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Mixed-matrix membranes (MMMs) with metal–organic frameworks (MOFs) as additives (ﬁllers)
exhibit enhanced gas permeabilities and possibly also selectivities when compared to the pure polymer.
Polyimides (Matrimid®) and polysulfones are popular polymer matrices for MOF ﬁllers. Presently
investigated MOFs for MMMs include [Cu(SiF6)(4,4′-BIPY)2], [Cu3(BTC)2(H2O)3] (HKUST-1,
Cu-BTC), [Cu(BDC)(DMF)], [Zn4O(BDC)3] (MOF-5), [Zn(2-methylimidazolate)2] (ZIF-8),
[Zn( purinate)2] (ZIF-20), [Zn(2-carboxyaldehyde imidazolate)2] (ZIF-90), Mn(HCOO)2, [Al(BDC)(μ-OH)] (MIL-53(Al)), [Al(NH2-BDC)(μ-OH)] (NH2-MIL-53(Al)) and [Cr3O(BDC)3(F,OH)(H2O)2]
(MIL-101) (4,4′-BIPY = 4,4′-bipyridine, BTC = benzene-1,3,5-tricarboxylate, BDC = benzene-1,4dicarboxylate, terephthalate). MOF particle adhesion to polyimide and polysulfone organic polymers does
not represent a problem. MOF-polymer MMMs are investigated for the permeability of the single gases
H2, N2, O2, CH4, CO2 and of the gas mixtures O2/N2, H2/CH4, CO2/CH4, H2/CO2, CH4/N2 and CO2/N2
( preferentially permeating gas named ﬁrst). Permeability increases can be traced to the MOF porosity.
Since the porosity of MOFs can be tuned very precisely, which is not possible with polymeric material,
MMMs offer the opportunity of signiﬁcantly increasing the selectivity compared to the pure polymeric
matrix. Additionally in most of the cases the permeability is increased for MMM membranes compared to
the pure polymer. Addition of MOFs to polymers in MMMs easily yields performances similar to the best
polymer membranes and gives higher selectivities than those reported to date for any pure MOF
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membrane for the same gas separation. MOF-polymer MMMs allow for easier synthesis and handability
compared to pure MOF membranes.

Introduction
Metal–organic frameworks (MOFs) or three-dimensional
porous coordination polymers (PCPs)1 have attracted tremendous
attention over the past few years.2–7 This is due to their porosity,
large inner surface area, tunable pore sizes and topologies,8
which leads to versatile architectures9,10 and promising applications,2,11,12 such as ion exchange, gas adsorption and storage
of, in particular, hydrogen and methane,13–17 gas18,19 and
liquid20 separation processes, drug delivery,21,22 sensor technology,23,24 heterogeneous catalysis,25 hosts for metal colloids or
nanoparticles26,27 or polymerization reactions,28 pollutant
sequestration,29 microelectronics,30 luminescence,31 non-linear
optics32 and magnetism (Fig. 1).33
MOFs/PCPs are now well known porous materials21,34 owing
to extremely high possible surface areas (>6000 m2 g−1 like in
the case of MIL-210 or NU-10035) exceeding the values for
silica gels, active carbons and zeolites. We will use the term
MOF here for 3-dimensional coordination networks with proven
permanent porosity of the ‘activated’, that is, solvent-depleted
network. Compared with other sorption or porous materials like
active carbon or zeolites, the sorption properties of MOFs/PCPs
can be designed and ﬁne-tuned through the organic ligands,
including their post-synthetic modiﬁcation.36 Variation of the
organic ligand’s functionality provides ample opportunities for
pore size tuning and for changing the afﬁnity of the surface
towards different adsorbents. Besides size selective sorption and
separation, non-speciﬁc storage and delivery of small molecules,
the presence of potentially functional metal centers could give
MOFs a role as size-selective catalysts, magnetic and luminescent sensors.2,3,37 An advantage of MOFs over amorphous sorption or porous materials is their perfectly identical pore size
throughout the whole framework structure.
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Polymer membranes are used in many gas separation applications such as natural gas treatment (removal of CO2 before the
natural gas can be passed to the pipeline), hydrogen isolation
and recovery, air separation as oxygen enrichment from air
(medical devices) and nitrogen enrichment from air (used as a
protecting atmosphere for oxygen sensitive compounds).38 Other
membrane based processes with fast growing market relevance
are vapor recovery systems,39 e.g. landﬁll gas recovery, monomer
recovery units, e.g. ethylene/N2, propylene/N2 or oleﬁn/parafﬁn
separation,40,41 the dehydration of organic solvents and the
removal of polar low molecular weight components in equilibrium reactions.42 Furthermore membranes are used for water
puriﬁcations like ultraﬁltration, microﬁltration and reverse
osmosis processes for desalination as well as in medical devices,
i.e., in artiﬁcial kidneys. Currently the worldwide membrane
market has a steady growth of approximately 10–15% each
year.43 Polymer membranes have (i) low capital cost, (ii) ability
to fabricate easily into commercially viable hollow ﬁbers or ﬂat
sheets that can be processed into modules, (iii) stability at high
pressures (for crosslinked polymers, see also below), (iv) low
energy consumption compared to alternative unit operations,
(v) easy scalability and (vi) high mechanical resistance. Unfortunately, an important constraint in the development of these membranes for gas separation applications is the trade-off between
permeability and selectivity, ﬁrst demonstrated by Robeson44,45
(Fig. 2).46
The economics of membrane processes is mainly determined
by the selectivity and the permeability as the most basic requirements for selecting membrane materials.47 With low selectivity
the separation processes have to be multi-step which translates
into higher apparative complexity and costs. The permeability
decides which membrane area or how many membrane modules
are needed to realize the separation process. Membranes with
high permeability are needed for large-volume gas feed streams

Fig. 1 Schematic presentation of a MOF with primitive cubic topology
and three prototypical linkers (benzene-dicarboxylate and -tricarboxylate
and imidazolate) on the yellow disc with some application-oriented
properties named around it.

This journal is © The Royal Society of Chemistry 2012

Fig. 2 Schematic presentation of the trade-off between permeability
and selectivity with the 1991 and 2008 Robeson upper bounds.44,45

as in natural gas treatments or for pre-combustion O2/N2
separation.
Polymer membranes have comparatively lower permeability
and selectivity than inorganic membranes (see below) for gas
separations. Pure organic polymer membranes can reach but
seldom surpass the limit of the permeability–selectivity trade-off
reported by Robeson, the so-called Robeson upper bound.40,44,45
One of the exceptions are thermally rearranged polymers
(TRPs).39,48 Hence, new materials and fabrication procedures
have to be investigated in order to signiﬁcantly improve membrane performance. There is strong interest in ﬁnding new membrane materials to meet the present and future requirements and
challenges in membrane-based separation technologies.47
One of the major drawbacks of pure polymeric membranes is
that plasticization effects, e.g., with carbon dioxide at higher
pressure, hydrogen sulﬁde but also with higher hydrocarbons,
are occurring. This can be only suppressed with crosslinking, but
for that either appropriate functional groups or post-treatment of
the membrane is necessary. Inorganic, zeolitic or MOF additives
do not show any plasticization behavior. Since they can interact
with the functional groups of a polymer matrix, MMMs are not
only attractive with regard to selectivity and permeability but
also concerning plasticization resistance.
Gas separation in membranes can take place by different
mechanisms.49 In dense polymer membranes the separation
mechanism is based on solution in and diffusion through the
bulk polymer (Fig. 3). According to the solution–diffusion
mechanism, the selectivity is determined by two factors: ﬁrst,
the components solubility which depends on the interaction of
the polymer matrix and the component to be separated. And
second, the diffusivity, which is mainly governed by the diameter of the components to be separated but also by the mobility
of the polymer chains. This is different from the selectivity determination by the molar mass ratio of the components in the bulk
polymer as in Knudsen diffusion (see below). Hence, a heavier
component which has the higher solubility can become the preferentially permeating gas in solution–diffusion through dense
membranes.
In porous membranes Knudsen diffusion, surface diffusion or
molecular sieving can be operating (Fig. 4). The origin of
Knudsen diffusion is the different interaction energies when
molecules of different molar masses collide with the pore walls
of wide pores. This leads to different transport rates. For gas
This journal is © The Royal Society of Chemistry 2012

Fig. 3 Simpliﬁed and schematic separation mechanism in dense membranes by solution–diffusion.

Fig. 4 Simpliﬁed and schematic separation mechanism in porous
membranes by Knudsen diffusion.

separation by Knudsen diffusion the diffusion coefﬁcients (D)
will vary inversely with the square root of the molecular weight
(M) of the gas (eqn (1)):
ai;j ¼

Di
¼
Dj

rﬃﬃﬃﬃﬃﬃ
Mj
Mi

ð1Þ

In Knudsen diffusion lighter gases have higher permeabilities
than heavier gases. For the separation of gases such as H2, He
and N2 from CO2, C3H8 ( propane) and C4H10 (butane) the
classiﬁcation lighter (heavier) goes together with smaller
(larger).
In surface diffusion one of the gas components (i) adsorbs preferentially on the pore walls. This results in a higher concentration of this component i in the pores compared to the other
component which is not adsorbed. Consequently component i
will become the gas with the higher ﬂux, the preferentially permeating gas (Fig. 5).
In molecular sieving the pores are narrow. Adsorption and
capillary condensation of one of the gas components (i) blocks
the pores for the transport of the other component (Fig. 6). In
surface diffusion and molecular sieving the heavier gas component can become the preferentially permeating gas, different
from Knudsen diffusion.
Inorganic membranes such as ceramic membranes made of
metal oxides (γ-Al2O3, ZrO2, TiO2 or ZrTiO4), perovskites or
Dalton Trans., 2012, 41, 14003–14027 | 14005

Fig. 5 Simpliﬁed and schematic separation mechanism in porous
membranes by surface diffusion.

