different polymers and often act as a model system for the
influence of the NH2 group on the polymer filler interaction.
Here the interaction of different polymers with (NH2-)MIL-
53(Al) is examined with a focus on polymer functionalization.
Basic polymer structures can be modified by covalent

attachment of groups onto the polymer chain (grafting)170 or
by substitution of monomer units to introduce other
functionalities. The influence of different diamine monomers
in 6-FDA-based polyimides was investigated by studying the
morphology and separation performance of NH2-MIL-53
MMMs.171 With 6FDA-ODA (6FDA = 4,4′-hexafluoroisopro-
pylidene diphthalic anhydride, ODA = 4,4′-oxidianiline, cf.
Figure 4), the MMMs showed a very low CO2 permeability of
less than 15 Barrer (Figure 17), together with MOF particle
agglomeration and weak polymer−MOF adhesion.53 Also in
the 6FDA-DAM/NH2-MIL-53 membrane (DAM = 2,4-
diaminomesitylene) the MOF particles agglomerated into
clusters separated from the polymer.171 In contrast to these

6FDA-ODA and 6FDA-DAM based MMMs, membranes
prepared from the copolyimide 6FDA-DAM-HAB (1:1)
(HAB = 3,3′-dihydroxy-4,4′-diamino-biphenyl) and 10 wt %
NH2-MIL-53 approached the permeability/selectivity of the
2008 Robeson’s upper bound (Figure 17). The hydroxyl groups
in the HAB moiety were seen as the cause of a better
interaction between the NH2-MOF particles and the polymer
matrix, giving an improved particle dispersion with no
interfacial voids.171

These copolyimides, which have intrinsic permeabilities of
40−60 Barrer display relatively low permeabilities and high
separation factors compared to other polyimides. The polymer
poly(vinylidene fluoride) (PVDF), which acts more like a gas
barrier with a CO2 permeability of below 1 Barrer, was also
studied. With a permeability this low, and a CO2/CH4
separation factor of 20 the influences of the filler on the
separation process can be examined much more closely because
the difference in flux and selectivity between polymer and filler
is higher compared to most other studies. Thus, PVDF was
studied as a model polymer even though it has no potential to
reach the requirements for industrial application as a dense
polymer film.172 Additionally, a method to postsynthetically
modify PVDF by a mixture of KOH and KMnO4 in order to
effect HF elimination was chosen. During this reaction carbonyl
and hydroxyl groups were created in the PVDF structure, which
are expected to interact with the amine groups of the NH2-
MIL-53 filler to enhance particle−polymer adhesion and have a
positive effect on the separation performance of the MMMs
because nonselective voids at the interface are likely to be
avoided.173 The performance of the mixed matrix membranes
based on modified PVDF (m-PVDF) MMMs was significantly
improved compared with that of unmodified PVDF (Figure
18). The interaction between the modified polymer and the
MIL-53 MOFs was studied by tensile tests, IR and DSC
measurements and confirmed the formation of hydrogen bonds
between the NH2-groups and carbonyl groups in the material
resulted in stronger adhesion with the amine-functionalized
filler.
Poly(amide-b-ethylene oxide) (Pebax1657, Arkema) is a

commercially available PEO/PA copolymer. It is a rubbery

Figure 16. Structural representation of [Zn2(bme-bdc)2(bpy)]]n and
design concept for polyMOF [Zn2(2,5-poly-bdc)2(bpy)]n by formal
replacement of bme-bdc (2,5-bis(2-methoxyethoxy)-1,4-benzenedicar-
boxylate) with the 2,5-poly bdc ligand (bottom). This is an unofficial
adaptation from ref 154 that appeared in an ACS publication. ACS has
not endorsed the content of this adaptation or the context of its use.