Fig. 6 Simpliﬁed and schematic separation mechanism in porous
membranes by molecular sieving.

zeolites, porous carbon membranes, metal membranes or porous
glass membranes50 are used because of their high permeability
and selectivity. Inorganic materials such as zeolites offer certain
advantages over polymers with regard to thermal and chemical
stabilities, their high permeability and selectivity due to their
speciﬁc pores and high porosity. Perovskites (Ln1−xAxCo1−yByO3−z with Ln = lanthanide, A = Ca or Sr; B = Cr, Mn, Fe, Co,
Ni or Cu) are applied for oxide ion permeation in combination
with conductivity and sensing. However, more complicated
manufacturing procedures (e.g. support treatment, zeolite crystallization, thermal programming for pyrolysis, and a controlled
inert gas atmosphere in terms of ﬂow, pressure, and composition), lower reproducibility of properties, high cost, and low
mechanical resistance make their production more difﬁcult than
for polymer membranes. Summaries of these technical difﬁculties and problems associated with inorganic membranes can be
found in ref. 50–52.
Mixed-matrix membranes (MMMs) consist of an inorganic or
inorganic–organic hybrid material in the form of micro- or nanoparticles (discrete phase) incorporated into a polymeric matrix
(continuous phase) (Fig. 7). The use of two materials with different ﬂux and selectivity provides the possibility to better design a
gas separation membrane, allowing the synergistic combination
of polymers easy processability and the superior gas separation
performance of inorganic materials. If porous inorganic additives
to the organic polymer, e.g., zeolites, or metal organic frameworks (MOFs) could be applied with a pore diameter larger than
the kinetic diameter of one gas component but smaller than the
other one, a strong improvement of permeability would be
expected, which is economically very attractive for large scale
applications if the selectivity does not change. The ﬁrst MMMs
were prepared in the 1980s and have increasingly been investigated in recent years.47 MMMs attract attention as a possibility
14006 | Dalton Trans., 2012, 41, 14003–14027

Fig. 7 Schematic representation of a mixed-matrix membrane indicating the different possible sizes, shapes and components for the inorganic
ﬁller materials.

to improve the permeability–selectivity properties of polymer
membranes.53
Separation properties obtainable with MMMs can be far above
the Robeson upper bond (Fig. 2),44,45 which is a permeability
versus selectivity plot provided for most of the industrial relevant
gas mixtures. Thus, porous inorganic ﬁllers can counteract the
trade-off between selectivity and permeability which is typical
for pure polymer membranes. As ﬁller materials different types
of inorganic additives, impermeable and permeable ones, can be
used. In addition, MMMs are mechanically more stable and
easier to produce and at lower cost than inorganic membranes. In
principle, the incorporation of the inorganic component can be
seen as a relatively easy modiﬁcation of existing methods for
fabricating large-surface area polymeric membranes; therefore,
MMMs possess an economic advantage over inorganic membranes. In addition, they may offer enhanced physical, thermal,
and mechanical properties for aggressive environments and
could be a way to stabilize the polymer membrane against
change in permeability and selectivity with temperature.54 These
hybrid membranes offer very interesting properties; still, their
cost, difﬁculties for commercial scale manufacture, and sometimes fragility when compared to pure polymer membranes
remain important challenges. The successful fabrication of
MMMs depends on many factors, such as the good selection of
a polymeric matrix and an inorganic ﬁller and the elimination
of interfacial defects between the two phases. A low afﬁnity of
the polymer for the inorganic ﬁller can result in the formation of
voids at the polymer–ﬁller interface. Such voids would be nonselective and, thus, degrade the performance of the membrane.
Evidence for poor adhesion between polymer and additive may
be seen in scanning electron microscopy (SEM) images of membrane cross-sections with little or no plastic deformation of the
polymer matrix at the additive–polymer interface because of the
poor contact between the organic and inorganic phases. It is also
important to control ﬁller concentration, shape, and dimensions
in order to achieve the expected performance. Koros et al. proposed some criteria for material selection and preparation protocols in order to match the necessary transport characteristics
of materials to prepare high gas separation performance
MMMs.55,56 Chung et al. presented recently a comprehensive
review on mixed-matrix membranes but did not consider any
MOF-MMMs.47 They emphasized that the major gas separation
applications addressed by researchers working on MMMs
include air separation and natural gas separation, while the investigations on high added-value separations are limited. Moreover,
This journal is © The Royal Society of Chemistry 2012

research on fabrication of MMMs hollow ﬁbers is still partial.57
For the formation of thin, defect-free mixed-matrix structures as
asymmetric membranes, several aspects are relevant: the rheological properties of the dope solutions, the spinning conditions,
and the shape, size, and wettability of the particles. Several
inorganic materials, porous and nonporous, were considered
for the preparation of MMMs. These inorganic particles can
improve the separation (e.g., by the molecular sieving mechanism) or increase the membrane free-volume.53

Models used for mixed-matrix membranes
Gas species transport through a mixed-matrix membrane can be
mathematically described but it is always complex. Knowledge
of the permeability of gas species through the continuous phase
(the polymer matrix) and the dispersed phase (the ﬁller particles)
would be needed when designing an MMM-based gas separation
process.58 So far, most of the work on MMMs with MOFs is
highly empirical. For pure MOFs experimental gas permeabilities are almost unknown. However, atomically detailed simulations of MOFs for gas adsorption, diffusion and separation
have been carried out for IRMOF-1 (CO2, CH4, CO2/CH4),59,60
Cu-BTC (n-butane, iso-butane, 2-methylbutane, 2,2-dimethylpropane),61 MOF-2, MOF-3, MOF-5 and Cu-BTC (Ar, CO2,
CH4, H2, N2),62 Cu-(hﬁpbb)(H2hﬁpbb)0.5 (CO2/CH4),63 MOF-5
and Cu-BTC (CO2/CH4, CO2/H2, CO2/N2, CH4/H2, N2/CH4,
N2/H2).64 Also, for a ZIF-8 the corrected diffusivities of He, H2,
CO2, O2, N2, CH4, C2H4, C2H6, C3H6, C2H5OH, C3H8, 1-C4H8,
n-C4H10, iso-C4H8, and iso-C4H10 have been experimentally
estimated from kinetic uptake curves at 35 °C. From helium to
iso-C4H10, the corrected diffusivity drops 14 orders of magnitude.65 Moreover experimental gas permeation properties of
representative pure zeolitic imidazolate framework (ZIF-7,
ZIF-8, ZIF-22 and ZIF-90) based membranes were recently summarized.66 Atomistic simulations appear to be a useful tool for
considering the large number of MOF crystal structures that are
known in order to seek membrane materials with more desirable
characteristics.
To predict the permeation of gas species through MMMs,
several models are given in the literature.67 Most of these models
are adapted from thermal and/or electrical conductivity
models.68 The Maxwell and Bruggeman permeation models are
usually used to predict the permeabilities of gases through
MMMs.46,47,58
The Maxwell model describes the effective permeability (Peff )
of a gas species in an MMM for dispersion of ﬁller particles in a
polymer matrix.69 The Maxwell equation can be expressed by
eqn (2).
Peff ¼ Pd

Pd þ 2Pc  2Ød ðPc  Pd Þ
Pd þ 2Pc þ Ød ðPc  Pd Þ



ðPeff =Pc Þ  ðPd =Pc Þ
1  ðPd =Pc Þ



Peff
Pc

1=3

¼ ð1  Ød Þ

ð3Þ

The above Maxwell and Bruggeman models describe the permeation of a pure gas through a membrane and give similar
results up to Ød ≈ 0.2.69 The ideal selectivity, αideal(i/j) which is
the ratio of pure gas permeabilities of each species (eqn (4)), can
be deduced once the effective permeabilities of two gas species
are calculated.
αidealði;jÞ ¼

ðPeff Þi
ðPeff Þj

ð4Þ

These models can be used in situations where the ﬁller particles are relatively isotropic and can be well dispersed in the
polymeric matrix since they are functions of the volume fraction
of ﬁller particles but not the particle morphology or particle size.
In the case of strong deviations from this situation, modiﬁcations
of the mixing models would be needed.70 The above models
also require that the polymer/ﬁller interfaces do not introduce
voids into the composite material or profoundly change the properties of the polymer.
In contrast to pure gas permeation, the mathematical description of gas mixture permeation through MMMs is more complicated since gas permeabilities of each species can be affected by
competition effects among them. An approach which is only a
function of the partial pressures of gas species and based exclusively on parameters supplied by pure gas measurements was
described by Vu et al.72 The dual mode/partial immobilization
model72 was used by Sholl et al.58 to predict the permeabilities
of CO2 and CH4 in their binary mixture through Matrimid®
(eqn (5)):


kD DD
Fi Ki
Pn
Pi =L ¼ i i 1 þ
ð5Þ
L
1 þ
i¼1 bi pi
In this equation, Pi is the permeability of species i in the permeating mixture, pi is the partial pressure of the species i at the
feed side of the membrane, L is the thickness of the membrane
and all other variables are the parameters of the gas species in
Matrimid® which were taken from the work of Madden et al.73
All these parameters are used in the case of negligible permeate
pressure.

Glossary for membrane speciﬁc terms
ð2Þ

In this expression, Pc is the permeability of the continuous
( pure) polymer phase, Pd is the permeability of the dispersed
phase, and Ød is the volume fraction of the dispersed phase. The
Maxwell model is intended to be applicable for low ﬁller loadings since it assumes that the streamlines associated with diffusive mass transport around ﬁller particles are not affected by the
presence of nearby particles.70 The Bruggeman model also
This journal is © The Royal Society of Chemistry 2012

accounts for these effects and can be regarded as an improved
version of the Maxwell model.71 The Bruggeman model correlates the effective permeability (Peff ) with the volume fraction
Ød of the dispersed phase in eqn (3) as

Asymmetric or (thin ﬁlm) composite (TFC) membrane: Membranes used today in large-scale separation processes (desalination processes but also pervaporation for dehydration of organic
solvents) consist of a thin (0.1–1 μm) selective skin layer on a
highly porous substructure (100–200 μm) (Fig. 8). The skin
layer is responsible for the separation characteristics. The porous
substructure acts only as a support.50 Composite membranes can
also be made in the form of dual-layer hollow ﬁbers for gas
separation.
Dalton Trans., 2012, 41, 14003–14027 | 14007

separates a high pressure feed or retentate volume from a low
pressure or permeate volume. The time lag is related to the
average diffusivity of penetrant i, Di, through the ﬁlm in the case
of single penetrant permeation through a structurally and compositionally homogeneous ﬁlm of uniform thickness, l, for which
Fickian kinetics apply (eqn (10)).74
Di ¼
Fig. 8 Schematic structure of a (thin ﬁlm) composite membrane
(“asymmetric membrane”).

barrer: The unit barrer is a non-SI-unit in the cgs-system for
the gas permeability P of thin materials in honor of the New
Zealand chemist Richard M. Barrer (1910–1996), who was a
leader in research on the diffusion of gases.
The permeability P of 1 barrer corresponds to the ﬂow rate of
10−10 cubic centimeters per second (volume at standard temperature and pressure, 0 °C and 1 atm), times 1 centimeter of membrane thickness, per square centimeter of membrane area and
centimeter of mercury difference in pressure between both sides
of the membrane. That is, a permeability of 1 barrer = 10−10 cm2 s−1
cmHg−1 (eqn (6)) or, in SI units, 7.50062 × 10−18 m2 s−1 Pa−1
(eqn (7)).
cm3 ðSTPÞcm
Pð1 barrerÞ ¼ 1010
cm2 s cmHg
Pð1 barrerÞ ¼ 7:50062  1018

m ðSTPÞ m
m2 s Pa
3

ð6Þ

ð7Þ

with 1 cm = 10−2 m, 1 cmHg = 10 Torr = 1.333223 × 103 Pa.
d-Spacing: d stands for the intersegment spacing between two
polymer chains and is determined from powder X-ray diffraction
(PXRD) patterns using Bragg’s law nλ = 2d sin θ where n is an
integer number, λ the X-ray wavelength (0.71073 for Mo-Kα,
1.54 for Cu-Kα) and θ indicates the diffraction angle.
Gas permeation unit (GPU): The gas permeance of a membrane can be given in GPU (eqn (8)) instead of barrer in order
to express the productivity of a material.46
Pð1 GPUÞ ¼ 10

6

cm3 ðSTPÞ cm
cm2 s cmHg

ð8Þ

Ideal selectivities: Selectivities determined by isochorus, that
is, single-gas permeation experiments. From the single-gas permeabilities Pi ( preferentially permeating gas) and Pj the ideal
gas selectivity αi,j is calculated according to eqn (9), thereby
assuming that both gases do not affect each other in their permeation behavior.
αi;j ¼

Pi
Pj

ð9Þ

Isochorus (isochoric): Single gas permeation experiments.
The permeation of each gas is measured independently using the
pure gas.
A steady-state ﬂux is preceded by a time lag, θ, where there is
small or no accumulation of penetrant in the permeate volume in
an isochoric permeation experiment where the membrane
14008 | Dalton Trans., 2012, 41, 14003–14027

l2
6θ

ð10Þ

The time lag θ is simply the time-intercept of a linear ﬁt of
the steady-state permeate pressure rise in the case of zero initial
permeate pressure.
Permeability: Permeability P is deﬁned to be the gas ﬂow rate
multiplied by the thickness of the membrane, divided by the area
and by the pressure difference across the membrane (eqn (11)).
The permeability is given in the unit barrer or gas permeation
unit (GPU) (see eqn (6) to (8)).
Permeability ðPÞ ¼

gas flow rate  membrane thickness
membrane area  pressure difference
ð11Þ

Pi ¼

fluxi  l
Δpi

ð12Þ

Eqn (12) is the expression used to determine permeability in
isochoric permeation experiments. In this equation, Pi is the permeability of penetrant i, ﬂuxi is the molar ﬂux of penetrant i, l is
the thickness of the dense ﬁlm, and Δpi is the partial pressure
difference across the dense ﬁlm. Through Fick’s ﬁrst law, eqn
(12) can be rearranged so that permeability is expressed as a
product of the diffusivity, Di, and solubility, Si, of penetrant i
(eqn (13)).74
Pi ¼ Di  Si

ð13Þ

The gas permeability for a gas mixture can be determined
using eqn (14),
P=lðGPUÞ ¼ 6  104

V  d p =dt  Yi
Δp  A  T  Xi

ð14Þ

where P/l is the gas permeance of a membrane in GPU, P is the
permeability coefﬁcient and l is the thickness of the membrane,
V is the downstream collection volume (cm3), dp/dt (mbar min−1)
is the pressure increase rate in the collection volume, A (cm2) is
the effective membrane area, Δp (mbar) is the pressure head,
T (K) is the experimental temperature, Yi and Xi are the molar
fractions of the permeate and feed gas, respectively.46
Selectivity or separation factor: For gas mixtures the gas
selectivity α is calculated by eqn (15),
αi;j ¼

Yi =Yj
Xi =Xj

ð15Þ

where Yi and Yj are the mole fractions of the components produced in the permeate, while Xi and Xj are their corresponding
mole fractions in the feed.46
This journal is © The Royal Society of Chemistry 2012

Matrimid®: A polyimide; the repeat unit is

MOF loading in a membrane is given by
ðwt%; mass fractionÞ ¼

mass ðMOFÞ
 100%
mass ðMOFÞ þ mass ðpolymerÞ

Polydimethylsiloxane (PDMS): repeat unit

Polyimide PMDA–ODA (PMDA: pyromellitic dianhydride;
ODA: 4,4′-oxydianiline): repeat unit

Polyimide 6FDA–DAM (6FDA: 2,2′-Bis(3,4-carboxyphenyl)
hexaﬂuoropropane dianhydride; DAM: diaminomesitylene):
repeat unit

Poly-(1,4-phenylene ether-ether-sulfone) (PPEES): repeat unit

Ultem®: repeat unit

Zeolites in MMMs
The integration of nanoporous molecular sieves such as zeolites
into polymeric membranes has attracted much attention, since
one can in principle combine the size/shape selectivity of nanoporous materials with the methodology and mechanical stability
of polymers.47 However, zeolite/polymer composite membranes
often have defective morphologies characterized by void spaces
between the zeolite particles and the polymeric matrix, leading
to poor gas-separation performance since the gas molecules ﬂow
around the zeolite particles.47,75 Another challenge that MMMs
can face is partial blockage of the additive pore by polymer
chains. This was observed for zeolites 3A, 4A, and 5A in polyethersulfone MMMs where the permeabilities of the gases
decreased with additive loading. Only zeolite 5A reached a constant permeability, albeit still lower than the pure polymer.76
Mesoporous MCM-41 was chosen as an additive to enhance the
polymer–additive interaction through polymer chain penetration
of the mesopores.77 In terms of interaction, this strategy proved
to be effective. Gas separation studies of MCM-41/polysulfone
MMMs showed increased gas permeability with increased
loading of MCM-41 with constant selectivity. The large pores of
the MCM-41 material were apparently blocked by the polymer
chains so that the inner pores remained inaccessible.78 High-free
volume glassy ladder-type polymers, referred to as polymers of
intrinsic microporosity (PIM),79 have been developed and their
reported gas transport performance exceeded the Robeson upper
bound trade-off for O2/N2 and CO2/CH4.80 Addition of fumed
silica nanoparticles in PIM-1 signiﬁcantly increased overall gas
permeability; but the trend of increased permeability increases
nonlinearly with the amount of silica content. The trade-off
relationship between O2 permeability and O2/N2 selectivity followed a similar trend previously observed for polysulfone
mixed-matrix membranes with incorporated silica nanoparticles,
whereby permeability was gained at the expense of selectivity.81

Metal–organic frameworks in MMMs
Polysulfone (PSF): repeat unit

Poly(vinyl acetate) (PVAc): repeat unit

This journal is © The Royal Society of Chemistry 2012

Metal–organic frameworks (MOFs) are a new material class and
of increasing interest as porous ﬁllers in mixed-matrix membranes. MOFs are highly promising additives since they offer
various advantages over zeolites.19,82–85 For example, organic
linkers are an inherent part of MOFs. Also ligands with a broad
variety of functionalities are possible which would, in principle,
allow MOFs to interact well with the polymer bulk material and
its functionalities. Thus, the formation of micro-gaps between an
inorganic–organic MOF and an organic polymer phase, which
often cause losses in selectivity, can be avoided. For the preparation of MMMs a perfect interaction between the two components is extremely important in order to obtain materials with
Dalton Trans., 2012, 41, 14003–14027 | 14009

optimized separation properties. The ﬁrst incorporation of a
metal–organic framework into a polymer for the fabrication of
MMMs for gas separations may have been the incorporation
of copper(II) biphenyl-dicarboxylate-triethylenediamine in poly(3-acetoxyethylthiophene) to give improved CH4 selectivity relative to the pure polymer.86
Pure MOFs are also highly attractive for applications in gasseparation87 and recent extensive reviews summarize the applications, design principles, and progress in this ﬁeld.14,18,19
Continuous ( pure) ‘inorganic’ membranes using MOFs, such
as MOF-5,88 HKUST-1 [Cu3(BTC)2],89 Cu-(hﬁpbb)(H2hﬁpbb)0.5,90
ZIF-891 and Co3(HCOO)6,92 have been reported for gas separation. However, the gas-permeation properties ( permeability
and selectivity) have, so far, not been found attractive except for
the recent separation performance of pure ZIF-8 membranes for
propylene/propane mixtures. The ZIF-8 membranes showed a
selectivity of up to 50 with a permeability up to 200 barrers for
propylene, yielding a performance above the polymer and
carbon membrane upper bound.93 The lower attractiveness of the
permeation properties may be attributed to several reasons, such
as membrane defects and related processing issues, the use of
MOFs with low selectivity and unfavorable orientation of crystals in the membrane. Therefore, the incorporation of MOFs into
polymers to obtain nanocomposite (mixed-matrix) membranes
appears to be an alternative route to increase the MOF membranes performance.
The potential of MOFs in MMMs is the subject of this Perspective. Table 1 provides a summarizing overview on MOFs
studied for gas separations in mixed-matrix membranes.