Figure 17. CO2/CH4 permselectivity and upper bound plot for 6-FDA
based polyimides with different diamine monomers (ODA, DAM, and
HAB) and their (NH2-)MIL-53 MMMs with standard (gray) and
NH2-MIL-53 (green) for different MOF/MMM mass fractions. The
influence of the fillers on permeability and selectivity are compared for
6FDA-ODA53 (squares), 6FDA-DAM-HAB (triangles), and 6FDA-
DAM171 (circles). See Supporting Information for a graphic and
structure description of MIL-53.149,166,167
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copolymer that contains poly(ethylene oxide), PEO segments
as the permeable phase and a polyamide (PA) crystalline phase
that gives mechanical strength to the membrane. With its high
chain mobility and functional groups it is expected to have a
good interaction with most fillers. Additionally it is easier to
prepare defect-free MMMs using low glass transition temper-
ature polymers and rubbery polymers. Using this polymer, thin
layers (less than 1 mm) mixed with ZIF-7174 nanoparticles
could be fabricated on a porous poly(acrylonitrile) (PAN)
support and these displayed high efficiency in CO2/CH4 and
CO2/N2 separations. An intermediate gutter layer of poly-
trimethylsilylpropyne (PTMSP) was applied to serve as a flat
and smooth surface for coating to avoid polymer penetration
into the porous support (it has a very high permeability and
does not contribute to the membranes selectivity, because its
relative resistance is negligible). Pebax1657 features relatively
high CO2 permeability and a moderate selectivity over N2 and
CH4. As a MMM with ZIF-7, permeability (up to 145 Barrer
for CO2) and gas selectivity (CO2/N2 up to 97 and CO2/CH4
up to 30) were increased (Figure 19). The enhanced
performance is due to the combination of a molecular sieving
effect by the ZIF-7 filler and the high solubility of CO2 in the
polymer.175

Further to the introduction of functional groups by chemical
modification of the polymer backbone, the possibilities to
modify the properties of the polymer matrix are extendable to
all areas of polymer chemistry, material science, and plastic
processing. One of these techniques is the fabrication of hybrid
polymer matrices by mixing a second component into the
polymer to gradually influence properties like the thermal
stability and flexibility. Additionally, this second component can
be incorporated into the space between the filler/polymer
phases to interact with both phases. These ternary MMMs can
be fabricated as solid/solid-MMMs by using a polymer blend as
the matrix or liquid/solid-MMM by mixing with room
temperature ionic liquids (RTILs) or low molecular weight
polyethyleneglycol (PEG).176 Ionic liquids were already
discussed above as an additive to enhance the CO2 uptake of
the fillers or to tune the pore size of the fillers for controlled
sieving effects. ILs can also be blended with polymers as
polymeric ionic liquids (PILs). Ionic liquids such as [emim]-

[Ac] are considered good solvents for polysaccharides like
chitosan (CS), a biodegradable, biocompatible, nontoxic, and
hydrophilic membrane polymer which is a linear polysaccharide
obtained by deacetylation of chitin. Excellent solvation of CS is
achieved because of strong H-bonds between the acetate anion
and the OH groups in the polysaccharide chain.177 Hybrid solid
IL−CS membranes can be prepared by introducing a small
amount of [emim][Ac] IL into the CS polymer film.178 This
gave a binary material displaying good adhesion between the
components, improved flexibility, as well as a decrease in the
influence of temperature on CO2/N2 separation. This hybrid
matrix was then used to fabricate ternary MMMs with ZIF-8 or
HKUST-1 nanoparticles as a porous filler to improve the
selectivity of the IL−CS hybrid continuous polymer matrix.179

The highest CO2 permeability and CO2/N2 ideal selectivity
were obtained for 10 wt % ZIF-8 and 5 wt % HKUST-1/IL−
CS membranes (5413 Barrer and 11.5, and 4754 Barrer and
19.3, respectively, at 50 °C and 2 bar (Figure 20)). The
increase in permselectivity was attributed to the good adhesion
and compatibility between the IL, the MOFs and the polymer
matrix. For both MOFs, higher or lower loadings gave poorer
results. The higher filler loading in the highest performing IL-
CS/ZIF-8 MMMs versus IL-CS/HKUST is because of better
compatibility between ZIF-8 and the IL.
Polymer properties like plasticization, mechanical stability,

and permselectivity can be changed by thermal annealing of the
membranes. The polyimide Matrimid, can be cross-linked at
high temperatures by annealing. If enough mobility can be
obtained through heat treatment, the aromatic imide and
phenylene groups in adjacent polymer chains will approach
each other closely enough to allow for π-electron interaction,
which leads to the formation of charge-transfer complexes. This
behavior increases the packing density of the polymer chains
and decreases the free volume leading to increased size
selectivity in gas separation.180,181 The influence of the filler in
MOF-based MMMs on the annealing of Matrimid was studied
by Mahdi et al.182 evaluating the structure−mechanical
property correlations from nanocomposites to a prototypical
MOF-polymer MMM composed of Matrimid and ZIF-8
nanoparticles. It was confirmed that the addition of ZIF-8

Figure 18. CO2/CH4 permselectivity plot for PVDF/MIL-53
MMMs172 (squares) with standard (gray) and NH2-MIL-53 (green)
for different MOF/MMM mass fractions. With introduction of
carbonyl and hydroxyl groups to PVDF the selectivity and
permeability of the m-PVDF MMMs173 (circles) increased due to
stronger polymer−filler interaction. See Supporting Information for a
graphic and structure description of MIL-53.149,166,167