Cu-HFS-BIPY, [Cu(μ-SiF6)(4,4′-BIPY)2] in Matrimid®

The neutral 3D-framework of [Cu(μ-SiF6)(4,4′-BIPY)2] (4,4′BIPY = 4,4′-bipyridine) has square channels of 8 × 8 Å. The
three-dimensionality results from bridging of 2D-{Cu(4,4′BIPY)2} nets by the SiF6 dianions (Fig. 9). The activated,
porous MOF is stable in the absence of the initially-incorporated
water molecules of crystallization. Methane adsorption experiments showed that at pressures above 5 bar the framework [Cu(μ-SiF6)(4,4′-BIPY)2] can take up signiﬁcantly more methane
than zeolite 5A, which has the highest methane adsorption
capacity of all zeolites.94
Incorporation of the MOF 4,4′-bipyridine-hexaﬂuorosilicatecopper(II) (Cu-HFS-BIPY) (Fig. 9) into a dense Matrimid®
membrane was done to study the pure gas permeation of H2, N2,
O2, CH4, and CO2 as well as the separation of CO2/CH4,
H2/CO2 and CH4/N2 gas mixtures (cf. Table 1). The addition of
the MOF into the polymer increased the gas permeabilities but
decreased the ideal CO2/CH4 and H2/CH4 selectivities (from
single gas experiments). On the other hand, due to the afﬁnity of
Cu-HFS-BIPY towards CH4, the ideal and mixture CH4/N2
selectivities increased.96

Cu-BTC, HKUST-1 in MMMs

[Cu3(BTC)2(H2O)3], which is also called [Cu3(BTC)2], Cu-BTC
or HKUST-1, was one of the ﬁrst MOFs to be studied intensively
(BTC = benzene-1,3,5-tricarboxylate, HKUST = Hong Kong
14010 | Dalton Trans., 2012, 41, 14003–14027

Fig. 9 Section of the packing diagram of Cu-HFS-BIPY, [Cu(μ-SiF6)(μ-4,4′-BIPY)2] along different viewing directions in ball-and-stick and
space-ﬁlling mode (tetragonal, a = b = 11.11 Å, c = 8.11 Å, CSD-Refcode GORWUF94). The yellow sphere with a radius of 4.5 Å takes into
account the van der Waals radii of the framework walls. The crystallographically-induced mirror disorder of the pyridyl rings, the 45°rotational disorder of the equatorial F-atoms on SiF6 and the original
water guest molecules are not shown.

University of Science and Technology).97,98 Cu-BTC contains
{Cu2} units coordinated by four carboxylate groups in the wellknown paddle-wheel structure of copper acetate (Fig. 10).99
Cu-BTC crystallizes with formation of a highly porous cubic
structure with a complicated 3D network of channels. Along the
This journal is © The Royal Society of Chemistry 2012

Table 1

Reports on MOF-based MMMs

MOF metal

MOF linker (MOF acronym)

Polymers

Gas or gas mixture

Ref.

Cu

Matrimid® 5218

H2, N2, O2, CH4, CO2 CO2/CH4,
H2/CO2 CH4/N2

96

Cu

PSF, PDMS
Matrimid® 9725, PSF Utrason S
6010 N
PMDA–ODA
PSF Udel® P-3500

H2, N2, O2, CH4, CO2
CO2/CH4, CO2/N2

103
46,104

H2, N2, O2, CH4, CO2
O2/N2, H2/CH4, CO2/CH4, CO2/N2

105
106

Cu

PVAc

He, N2, O2, CH4, CO2

74

Zn

Matrimid® 5218

H2, N2, O2, CH4, CO2, H2/CO2, N2/CH4,
CO2/CH4

116

Zn

Matrimid® 5218

66,119,124

Matrimid® 9725
PPEES
PSF Udel® P-3500
Ultem®
6FDA–DAM

H2, N2, O2, CH4, CO2, C3H8, H2/CO2,
CO2/CH4
CO2/CH4, CO2/N2
CO2
O2/N2, H2/CH4, CO2/CH4, CO2/N2
CO2, N2, CO2/N2,
C3H6, C3H8 C3H6/C3H8

Zn

PSF Udel® P-3500

O2/N2

129

Zn

Matrimid® 5218, Ultem® 1000,
6FDA–DAM

CO2, CH4, CO2/CH4, CO2/N2

85

Mn

PSF

H2, N2, O2, CH4, CO2

103

Al

Matrimid® 9725

CO2/CH4, CO2/N2

104
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104
125
106
126
127
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Table 1

(Contd.)

MOF metal

MOF linker (MOF acronym)

Polymers

Gas or gas mixture

Ref.

Al

PSF Udel® P-3500

CO2/CH4

147

Cr

PSF Utrason S 6010 N

O2, N2, N2, CH4, CO2

95,156

a-axis there are large square channels of 9 × 9 Å. Cu-BTC is
thermally stable up to 240 °C. Both the water of crystallization
and the aqua ligands coordinating the copper atoms can be
removed thermally without loss of the structural integrity and
exchanged by pyridine ligands.97 Open, coordinatively unsaturated copper ion sites physisorb H2 stronger than analogous
closed shell d10-zinc complexes, which makes [Cu3(BTC)2] one
of the best hydrogen adsorbents at low pressures13,16,100,101 with
an H2 uptake of 3.8 wt% vs. 1.3 wt% for MOF-5 at 77 K.102 The
sorption characteristics for CO2 are similar to the metal-site
adsorption situation with H2. Pronounced metal-site speciﬁc
binding of CO2 causes the initial adsorption to be much higher
for Cu-BTC than for Zn-MOFs. The dominance is evidently preserved also to higher pressures until a few bars.
(a) Cu-BTC in polydimethylsiloxane (PDMS) and polysulfone (PSF). Addition of Cu-BTC to polydimethylsiloxane

(PDMS) and polysulfone (PSF) showed high adsorption afﬁnity
for CO2 and H2 (see above). The gas separation abilities of the
fabricated mixed-matrix membranes show slight improvement
compared to pure polymer membranes in gas permeability with
MOF loading up to 10 wt% but a decrease in selectivity from
10 wt% loading on.103
(b) Cu-BTC in polyimides. Crystalline [Cu3(BTC)2] as a
ﬁller in an asymmetric membrane of Matrimid® or of a 3 : 1
Matrimid®/polysulfone blend showed a higher CO2 permeance
than the unﬁlled membrane in mixed-gas permeation experiments.46,104 The Cu-BTC ﬁller loadings were 10 wt%, 20 wt%
and 30 wt% in Matrimid® and 30 wt% in the blend. The binary
gas mixtures CO2/CH4 and CO2/N2 were studied for CO2 concentrations from 10 vol% to 75 vol%. The permeance of the preferentially permeating gas CO2 and, hence, the CO2 selectivity
increased with the ﬁller loading in the binary mixtures. Permeance of the unﬁlled Matrimid® membrane was around
10 GPU and increased almost to 18 GPU. The blend membrane
increased from 7 GPU to 12 GPU both upon ﬁlling with 30 wt%
[Cu3(BTC)2] at 35 °C and 10 bar for a 35/65 vol% binary gas
mixture (Fig. 11). Noteworthy, the CO2/CH4 selectivity αCO2/CH4
dropped linearly when the CO2 content increased from 10 to
75 vol%. The slope of this selectivity drop was rather independent
of the [Cu3(BTC)2] ﬁller content.46,104 This might be due to the fact
that with higher CO2 concentration plasticization phenomena occur.
14012 | Dalton Trans., 2012, 41, 14003–14027