Figure 19. Permeability and selectivity of Pebax1657/ZIF-7 MMMs175

for different MOF/MMM mass fractions with CO2/CH4 (gray) CO2/
N2 (green) permselectivity. The selective Pebax1657/ZIF-7 layer was
deposited on a porous polyacrylonitrile support with a PTMSP gutter
layer, with 22 wt % ZIF-7 content in Pebax1657 as the best performing
MMMs for both gas pairs. See Supporting Information for a graphic
and structure description of ZIF-7.174
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nanoparticles and annealing are both beneficial for gas
selectivity. The combination of mechanical characterization
and gas separation showed that annealed 10 wt % ZIF-8/
Matrimid MMMs would be ideal for practical separation
applications because they retained a sizable level of damage
tolerance and mechanical robustness, without compromising
their toughness relative to annealed neat Matrimid (Figure 21).
For the fracture energy and strengths, there is an inverse
relation with nanoparticle wt % loading.

2.5. Morphology, Assembly, and Size of Filler
Particles. The morphology and size of the filler particles are
important properties for the preparation of MOF-MMMs.
Predominantly these properties influence the distribution of the
filler particles within the polymer matrix and the interactions
between filler and matrix. Low degrees of aggregation and
smaller particle size are important characteristics of MOF

additives for MMMs in order to achieve a uniform distribution
of the MOF particles without sedimentation.45 High filler
loadings are desirable to maximize the positive effect of the filler
on the polymer matrix. However, there is an optimum loading
where a good dispersion of the filler and excellent interfacial
contact with the polymer chains result in an optimum MMM
performance. At higher loadings often a loss in selectivity is a
result of formation of undesirable channels between the
particles which aggregate because polymer chains are not able
to completely surround and thereby separate the particles
anymore.44 At this optimum loading the permselectivity should
be increased with smaller particles because less polymer
material is needed to isolate a single particle. Additionally
smaller particles are also helpful and essential in the formation
of thinner MMMs which have higher permeation rates.39

Particles in the submicron range have a much better chance of
being accommodated inside a thin polymer film or layer,
whereby bigger particles risk the formation of pinholes and
polymer phase defects.184 Additionally, with control of the size
of MOF particles also the properties and applications are
affected.185 For gas adsorption with MOF nanocrystals not only
are the adsorption kinetics improved compared to the bulk
material,186 but also there are cases where the total gas uptake is
increased with decreasing particle size.187,188 This emphasizes
the positive effects of using nanosized MOF crystals as filler in
MMMs.
Besides other synthesis conditions like pH, solvent, and use

of modulators, the heating method in MOF preparation has
been extensively shown to be crucial for the resulting
morphology and especially for the particle size.189 For example,
the synthesis by microwave (MW) heating has been reported as
an effective method to prepare small and uniformly sized MOF
particles as suitable fillers for MMMs.40 The benefit of rapid
heating during a microwave-assisted synthesis is that it
decreases the particle size of a MOF material in comparison
with conventional heating, and commonly a narrower size
distribution can be achieved.190,191 Another example is the
sonochemical synthesis of submicron Zn(pyrz)2(SiF6)

192,193

(also known as SIFSIX-3-Zn194) for the preparation of MMMs
for CO2/CH4 separation.195 Zn(pyrz)2(SiF6) is composed of
square grids of Zn and pyrazine pillared by hexafluorosilicate
(SiF6

2−) anions, which form one-dimensional channels having a
3.8 Å diagonal dimension.162 Thus, the material exhibits
excellent adsorptive size selectivity of CO2 over N2 and CH4.
The bulk material, synthesized by a RT mixing route, with an
average particle size of 6 μm, and the submicron sonochemi-
cally synthesized Zn(pyrz)2(SiF6) particles (average particle
size: 860 nm) were comparatively studied as fillers in MMMs
with cross-linked poly(ethylene oxide) (XLPEO) as a polymer
matrix. The film formation was achieved by radical polymer-
ization of the macro-monomers poly(ethylene glycol) diacrylate
and poly(ethylene glycol) methyl ether acrylate using the
initiator azobisisobutylonitrile between two glass plates with
spacers to get films with well-defined thickness. Gas permeation
experiments with CO2/CH4 (50/50) binary mixtures as feed
gas and incorporation of 10 wt % Zn(pyrz)2(SiF6) micrometer
(average particle size of 5.7 μm) crystals into the membrane
showed an improved separation performance, with CO2
permeability and CO2/CH4 selectivity increased to 540 Barrer
and 23, respectively. When 10 wt % Zn(pyrz)2(SiF6) submicron
crystals were used instead of the larger material, the CO2
permeability and CO2/CH4 selectivity were further enhanced
to 620 Barrer and 27, respectively (Figure 22). For CO2/N2

Figure 20. Increase of permeability and selectivity of chitosan-based
membranes when [emim][Ac] and MOF fillers are incorporated. The
open symbol corresponds to the pure chitosan membrane,178 closed
symbols to the hybrid solid IL−CS membranes179 with (green) 5 wt %
HKUST-1 and (gray) 10 wt % ZIF-8 as the optimum loadings and
best performing MMMs with MOF-fillers. See Supporting Information
for a graphic and structure description of ZIF-8131,132 and HKUST-
1.147

Figure 21. Comparison of the gas selectivity data of annealed
Matrimid/ZIF-8 nanocomposite MMMs,183 versus single gas per-
meation properties of pure annealed membranes, and the mechanical
properties of annealed membranes (fracture energy and strengths).
Figure taken from ref 182 with permission. Copyright Elsevier 2016.
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(20/80) mixtures the same performance trend was observed for
the comparison between micrometer and submicron particles
as filler material.195

Besides variation of the heating method, the use of
modulators during the conventional solvothermal synthesis
can also facilitate the formation of nanoparticles, suited as a
filler for MMMs. (OH)2-UiO-66(Hf) exhibits excellent H2/
CO2 adsorptive separation performance and can be obtained
with nanoparticle morphology when synthesized with acetic
acid as a modulator.196 MMMs containing (OH)2-UiO-66(Hf)
nanoparticles dispersed in poly(benzimidazole) (PBI) exhibited
excellent H2/CO2 separation performance with the potential
application in precombustion CO2 capture.

197 Because of the
strong CO2 adsorption sites and extra free volume contributed
by (OH)2-UiO-66(Hf), the MMMs exhibited increased H2
permeability and H2/CO2 selectivity compared to pure PBI
membranes. 10 wt % (OH)2-UiO-66(Hf) was found to be the
optimum loading with a H2 permeability of 8 Barrer and H2/
CO2 selectivity of 19 at 5 bar, which puts it above the 2008
Robeson upper bound (Figure 23).
Another interesting morphological effect (besides the particle

size of the filler material) is the form of the MOF particles and
has been the subject of recent reviews.198,199 In the case of the
crystal form, crystal morphologies ranging from nanosheets,
nanoparticles, and nanorods were comparatively studied. The
morphology of MOFs as nanosheets is clearly the optimal
particle shape, compared to other nonsheet morpholo-
gies.200−202 Other than the influence of the filler shape on
the separation properties of MMMs, the use of hierarchical
structured MOF assemblies composed of organized MOF-
particles in terms of structure and function also show some
interesting recent results on the permeation of MMMs.203

MMMs from Matrimid and ZIF-8 were fabricated by a novel
approach by using the self-assembly of MOF and polymer
particles followed by their controlled fusion to form
membranes by DMF vapor annealing. This approach was
studied to compare if the separation performance for CO2/CH4
gas mixtures of the material can be enhanced when the
morphology of the membrane material is optimized and to

achieve higher filler loadings.204 The particle fusion approach
can be divided into several steps. First, Matrimid polymer
particles were prepared whose surface was then modified by the
introduction of imidazole groups through grafting of 1-(3-
aminopropyl)-imidazole onto the polymer backbone (Figure
24) to enhance the growth of ZIF-8 nanoparticles as a shell
with good attachment to these linker groups anchored to the
polymer particles. Then dense MMMs were formed in a
DMF−vapor environment to induce particle fusion.
Grafted Matrimid MMMs with ZIF-8 loadings up to 30 wt %

could be achieved without any loss in selectivity. In the
separation of CO2/CH4 mixtures the CO2 permeability
increased up to 200% combined with a 65% increase in
CO2/CH4 selectivity, compared to the native Matrimid. The
material also outperforms membranes with the same ZIF-8
loading, prepared without the particle fusion approach, but with
an already optimized prime protocol including dispersion and
slow evaporation of the solvent (Figure 25).205 This clearly
shows the potential to achieve high performing MMMs with
highly compatible, well dispersed and high filler loading when
the membrane fabrication technique is optimized in terms of
avoiding morphological defects.
Hierarchical structures can also be used to achieve increased