The [Cu3(BTC)2] contribution to the increase in CO2 permeance was assigned to the extra pore network of the MOF
ﬁller. In addition, an increased polyimide lattice d-spacing of the
membranes was determined from X-ray diffraction patterns. This
increased d-spacing leads to higher polymer chain mobility
which also facilitates diffusion of gases.46,104
Characterization of the morphology of the [Cu3(BTC)2]-ﬁlled
mixed-matrix membranes by scanning electron microscopy
cross-section images showed that the MOF ﬁller is well distributed and embedded in the polymer matrix even for the 30 wt%
loaded membranes. The dynamic storage modulus increases with
the ﬁller, thus indicating good dispersion within and good interaction of [Cu3(BTC)2] with the polyimide matrix. Also, the
linear increase in Young’s modulus conﬁrmed the good interfacial adhesion between [Cu3(BTC)2] and the polymer chains.
The linear decrease in tensile strength and break at elongation
with [Cu3(BTC)2] ﬁller content indicate a more rigid structure of
the MMM compared to the reference membrane without a
ﬁller.46,104
Cu-BTC was also used with the polyimide (PI) PMDA–
ODA to prepare mixed-matrix membranes (MMMs) for gas
separations. PMDA–ODA was prepared from 4,4′-oxydianiline
(ODA) and pyromellitic dianhydride (PMDA). Loadings of
3 wt% and 6 wt% [Cu3(BTC)2] particles were highly dispersed and perfectly afﬁnitive with the PI matrix. The PI–
[Cu3(BTC)2] blend was successfully spun into MMM hollow
ﬁbers by a dry/wet-spinning method. SEM images of the
ﬁber cross sections revealed signiﬁcant plastic deformation of
the polymer matrix owing to the strong afﬁnity between
Cu-BTC and PI (Fig. 12). The permeances and selectivities of
gases such as N2, H2, CO2, and CH4 were investigated separately at 1 MPa and 298 K (Fig. 13). The gas permeances in
both PI and PI–[Cu3(BTC)2] MMM hollow ﬁbers remained at
higher levels with the sequence H2 > CO2 > O2 > N2 > CH4.
Both the H2 permeance and the selectivity of H2 with respect
to other gases such as N2, CO2, O2, and CH4 increased
obviously with increased Cu-BTC loading. At a loading of
6 wt% Cu-BTC, the permeance of H2 increased by 45%,
and its ideal selectivity from other gases increased by a factor
of 2–3 compared to the corresponding values for pure PI.
These results may open new directions in the enhancement of
the H2 separation performance combining polyimide and
MOFs.105
This journal is © The Royal Society of Chemistry 2012

(c) Cu-BTC alone and in combination with zeolite in polysulfone. Mixed-matrix membranes (MMMs) were prepared by

combinations of polysulfone and two different kinds of porous
ﬁllers, namely metal–organic frameworks (MOFs) together with
zeolite. The MOFs used were Cu-BTC (HKUST-1) or ZIF-8,
and the zeolite was silicalite-1 (S1C).106 The MMMs were
applied to the separation of CO2/N2, CO2/CH4, O2/N2 and
H2/CH4 mixtures. For some of the gas mixtures studied, the
MMMs exhibited a synergetic enhancement regarding selective
gas transport when compared either to the pure polymer or to
MMMs with only one ﬁller type. The different surface chemistry
of both types of ﬁllers may help for the dispersion and disaggregation inside the polymer matrix. The ﬁller loading combinations
beneﬁt was clearly demonstrated from the point of view of gas
separation performance related to the following mixtures: CO2/CH4
(natural gas upgrading), CO2/N2 (CO2 capture), O2/N2 (air separation), and H2/CH4 (H2 puriﬁcation).106 At the same total loading
of 16 wt%, all the ﬁllers lead to an increase of CO2 permeability
when compared to that of the pure polymer in any of the two CO2containing mixtures (Fig. 14). In part, the increase in polymer
matrix free volume due to the opening of polymer chain packing
and linking because of the presence of ﬁllers explains this permeability improvement. The maximum separation selectivities
for CO2/CH4 and CO2/N2 gas mixtures (αCO2/CH4 = 22.4 with
P = 8.9 barrer for CO2, and αCO2/N2 = 38.0 with P = 8.4 barrer for
CO2) were only achieved when Cu-BTC was combined with silicalite-1 in an HKUST-1/S1C-PSF MMM.106
When the same HKUST-1/ZIF-8/S1C single- or double-ﬁller
MMMs were applied to separations of O2/N2 and H2/CH4
mixtures (Fig. 15), in which the separation mechanism is based
mainly on diffusion and not on adsorption differences, the combination of HKUST-1 and silicalite-1 gave rise to signiﬁcant
selectivity enhancements. This is probably due to an improved
molecular diffusion mechanism through zeolite crystals provided
by their synergy with HKUST-1.106
Cu-BDC in poly(vinyl acetate) (PVAc)

Cu-BDC is obtained by thermal N,N′-dimethylformamide
(DMF) desolvation of [Cu(BDC)(DMF)] (BDC = benzene-1,4dicarboxylate, terephthalate).74 [Cu(BDC)(DMF)] in turn is the
product of the solvothermal synthesis of copper nitrate trihydrate,
and terephthalic acid in DMF. Cu-BDC exhibits reversible
solvent-exchange properties. These properties make this material
useful for potential applications in gas storage and catalysis
applications.107 Compound [Cu(BDC)(DMF)] contains {Cu2}
units coordinated by four carboxylate groups with the wellknown paddle-wheel structure of copper acetate (Fig. 16).99 Two
DMF molecules coordinate weakly to the axial positions of the
copper atoms in the paddle-wheel unit. The {Cu2}(O2C-R)4
paddle-wheel units are linked by a planar benzene-1,4dicarboxylate bridge to a two-dimensional (4,4) net. This case
represents a typical net formed from {Cu2} or other {M2}
paddle-wheel units and a polyphenyl-ligand bi-functionalized
with carboxylic groups. This is different from the coordination
networks reported above, which all were 3-dimensional
permanently porous metal–organic frameworks, thus MOFs
in the narrower sense (“deﬁnition”) of this term. Also the unsubstituted 4,4′-biphenyldicarboxylate (BPDC) ligand gives a
This journal is © The Royal Society of Chemistry 2012

Fig. 10 Section of the packing diagram with the cubic unit cell of
[Cu3(BTC)2(H2O)3], Cu-BTC, HKUST-1 (a = 26.34 Å, CSD-Refcode
FIQCEN97) in different views to illustrate the zeolite analogy of this
highly symmetric and porous framework. Neither the disordered water
molecules in the pores nor the H atoms on the aqua ligands and on
carbon are shown.

Fig. 11 CO2 permeance in 35/65 vol% CO2/CH4 and CO2/N2 binary
gas mixtures for pure polyimide (PI, Matrimid®) or polyimide/polysulfone (PI/PSF) blend membranes, respectively, as well as ﬁlled with
different [Cu3(BTC)2] loadings (graphics adapted from ref. 46).

two-dimensional (4,4) net in 2D-[Zn(BPDC)(DMSO)]108
and many of the early Cu ‘2D proto-MOFs’ (MOF 102–109)109
where BPDC as equatorial linkers connect the zinc or
copper paddle-wheel units with 4,4 net topologies. Co-planarity
Dalton Trans., 2012, 41, 14003–14027 | 14013

Fig. 12 SEM images of hollow-ﬁber PI–[Cu3(BTC)2] MMMs: (a,b)
cross section, (c) outer surface, (d) surface of void-like and (e) spongelike structure. Reprinted with permission from ref. 105. Copyright 2010
American Chemical Society.

Fig. 14 Selectivities for gas mixtures CO2/CH4 (top) and CO2/N2
(bottom) as a function of CO2 permeability for different MMMs
(HKUST-1 = Cu-BTC). Figure reprinted with permission from ref. 106.
Copyright 2011 John Wiley and Sons.

Fig. 15 O2/N2 (top) and H2/CH4 (bottom) selectivities as a function of
O2 and H2 permeabilities for different MMMs (HKUST-1 = Cu-BTC).
Figure reprinted with permission from ref. 106. Copyright 2011 John
Wiley and Sons.

Fig. 13 Change in the gas selectivities of (a) H2 and (b) CO2 with
respect to other gases as a function of Cu-BTC content (graphics
adapted from ref. 105).

of the carboxylate groups is lost by substituents on the aromatic
core, as small as a chloride atom. This then leads to other topologies, including the nbo (niobium oxide) one10,110 (the interplanar
angle between carboxylates is ∼90°). Bromine-substitution on
benzene-1,4-dicarboxlyate produces a 90° twist of the
14014 | Dalton Trans., 2012, 41, 14003–14027

carboxylate groups and gives an nbo-a net10,110 as in [Cu(O2CC6H3Br-CO2)] (MOF-101).111
MOF particles of Cu-BDC were dispersed in polyvinylacetate
(PVAc) to create 15 wt% Cu-BDC/PVAc MMMs. The permeabilities of the gases He, CO2, O2, N2 and CH4 through the
MMM increased compared with a pure PVAc polymer membrane. The ideal selectivities from the pure polymer remained
constant in the case of O2/N2 and N2/CH4 but slightly increased
in the case of He/CH4 (212 to 237), CO2/N2 (32 to 35) and CO2/
CH4 (35 to 40).74 The accurately checked permeability trends
from gas to gas and the time lag behavior of the MMMs suggest
that the gases have easy access to the Cu-BDC crystals, that real
mixed-matrix effects are observed and the Cu-BDC/PVAc
MMMs are free of interfacial voids. The large channel window
This journal is © The Royal Society of Chemistry 2012

Fig. 16 Section of the crystal packing diagram of the 2D network of
[Cu(BDC)(DMF)], viewed (a) along and (b, c) perpendicular to the 2D
[Cu(BDC)] 4,4 nets. Each benzene-1,4-dicarboxylate (BDC) ligand
bridges between two {Cu2} units (CSD-Refcode PUYREH107). The
yellow sphere with a radius of 4 Å takes into account the van der Waals
radii of the surrounding network atoms. The DMF molecules are disordered with only one reﬁned position shown. H atoms are not shown.
The 1D channels along a (Fig. 16b,c) are retained upon solvent removal.

of this MOF is likely not ideal for size exclusive molecular
sieving while it performs well in MMMs and shows a high
aspect ratio morphology in MMM cross-sectional images. The
better molecular sieving may result by modifying the organic linkages to restrict channel access which can improve the CO2 solubility to further enhanced performance.74