permeability when spherical, hollow fillers are incorporated to
form extra voids inside of the membrane, and where the sieve
particles build a selective shell.206 With the aim of improving
filler−polymer contact, dispersion and gas permeability, hollow
ZIF-8 spheres were used as the filler to prepare MMMs
containing with the copolymer poly(vinyl chloride)-g-poly-
(oxyethylene methacrylate) (PVC-g-POEM) as the polymer
matrix. The hollow MOF-spheres were prepared by solvother-
mal coating of polystyrene (PS) nanoparticles with ZIF-8,
followed by the removal of PS by immersion in DMF. Free
standing, defect free MMMs were prepared via a solution
casting method with filler loadings up to 30 wt %. SEM-images
of the MMMs cross sections show that the hollow MOF-
spheres were homogeneously mixed with the PVC-g-POEM
polymer matrix without any apparent interfacial voids or
particle aggregation (Figure 26).
The CO2/CH4 gas separation performance of the MMMs

was evaluated by pure gas permeation measurements at 35 °C.

Figure 22. Stepwise increase of permeability and selectivity of cross-
linked poly(ethylene oxide) (XLPEO) membranes when Zn-
(pyrz)2(SiF6) fillers are incorporated.195 The open symbol corre-
sponds to the pure polymer membrane, closed symbols to the MMMs
with (gray) 10 wt % micrometer Zn(pyrz)2(SiF6) and (green) 10 and
20 wt % submicron Zn(pyrz)2(SiF6) as the optimum loadings and best
performing MMMs. See Supporting Information for a graphic and
structure description of Zn(pyrz)2(SiF6).

192,193

Figure 23. Comparative plot of permeability and selectivity of PBI-
based MMMs with different amounts of (OH)2-UiO-66(Hf).

197 The
open symbol corresponds to the pure polymer membrane, closed
symbols to the MMMs with the arrow indicating the optimum loading
at 10 wt % (OH)2-UiO-66(Hf), exceeding the 2008 Robeson upper
bound. See Supporting Information for a graphic and structure
description of UiO-66.127,130
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For MMMs with 30 wt % ZIF-8 the CO2 permeability
increased from 70 Barrer for neat PVC-g-POEM membranes to
623 Barrer with a slight loss in selectivity from 14 to 11 (Figure
27). ZIF-8 has the potential to have a molecular sieving effect as
a filler in MMMs. The loss in selectivity for PVC-g-POEM/
ZIF-8 MMMs may be due to the effect that the walls of the
hollow spheres do not consist of completely intergrown ZIF-8
particles. In this case, cracks or holes between the crystals show
no resistance to the passage of both gases creating nonselective
areas inside the spheres and thereby decreasing the selectivity
of the MMM.

3. CONCLUSIONS AND OUTLOOK
The combination of MOFs and polymers to fabricate MMMs is
a promising strategy to avoid the trade-off between
permeability and selectivity for organic polymers and to realize
materials with separation properties exceeding the Robeson

upper bound, reaching the potential for industrial application.
Most work focuses on the separation of CO2/CH4 for natural
gas sweetening or CO2/N2 separation for the purification of
flue gases (cf. Table 1). In summary, all described MMMs
exhibited enhanced separation performance depending on
optimal filler loading and membrane integrity at high filler
loadings or enhanced filler performance.
Permeation data for the MMMs presented in this review is

collated in Table 1. These data were collected from studies
which use a variety of characterization methods for gas
separation and variable, but similar measurement conditions,
at temperatures ranging from 25 to 50 °C and transmembrane
pressures between 1 and 10 bar. As a consequence, this
overview adds to the systematic comparison of the pure
polymer material and the effect of the presented MOF fillers on
permeability and selectivity presented throughout the review.
For better comparison “round robin” tests under very similar
conditions, including three different laboratories, have been
already reported by Sanchez-Lainez et al. for ZIF-8 MMMs.207

The “round robin” study showed exemplary reproducibility of
the membrane permeation analysis methodology by tests
involving different European universities (UNIZAR from
Zaragoza, Spain, LUH from Hannover, Germany, and TUDelft
from Delft, The Netherlands).
It should be emphasized that more studies like this which

employ identical conditions for testing gas permeation under
industrially relevant conditions should be developed. Partic-
ularly, mixed gas permeation and the influence of contaminants
on the separation performance should be quantified. This is
illustrated for the case of SPEEK in the combination of
sulfonated MIL-101(Cr)111 or with functionalized PEI@MIL-

Figure 24. Grafting of 1-(3-aminopropyl)-imidazole on Matrimid.

Figure 25. Permeability and selectivity of a 30 wt % Matrimid/ZIF-8
MMM205 (gray) and increased permselectivity for a Matrimid/ZIF-8
MMM prepared by particle fusion and the same amount of ZIF-8204

(green). See Supporting Information for a graphic and structure
description of ZIF-8.131,132

Figure 26. SEM image of the cross section of a 30 wt % PVC-g-
POEM/hollow ZIF-8 sphere MMM. Figure adapted from ref 206 with
permission. Copyright Elsevier 2015.

Figure 27. Effect of increased permeability on PVC-g-POEM/ZIF-8
MMMs206 with increasing filler loading when ZIF-8 is fabricated as a
hollow sphere before incorporation into the MMM in order to create
extra voids with higher permeation compared to the dense material.
See Supporting Information for a graphic and structure description of
ZIF-8.131,132
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101143 as a filler. The presence of water as a contaminant in the
gas stream enabled and reinforced facilitated transport for CO2
through the MMM material, thereby drastically enhancing the
selectivity and permeability at 40 wt % loading in the separation
of a CO2/CH4 gas mixture beyond the upper bound.
The discussed methods to tailor the MMM properties

especially showed great effects in the case, where a combination
of a filler with designed pore size by IL incorporation
([bmim][Tf2N]@ZIF-8) and a asymmetric MMM with a
very thin selective PSF/MOF layer was utilized for the
separation of a CO2/N2 gas mixture.136 Both the excellent
size selective pores of the modified filler, which resulted in
enhanced selectivity, and the increased permeation rate of the
thin MMM, resulted in a gas separation performance surpassing
the Robeson upper bound. In a similar way a high separation
performance of a CO2/N2 gas mixture was achieved for
Pebax1657 MMMs with ZIF-7 nanoparticles as a filler. At 22 wt
% loading the thin selective MMM layer, supported by a porous
poly(acrylonitrile) support with a PTMSP gutter layer, was still
intact due to the homogeneous dispersion of the ZIF-7
nanoparticles in the MMM (Figure 28).175

In a similar manner recent research on hollow fiber MOF
MMMs have shown interesting results pointing the way to the
industrial future of MOF based membranes and providing the
possibility for MOF membranes to be industrially viable
products for separations.63 Koros et al. have incorporated ZIF-8
into an Ultem matrix and produced dual layer asymmetric
hollow fiber membranes. The fibers showed increased
permselectivity enhancements as high as 20% over the pure
polymer.47 Another approach is the coating of asymmetric
hollow fiber membranes from PSF with a PDMS solution
containing suspended HKUST-1 by a dip-coating technique.62

Continuous, that is, pure MOF, membranes inside polymer
hollow fibers could be synthesized by a microfluidic approach.
Nair et al. have fabricated continuous molecular sieving ZIF-8
membranes in poly(amide-imide) hollow fibers, with H2/C3H8
and C3H6/C3H8 separation factors as high as 370 and 12.208

The key challenge in the synthesis of continuous MOF
membranes is the control over the crystal growth position on
the fiber and could be managed by a room temperature
interfacial method for growing MOFs (ZIF-8 and HKUST-1)
on either the outer or inner side of a polybenzimidazole-based
hollow fiber (PBI-BuI-HF) membrane surface.209 Coronas et al.
have successfully expanded the microfluidic approach to a
variety of continuous MOF membranes. Microfluidics provides
a constant reactant concentration along the membrane for
growing homogeneous, continuous and thin MOF layers. ZIF-
93 continuous membranes were synthesized on the inner side

of P84 copolyimide hollow fiber supports, and high selectivities
in the separation of H2/CH4 (59.7) and CO2/CH4 (16.9)
mixtures were obtained.210 ZIF-7 and ZIF-8 membranes were
synthesized on the inner surface of a polysulfone hollow
fiber.211 The separation performance of ZIF-8 and ZIF-93
membranes can be further enhanced when grown inside of a
copolyimide P84 hollow fiber together with in situ thermal
annealing. Gas separation selectivity increased without any
significant reduction in the gas permeance, and H2/CH4 and
CO2/CH4 selectivities of 103 and 18 (ZIF-8) and 101 and 20
(ZIF-93) were obtained.212