MOF-5 in Matrimid®

MOF-5, [Zn4O(BDC)3] (BDC = benzene-1,4-dicarboxylate, terephthalate) is one of the best known and prototypical MOFs,112
belonging to the IRMOF-n series. MOF-5 is also named
IRMOF-1.113 The structure of MOF-5 with the terephthalate
This journal is © The Royal Society of Chemistry 2012

Fig. 17 Section of the crystal packing diagram of MOF-5 (IRMOF-1).
Six carboxylate groups span the six edges of the {Zn4O} secondary
building unit, a tetrahedron (depicted at left in polyhedral presentation)
in an octahedral fashion to yield the three-dimensional primitive cubic
pcu-a114 or cab10,115 network110 shown here as ball-and-stick and as
space-ﬁlling representation (CSD-Refcodes SAHYIK, SAHYOQ,112
EDUSIF113 differing in the solvent-guest molecules, which are not
shown). The yellow sphere with a radius of 5 Å takes into account the
van der Waals radii of the framework walls.

linker (BDC) is probably one of the most widely recognized
(Fig. 17). Activated MOF-5 has a high surface area (3000 m2 g−1)
and high thermal stability (up to 400 °C).
MOF-5 nanocrystals were added to Matrimid® for MMM
preparation.116 Scanning electron microscopy (SEM) images of
the membrane cross-sections revealed signiﬁcant plastic deformation of the polymer matrix because of the strong afﬁnity
between the MOF-5 and the polyimide. The single gas permeabilities of H2, CO2, O2, N2 and CH4 increased with MOF-5
loadings of 10, 20 and 30 wt%. From the pure polymer, the permeabilities of H2 increased from 24.4 to 53.8 barrer, those of
CO2 from 9.0 to 20.2 barrer, those of O2 from 1.90 to 4.1 barrer
at 30 wt% MOF-5 loading. This increase was assigned to the
porosity of the MOF-5 nanocrystals. The permeability increase
was proportional for each gas so that the ideal selectivities
remained constant within experimental error. Binary gas mixtures were tested with Matrimid® and 30 wt% MOF-5 in the
polyimide for H2/CO2 (75/25, 50/50 and 25/75), for CO2/CH4
Dalton Trans., 2012, 41, 14003–14027 | 14015

(50/50 and 10/90) and for N2/CH4 (50/50 and 6/94). Gas analysis of permeates from the gas mixtures involving CH4 revealed
an increase in selectivity for CH4. Starting, for example, with the
50/50 ratios the selectivity was 38.0 for CO2/CH4 for pure Matrimid® which fell to 29.0 for 30 wt% MOF-5 loading. This is
reasoned by the larger solubility of CO2 and N2 in the polymer
matrix which may favor enhanced CH4 transport.116
ZIF-8 in MMMs

Zeolitic imidazolate frameworks or ZIFs are constructed from
the bridging action of the anionic imidazolate ligand (or some of
its derivatives) between zinc atoms (Fig. 18 and 21). The imidazolate function in ZIFs does not tend to form metal clusters,
which could serve as secondary building blocks (SBUs). The
formation of metal clusters as SBUs may be, however, an important concept in the formation of MOFs with large and accessible
pore systems. ZIFs are porous but with less open pores than
other MOFs due to smaller pore aperture windows (Fig. 18).
Access in ZIFs is limited to smaller molecules. The ZIF-8,
[Zn(2-methylimidazolate)2] pore aperture has a diameter of
3.4 Å allowing it to readily absorb small molecules such as H2
and CO2. Topologically, ZIF-8 and ZIF-90 form sodalite frameworks (Fig. 18 and 21, respectively).117 ZIF-8 is one of the most
hydrolytically stable PCPs among those studied.118 A recent
study on the diffusivity of various gases in ZIF-8 revealed its
ﬂexible nature and demonstrated interesting molecular sieving
properties, suggesting ZIF-8 as a potential attractive alternative
to traditional synthetic zeolite microporous adsorbents.65
(a) ZIF-8 in Matrimid®. Ordonez et al. reported the use of
zeolitic imidazolate frameworks (ZIFs) as additives in mixedmatrix membranes (MMMs).119 ZIF-8/Matrimid® MMMs with
ZIF loadings up to 80 wt% were prepared. These loadings are
much higher than the typical loadings achieved with selected
zeolite materials. Only at the highest loading did the ZIF-8/
Matrimid® MMM show a loss of mechanical strength, leading
to a decrease in ﬂexibility. The permeability properties of the
prepared MMMs were evaluated for H2, CO2, O2, N2, CH4, C3H8,
and gas mixtures of CO2/CH4 and H2/CO2. The permeability of
all gases increased with ZIF-8 loading up to 40 wt%. This
increase in permeability is in contrast to results reported by
Moore et al.120 where a decrease in permeability was observed
with increased additive loading for hybrid membrane materials.
This decrease in permeability was attributed to rigidiﬁcation of
the polymer matrix. For the Ordonez et al. system, the increase
in permeability up to 40 wt% may be due to the presence of
more polymer free volume created by the addition of ZIF-8
nanoparticles to Matrimid® which increases the distance
between polymer chains. It has been reported that nanoparticles
disrupt chain packing in other glassy polymers leading to
increases in polymer free volume and permeability.121–123 Most
of the gas pairs studied (O2/N2, CH4/N2, H2/O2, H2/CO2, H2/N2)
show no signiﬁcant change in the ideal selectivity up to 40 wt%
of ZIF-8 loading. However, higher loadings of 50 and 60 wt% of
ZIF-8 decreased the permeability for all gases and increased
selectivities consistent with the inﬂuence of the ZIF additive.
In the case of gas pairs containing small gases, such as H2/O2,
H2/CO2, H2/CH4, CO2/CH4, CO2/C3H8, and H2/C3H8, 50 wt%
14016 | Dalton Trans., 2012, 41, 14003–14027

Fig. 18 Section of the crystal packing diagram of ZIF-8. 2-Methylimidazolate ligands bridge between individual zinc atoms and span the
edges of the cuboctahedral β-cage in the sodalite network which is
depicted by the blue topological lines connecting the Zn atoms
(CSD-Refcode VELVOY117). The yellow sphere with a radius of 6 Å
highlights the inner pore of the sodalite cage, the orange sphere with a
radius of 1.7 Å the pore aperture window of the six-membered rings.
Both spheres take into account the van der Waals radii of the framework
atoms.

of ZIF-8 loading improved the ideal selectivities. This demonstrated a transition from a polymer-driven to a ZIF-8-controlled
gas transport process, where at higher loadings the sieving effect
of the ZIF-8 nanocrystals becomes dominant. The combination
of ZIF-8 stability at high temperatures and its ability for selective
transport of smaller gas molecules, such as H2 and CO2, makes
it a promising material for gas separations at higher pressures
and higher temperatures, conditions at which most industrial gas
separation processes are conducted. The separation performances
This journal is © The Royal Society of Chemistry 2012

of the gas mixtures H2/CO2 (50 : 50 mol%) and CO2/CH4
(10 : 90 mol%) were evaluated for 50 and 60 wt% ZIF-8/Matrimid® MMMs. Both gas mixtures at both ZIF-8 loadings gave
selectivities similar to the ideal selectivities (from single-gas
measurements) when considering the experimental error.119
On the other hand different sonication powers were applied on
ZIF-8 nanoparticles for the preparation of ZIF-8/Matrimid®
nanocomposite membranes with the aim of investigating the
effect of typical membrane processing conditions on the structure, the interfacial morphology and the gas separation performance.124 It was shown that ultrasonication generates signiﬁcant
changes in the shape, size distribution, and structure of ZIF-8
particles suspended in an organic solvent during membrane processing. Although there are signiﬁcant changes in the particle
morphology, there are only minor losses in crystallinity and
microporosity as proved from powder X-ray diffraction, synchrotron X-ray pair distribution function analysis and nitrogen physisorption. Dynamic light scattering and electron microscopy show
that ZIF-8 nanoparticles undergo substantial Ostwald ripening
when subjected to high intensity ultrasonication. Composite
ﬁlms prepared with both direct (high-intensity) and indirect
(low-intensity) sonication show good adhesion between the
polymer and ZIF-8 phases. However, ﬁlms prepared using indirect sonication exhibit drastic agglomeration of nanoparticles
while direct sonication produced ripened nanoparticles with variable dispersion. The ripened particles give lower pore volumes
and lower surface areas compared to the as-made material.
ZIF-8/Matrimid® composite membranes prepared from the two
different sonication methods show signiﬁcant differences in
microstructure. Permeation measurements in membranes fabricated with high-intensity sonication show signiﬁcant enhancement in permeability of CO2 and increased CO2/CH4 selectivity
with a full correlation with the Maxwell model. In contrast, composite membranes prepared with low-intensity sonication are
found to be defective. The Maxwell model also allows a reliable
estimation of the permeation properties of the ZIF-8 particles
existing in the composite membranes, and they are shown to be
quite different from those obtained using measurements of ZIF-8
crystals, pure ZIF-8 membranes, or computational predictions.124
Furthermore, in a parallel study as synthesised ZIF-8 nanoparticles (size ∼60 nm and speciﬁc surface area 1300–1600 m2 g−1)
were added into a Matrimid® polymer by the solution mixing
method.66 Membranes showed excellent dispersion of nanoparticles (up to loadings of 30 wt%) with good adhesion within the
polymer matrix, as conﬁrmed by scanning electron microscopy,
dynamic mechanical thermal analysis and gas sorption studies.
Permeation was performed for H2, CO2, O2, N2 and CH4 pure
gases. The gas permeability increases signiﬁcantly upon increase
of ZIF-8 loading while the selectivity remains largely unchanged
in comparison with the pure polymer membrane. Positron
annihilation lifetime spectroscopy (PALS) indicated that an
increase in the free volume of the polymer with ZIF-8 loading
together with the free diffusion of gas through the cages of
ZIF-8 contributed to an increase in gas permeability of the composite membrane. The experimental data are basically predicted
by the Maxwell model but with deviations that can be associated
with corrections for a small non-ideal distribution of nanoparticles and the inﬂuence of ZIF-8 loading on the polymeric
free volume.66
This journal is © The Royal Society of Chemistry 2012

(b) ZIF-8 in asymmetric Matrimid®. An asymmetric membrane made of Matrimid® and ZIF-8 (or MIL-53(Al), see
below) as a ﬁller showed a higher CO2 permeance than the
unﬁlled membrane in mixed-gas permeation experiments.104
MOF ﬁllers with 10 wt%, 20 wt% and 30 wt% were loaded in
Matrimid®. The binary gas mixtures CO2/CH4 and CO2/N2 were
investigated with CO2 concentrations from 10 vol% to 75 vol%
and the results were compared to those obtained when the ﬁller
was replaced by [Cu3(BTC)2]46 or MIL-53(Al).104 The permeance of the preferentially permeating gas CO2 increased with
the ﬁller loading in the binary mixtures in all three cases but the
CO2 selectivity slightly increased for [Cu3(BTC)2] or MIL-53
(Al) only and remained almost constant in the case of ZIF-8.
At 35 °C and 10 bar for a 35/65 vol% CO2/CH4 gas mixture a
slight improvement in CO2 permeance was noticed when ZIF-8
was used as a ﬁller in comparison with the other two MOFs
(Fig. 19a). Using the same conditions for a CO2/N2 gas mixture,
the CO2 permeability remained almost constant for all three
MOFs (Fig. 19b). Remarkably the CO2/CH4 selectivity αCO2/CH4
dropped linearly when the CO2 content increased from 10 to 75
vol% for all three MOFs. The slope of this selectivity drop was
rather independent of the MOF ﬁller content.46,104
The MOF contribution to the increase in CO2 permeance was
assigned to the extra pore network of the MOF ﬁllers.46,104
Characterization of the morphology of the MOF-ﬁlled mixedmatrix membranes by scanning electron microscopy cross-section

Fig. 19 CO2 permeance of a binary gas mixture (35/65 vol%) of (a)
CO2/CH4 and (b) CO2/N2 for three different MOFs ﬁllers in asymmetric
PI-membranes at 0, 10, 20, 30 wt% loadings (blue, brown, green and
pink bars, respectively), at 35 °C and 10 bar (graphics adapted from
ref. 104).
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images showed that the MOF ﬁllers were well distributed and
embedded in the polymer matrix even for the 30 wt% loaded
membranes. Mechanical properties of the mixed-matix membranes were the same as in the case of [Cu3(BTC)2] discussed
above.46,104
(c) ZIF-8 in poly-(1,4-phenylene ether-ether-sulfone)
(PPEES). Diaz et al. described the preparation of mixed-matrix

membranes made of poly-(1,4-phenylene ether-ether-sulfone)
(PPEES) and ZIF-8. These composite membranes were prepared
using ZIF-8 ﬁller loadings of 10, 20 and 30 wt%. The ZIF-8 particles size was reduced after sonication as shown by SEM, but
the crystal structure remained unchanged as conﬁrmed by
powder X-ray analysis.125
CO2 diffusion studies through the pure PPEES and composite
membranes were performed at 6 bar and 298 K, using pulsed
ﬁeld gradient (PFG) NMR techniques. The heterogeneity evolution of the diffusion environments as seen by NMR was monitored in terms of the diffusion time and a stretching parameter.
As the ﬁller content increased, the values of the self-diffusion
coefﬁcient also increased from 2.1 × 10−8 cm2 s−1 for pure
membranes to 9.3 × 10−8 cm2 s−1 for membranes containing
30 wt% of the ﬁller. The dual-mode model parameters that
describe the transport processes were determined using sorption
and permeation experiments at different pressures. Apparent diffusion coefﬁcients of CO2 in the membranes were obtained
directly from the derivatives of the steady ﬂux, expressed in
terms of concentration and pressure, referenced to pressure. They
were also obtained from the time-lag method as well as from the
parameters of the dual-mode model. For pure membranes, the
apparent diffusion coefﬁcients obtained using the above three
methods are in good agreement with the self-diffusion coefﬁcient
obtained by the NMR technique. The self-diffusion coefﬁcients
obtained for composite membranes are approximately doubled
compared to values obtained from permeation and sorption experiments. These differences occur possibly because of Langmuir
sites present in ZIF-8 crystals where adsorption of CO2 molecules
can take place, increasing the gas adsorption in the MMMs with
the ﬁller content. The ﬁller contributes to gas permeation by
increasing the gas solubility in the composite membranes.125
(d) ZIF-8 alone and in combination with zeolite in polysulfone. Zornoza et al. reported the combination of MOFs and

zeolites for mixed-matrix membranes and their use in the separation of CO2/N2, CO2/CH4, O2/N2, and H2/CH4 gas mixtures.106 In their work they showed that the combination of
ZIF-8 and silicalite-1 (ZIF-8/S1C-PSF MMM) did not improve
the separation results for either S1C-PSF or ZIF-8-PSF MMMs
towards CO2/CH4 and CO2/N2 gas mixtures (Fig. 14). This may
be due to the relatively large silicalite-1 crystals which could not
be intercalated between small ZIF-8 particles (ca. 100 nm). S1C
also has a lower afﬁnity towards CO2. The highest increase of
CO2 permeability was produced by ZIF-8 alone. The textural
properties of ZIF-8 and its smaller particle size, giving rise to
the formation of poorly dispersed aggregates, may contribute to
this increase of CO2 permeability.106
In the case of the separation of O2/N2 and H2/CH4 gas mixtures a ZIF-8-PSF MMM produced the best selectivity–permeability results (Fig. 15, αO2/N4 = 8.3 with P = 2.6 barrer for
14018 | Dalton Trans., 2012, 41, 14003–14027

O2, and αH2/CH4 = 118 with P = 39.8 barrer for H2). This may be
attributed not only to an increase in free volume (as suggested
for ZIF-8-polyimide MMMs)119 but also to the efﬁcient molecular separation effect (based on diffusion differences) because of
the small pore hole window of ZIF-8 (3.4 Å, 0.34 nm, cf.
Fig. 18) compared to those of HKUST-1 (6 Å, 0.6 nm) and
silicalite-1 (5.5 Å, 0.55 nm).106
(e) ZIF-8 in asymmetric Ultem®. Mixed-matrix dual-layer
hollow-ﬁber composite (asymmetric) membranes containing the
metal–organic framework ZIF-8 in an Ultem® polymer matrix
were produced through a dry jet–wet quench process. The outer
separating layer of these composite ﬁbers contained 13 wt%
ZIF-8 in the selective skin layer of the asymmetric membrane.
SEM images showed good adhesion between the bulk polymer
and ZIF-8 particles in the membrane. These membranes were
used to evaluate the permeation properties of CO2, N2 as single
gases and CO2/N2 gas pairs. Post-treated hybrid membranes over
the pure polymer hollow ﬁber membranes yielded an enhancement in the permeation properties. The prepared hybrid ﬁbers
showed increased permeance with the enhancement of permselectivity as high as 20% over pure polymer. In addition, mixedgas transport measurements revealed promising permselectivity
(as high as 32) in the hybrid membranes. The results further
demonstrate that MOFs hold promise as components in MMMs
for large-scale gas separations, such as CO2 capture from ﬂue
gas, although the performance of the MMMs studied here is
limited by the relatively low permeability of Ultem®.126
(f) ZIF-8 in 6FDA–DAM. ZIF-8 with particles size of about
200 nm was combined with 6FDA–DAM polyimide to form
mixed-matrix dense ﬁlms which were used to study the equilibrium isotherms and sorption kinetics of propylene (C3H6) and
propane (C3H8) at 35 °C. The hybrid material showed good
adhesion between 6FDA–DAM and well dispersed ZIF-8
without the presence of unfavorable “sieve in-a-cage” morphology due to the hydrophobic nature of ZIF-8. Clusters of
ZIF-8 with sizes larger than single ZIF-8 crystals were found in
ZIF-8/6FDA–DAM ﬁlms especially at higher loadings (48 wt%
ZIF-8). Despite the formation of the clusters, substantial
enhancements in C3H6 permeability and C3H6/C3H8 selectivity
were found in the ZIF-8/6FDA–DAM mixed-matrix membrane
by permeation measurements with pure C3H6 and C3H8 as well
as an equimolar C3H6/C3H8 mixture. The permeability of C3H6
and the ideal selectivity of C3H6/C3H8 in the mixed-matrix
membrane with 48 wt% ZIF-8 loading were found to be 258%
and 150%, respectively, higher than the pure 6FDA–DAM membrane. Using the Maxwell model, the permeation properties of
ZIF-8 were calculated to a C3H6 permeability of 277 barrer and
a C3H6/C3H8 ideal selectivity of 122. It is suggested that the
combination of the used polymer and ZIF materials has potential
for application in reducing the energy intensity of the C3H6/
C3H8 separation process.127

ZIF-20 in polysulfone (PSF)

The sodalite framework of ZIF-8 (cf. Fig. 18) is changed to the
zeolite-A (LTA) topology when replacing the imidazolate ligand
by purinate to yield [Zn( purinate)2], ZIF-20 (Fig. 20).128
This journal is © The Royal Society of Chemistry 2012

Fig. 20 Section of the crystal packing diagram of ZIF-20. Purinate
ligands bridge between single zinc atoms and span the edges of a cuboctahedral β-cage in the zeolite-A network which is depicted by blue
topological lines connecting the Zn atoms (CSD-Refcode MIHHAN128).
The C/N-atoms in the six-membered heterocycle are disordered. The
yellow sphere with a radius of 6 Å highlights the inner pore of the sodalite cage, the hexagonal pore aperture window is as seen in ZIF-8 with a
diameter of 3.4 Å.