These results demonstrate the importance of membrane
fabrication in respect to module geometries suited for industrial
large scale separation processes, where the productivity of a
membrane is increased by the usage of asymmetric membranes.
With selective layers, lower than 1 μm, the performance of low
flux polymers like PSF can be enhanced to move the separation
properties to a commercially interesting area, as mentioned
above. Thereby strategies like modulation of the MOF
synthesis and control of the particle size are powerful tools to
design additives for high performing MMMs. The fine-tuning
of the MMM properties by utilization of the chemical
functionality of the MOF linker,108 or by introduction of
functional groups by post synthetic modification,123,129 and also
the design of new polyMOFs153,158,159 which, while creating a
new subclass of MOF materials with a great potential for being
high performing membranes for gas separation, confirms that
the high expectations of MOFs as multifunctional organic−
inorganic hybrid materials are being successfully fulfilled. The
high versatility of MOF chemistry enables the research
community to target interesting effects, like the usage of the
chemical modifications to not only increase the performance
for a specific application, but also to increase the stability, which
is an important step in making industrial applications
possible.213
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vol., mixed gas, constant volume method; mixed const. pres.,
mixed gas, constant pressure method; mixed sweep, sweep gas
method (see section 1.1, and Supporting Information for further
information)
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(52) Burmann, P.; Zornoza, B.; Teĺlez, C.; Coronas, J. Chem. Eng. Sci.
2014, 107, 66−75.
(53) Chen, X. Y.; Vinh-Thang, H.; Rodrigue, D.; Kaliaguine, S. Ind.
Eng. Chem. Res. 2012, 51, 6895−6906.
(54) Seoane, B.; Zamaro, J. M.; Tellez, C.; Coronas, J. RSC Adv.
2011, 1, 917−922.
(55) Chen, X. Y.; Hoang, V.-T.; Rodrigue, D.; Kaliaguine, S. RSC
Adv. 2013, 3, 24266−24279.
(56) Rebollar-Perez, G.; Carretier, E.; Lesage, N.; Moulin, P.
Membranes 2011, 1, 80−90.
(57) Dumee, L.; Velleman, L.; Sears, K.; Hill, M.; Schutz, J.; Finn, N.;
Duke, M.; Gray, S. Membranes 2011, 1, 25−36.
(58) Baker, R. W.; Lokhandwala, K. Ind. Eng. Chem. Res. 2008, 47,
2109−2121.
(59) Basu, S.; Cano-Odena, A.; Vankelecom, I. F. J. J. Membr. Sci.
2010, 362, 478−487.
(60) Wijenayake, S. N.; Panapitiya, N. P.; Versteeg, S. H.; Nguyen, C.
N.; Goel, S.; Balkus, K. J.; Musselman, I. H.; Ferraris, J. P. Ind. Eng.
Chem. Res. 2013, 52, 6991−7001.
(61) Wijenayake, S. N.; Panapitiya, N. P.; Nguyen, C. N.; Huang, Y.;
Balkus, K. J., Jr; Musselman, I. H.; Ferraris, J. P. Sep. Purif. Technol.
2014, 135, 190−198.
(62) Zulhairun, A. K.; Fachrurrazi, Z. G.; Nur Izwanne, M.; Ismail, A.
F. Sep. Purif. Technol. 2015, 146, 85−93.

Crystal Growth & Design Review

DOI: 10.1021/acs.cgd.7b00595
Cryst. Growth Des. 2017, 17, 4467−4488

4485

http://www.borsig-china.com/#productrecovery
http://www.borsig-china.com/#productrecovery
http://www.sulzer.com/en/Products-and-Services/Separation-Technology/Membrane-Technology/Organic-Solvent-Nanofiltration-OSN
http://www.sulzer.com/en/Products-and-Services/Separation-Technology/Membrane-Technology/Organic-Solvent-Nanofiltration-OSN
http://www.sulzer.com/en/Products-and-Services/Separation-Technology/Membrane-Technology/Organic-Solvent-Nanofiltration-OSN
http://www.iea-biogas.net/files/daten-redaktion/download/publi-task37/Biogas%20upgrading.pdf
http://www.iea-biogas.net/files/daten-redaktion/download/publi-task37/Biogas%20upgrading.pdf
http://dx.doi.org/10.1021/acs.cgd.7b00595


(63) Hu, J.; Cai, H.; Ren, H.; Wei, Y.; Xu, Z.; Liu, H.; Hu, Y. Ind. Eng.
Chem. Res. 2010, 49, 12605−12612.
(64) Seoane, B.; Coronas, J.; Gascon, I.; Benavides, M. E.; Karvan,
O.; Caro, J.; Kapteijn, F.; Gascon, J. Chem. Soc. Rev. 2015, 44, 2421−
2454.
(65) Noble, R. D. J. Membr. Sci. 2011, 378, 393−397.
(66) Li, J.-R.; Ma, Y.; McCarthy, M. C.; Sculley, J.; Yu, J.; Jeong, H.-
K.; Balbuena, P. B.; Zhou, H.-C. Coord. Chem. Rev. 2011, 255, 1791−
1823.
(67) Liu, D.; Zhong, C. J. Mater. Chem. 2010, 20, 10308−10318.
(68) Meek, S. T.; Greathouse, J. A.; Allendorf, M. D. Adv. Mater.
2011, 23, 249−267.
(69) Bae, T. H.; Lee, J. S.; Qiu, W.; Koros, W. J.; Jones, C. W.; Nair,
S. Angew. Chem., Int. Ed. 2010, 49, 9863−9866.
(70) Janiak, C.; Vieth, J. K. New J. Chem. 2010, 34, 2366−2388.
(71) Czaja, A. U.; Trukhan, N.; Muller, U. Chem. Soc. Rev. 2009, 38,
1284−1293.
(72) Bloch, E. D.; Queen, W. L.; Krishna, R.; Zadrozny, J. M.; Brown,
C. M.; Long, J. R. Science 2012, 335, 1606−1610.
(73) Chen, B.; Ockwig, N. W.; Millward, A. R.; Contreras, D. S.;
Yaghi, O. M. Angew. Chem., Int. Ed. 2005, 44, 4745−4749.
(74) Mueller, U.; Schubert, M.; Teich, F.; Puetter, H.; Schierle-Arndt,
K.; Pastre, J. J. Mater. Chem. 2006, 16, 626−636.
(75) Li, Y.; Yang, W. J. Membr. Sci. 2008, 316, 3−17.
(76) Bowen, T. C.; Noble, R. D.; Falconer, J. L. J. Membr. Sci. 2004,
245, 1−33.
(77) Kosinov, N.; Gascon, J.; Kapteijn, F.; Hensen, E. J. M. J. Membr.
Sci. 2016, 499, 65−79.
(78) NGK INSULATORS, LTD., http://www.ngk.co.jp/english/
research/ecology.html (accessed 2016).
(79) Pera-Titus, M. Chem. Rev. 2014, 114, 1413−1492.
(80) Chen, Y. F.; Babarao, R.; Sandler, S. I.; Jiang, J. W. Langmuir
2010, 26, 8743−8750.
(81) Denny, M. S., Jr; Moreton, J. C.; Benz, L.; Cohen, S. M. Nat.
Rev. Mater. 2016, 1, 16078.
(82) Jia, Z.; Wu, G. Microporous Mesoporous Mater. 2016, 235, 151−
159.
(83) Sorribas, S.; Gorgojo, P.; Teĺez, C.; Coronas, J.; Livingston, A.
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Zornoza, B.; Kapteijn, F.; Gascon, J. Adv. Funct. Mater. 2014, 24, 249−
256.
(170) Bhattacharya, A.; Misra, B. N. Prog. Polym. Sci. 2004, 29, 767−
814.
(171) Tien-Binh, N.; Vinh-Thang, H.; Chen, X. Y.; Rodrigue, D.;
Kaliaguine, S. J. Mater. Chem. A 2015, 3, 15202−15213.
(172) Ahmadi Feijani, E.; Mahdavi, H.; Tavasoli, A. Chem. Eng. Res.
Des. 2015, 96, 87−102.
(173) Ahmadi Feijani, E.; Tavasoli, A.; Mahdavi, H. Ind. Eng. Chem.
Res. 2015, 54, 12124−12134.
(174) Cai, W.; Lee, T.; Lee, M.; Cho, W.; Han, D.-Y.; Choi, N.; Yip,
A. C. K.; Choi, J. J. Am. Chem. Soc. 2014, 136, 7961−7971.
(175) Li, T.; Pan, Y.; Peinemann, K.-V.; Lai, Z. J. Membr. Sci. 2013,
425−426, 235−242.
(176) Rezakazemi, M.; Ebadi Amooghin, A.; Montazer-Rahmati, M.
M.; Ismail, A. F.; Matsuura, T. Prog. Polym. Sci. 2014, 39, 817−861.
(177) Ding, Z.-D.; Chi, Z.; Gu, W.-X.; Gu, S.-M.; Liu, J.-H.; Wang,
H.-J. Carbohydr. Polym. 2012, 89, 7−16.
(178) Santos, E.; Rodríguez-Fernańdez, E.; Casado-Coterillo, C.;
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