Fig. 21 Section of the crystal packing diagram of ZIF-90. 2-Carboxyaldehyde imidazolate ligands bridge between zinc atoms and span the
edges of a sodalite cage which is depicted by the blue topological lines
connecting the Zn atoms (CSD-Refcode WOJGEI130). The aldehyde
group is disordered over two positions and the (CHO) H-atom is not
shown. The yellow sphere with a radius of 6 Å highlights the inner pore
of the sodalite cage, the hexagonal pore aperture window is as seen in
ZIF-8 with a diameter of 3.4 Å.

Small and little-agglomerated [Zn( purinate)2], ZIF-20 crystals
in 8 wt% ZIF-20/polysulfone mixed-matrix membranes gave
better performance in the separation of an equimolar O2/N2
mixture than the pure polymer. While the O2 permeability
showed a small decrease from 1.6 (±0.2) for pure PSF to
1.0 (±0.1) barrer for the MMM, the O2/N2 selectivity increased
from 4.7 (±0.4) to 6.7 (±0.5). The enhanced sieving effect in the
MMM could be justiﬁed by the relatively small difference in
kinetic size between O2 (kinetic diameter dk = 0.343 nm) and N2
(dk = 0.368 nm).129 Indeed, it has been reported that the characterization of ZIF-20 by N2 adsorption is difﬁcult because of its
slow diffusion.128
ZIF-90 in polyimides (Matrimid®, Ultem® and 6FDA–DAM)

[Zn(2-carboxyaldehyde imidazolate)2], ZIF-90 has the same
sodalite framework topology as ZIF-8 (cf. Fig. 18). The 2methylimidazolate ligand is simply replaced by a 2-carboxyaldehyde imidazolate ligand (compare Fig. 21 and 18).130
Submicrometer-sized particles of ZIF-90 (ZIF-90A = 0.81 ±
0.05 μm, ZIF-90B = 2.00 ± 0.06 μm) were synthesized by a nonsolvent-induced crystallization technique and used to fabricate
nanocomposite membranes with three different polyimides
[Ultem®, Matrimid®, and 6FDA–DAM (6FDA: 2,2-bis(3,4-carboxyphenyl)hexaﬂuoro-propane dianhydride; DAM: diaminomesitylene)].85 Scanning electron microscopy revealed excellent
adhesion of ZIF-90 crystals with the polyimides without any
surface-compatibilization procedures. Interfacial voids were
absent, and the MOF particles were well dispersed. The transport
properties of the pure-component CO2 and CH4 gases in mixedmatrix membranes containing 15 wt% of ZIF-90 particles are
shown in Fig. 22. Mixed-matrix membranes made of Ultem® or
This journal is © The Royal Society of Chemistry 2012

Fig. 22 Gas-permeation properties of mixed-matrix membranes containing 15 wt% of ZIF-90 crystals measured with pure gases. Measurements were performed at 35 °C and 4.5 atm upstream pressure for
Ultem® and Matrimid® membranes, and at 25 °C and 2 atm upstream
pressure for 6FDA–DAM membranes (graphics adapted from ref. 85).

Matrimid® showed signiﬁcant enhancement of CO2 permeability (e.g., from 1.4 to 2.9 barrer for Ultem®) without any
loss of CO2/CH4 selectivity (Fig. 22). This also proves the
absence of interfacial defects in the membranes, which otherwise
would have a pronounced opposite effect on the selectivity. In
addition, signiﬁcant enhancements in both CO2 permeability and
CO2/CH4 selectivity were achieved using mixed-matrix membranes made of the highly permeable polymer 6FDA–DAM.
Membranes containing smaller particles (ZIF-90A) showed
slightly better results (Fig. 22). The ZIF-90/6FDA–DAM mixedmatrix membranes show performances that clearly exceed the
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Table 2 Permeation properties of mixed-matrix membranes at 25 °C
and 2 atm total feed pressure with a 1 : 1 CO2/CH4 mixture (from
ref. 85)
Membranes

CO2 permeability
[barrer]

CO2/CH4
selectivity

Pure 6FDA–DAM
15 wt% ZIF-90A/6FDA–DAM
15 wt% ZIF-90B/6FDA–DAM

390
720
590

24
37
34

polymer upper bound drawn in 1991 for polymer membranes,
and reach the technologically attractive region.85
The permeation properties of both pure 6FDA–DAM and
15 wt% ZIF-90A/6FDA–DAM membranes were investigated for
a CO2/CH4 gas mixture (Table 2) to test the membrane performance under mixed-gas conditions. The data clearly show an
enhancement of gas-separation performance of the ZIF-90A/
6FDA–DAM membrane. Moreover, the CO2/CH4 mixed-gas
selectivity of the ZIF-90 mixed-matrix membrane was even
higher than the ideal selectivity measured by pure gas permeation, presumably because of selective sorption and diffusion
of CO2 in the ZIF-90 crystals.85
Additionally, the measurement (at 25 °C and 2 atm upstream
pressure) of the pure N2 gas permeation on the ZIF-90A/6FDA–
DAM membrane showed an ideal CO2/N2 selectivity of 22 as
compared to 14 for pure 6FDA–DAM, indicating a promising
CO2 separation from ﬂue gases using the present membranes.85

Mn(HCOO)2 in polysulfone (PSF)

Manganese formiate is one of the simple microporous materials
with high framework stability and highly selective gas sorption
properties.131 Anhydrous manganese(II) formiate, Mn(HCOO)2
is obtained by recrystallisation of manganese(II) formiate dihydrate, Mn(HCOO)2·H2O from formic acid under solvothermal
conditions. Under ambient conditions the same product in polycrystalline form can be prepared from concentrated formic acid.
The asymmetric unit of Mn(HCOO)2 contains one independent
manganese cation on the special position 4c on a twofold axis
and one formiate group HCOO− on the general position 8d. The
coordinating oxygen atoms of the formiate ligand differ with
respect to their linkage. While one of the oxygen atoms forms
μ2-oxygen-bridges between neighboring manganese centers, the
other one is mono-coordinating. The coordination of Mn with
oxygen atoms results in the formation of inﬁnite chains of Mn
centers linked by pairs of μ2-oxygen-bridges along the a-axis
(Fig. 23). The coordination spheres around the Mn cations can
be described in terms of chains of edge-sharing octahedra.132
This zeolite-like microporous material made of a simple organic
building block may ﬁnd useful applications in gas separation and
sensing.
There is only one and rather short report on using
Mn(HCOO)2 in the polysulfone (PSF) polymer matrix, with no
characterization of the MMM. Gas separation properties of the
membrane were measured with a time-lag apparatus through the
pressure increase method to determine the permeability, diffusion
coefﬁcient and solubility of the single gases H2, N2, O2, CH4
and CO2. The MOF Mn(HCOO)2 (Fig. 23) in PSF showed high
14020 | Dalton Trans., 2012, 41, 14003–14027

Fig. 23 Section of the crystal packing diagram of the channel network
of Mn(HCOO)2. Each formiate ligand bridges between three manganese
atoms (CSD-refcode IJOMOJ01131). The yellow sphere with a radius of
1 Å takes into account the van der Waals radii of the framework walls.

adsorption afﬁnity for H2 only. Higher loadings reduced the gas
solubility, but increased the permeability, indicating defective
membranes with interfacial voids.103
MIL-53(Al) in MMMs

Porous metal carboxylates of the MIL-n type (MIL stands for
Materials Institute Lavoisier) contain trivalent metal cations,
such as vanadium(III), chromium(III), iron(III), aluminum(III),
gallium(III) or indium(III). MILs are 3D, porous framework
MOFs with resemblance to zeolite topologies.133–135 The important MIL-type structure [M(BDC)(μ-OH)], MIL-53 (Fig. 24) can
contain M = Al(III), Cr(III) or Fe(III) with benzene-1,4-dicarboxylate (BDC, terephthalate) as the linker.136–142 The framework of
MIL-53 is a very ﬂexible, ‘breathing’-type network, that is, it
can assume different shapes and porosities depending on the
guest’s presence or absence interaction.
(a) MIL-53(Al) in asymmetric Matrimid®. An asymmetric
membrane made of Matrimid® and MIL-53(Al) (or ZIF-8, see
above) as a ﬁller showed higher CO2 permeance than the
unﬁlled membrane in mixed-gas permeation experiments.104
Matrimid® was loaded with 10, 20 and 30 wt% of MIL-53(Al).
The gas mixtures CO2/CH4 and CO2/N2 were investigated with
This journal is © The Royal Society of Chemistry 2012

Fig. 25 Separation performance of mixed-matrix membranes with
different NH2-MIL-53(Al) MOF loadings at 308 K for the gas mixture
CO2/CH4 = 1 : 1 ( pressure permeate side pperm = 1 bar, pressure retentate
side pret = 4 bar), CH4 (black bars) and CO2 (white bars) permeability
(left y-axis) and CO2/CH4 separation factor (right y-axis).
Figure reprinted from ref. 147. Copyright 2011 Royal Society of
Chemistry.

Fig. 24 Section of the packing diagram of [Al(BDC)(μ-OH)], MIL-53
with a ﬂexible, ‘breathing’ network adapting to guest molecules. Each
benzene-1,4-dicarboxylate ligand bridges between four Al atoms. The
hydroxido-bridging occurs along the metal chains in the b direction. The
channels can contain guest molecules in the as-synthesized structure
(MIL-53as) (a, guest molecules not shown) or be empty after a thermal
guest removal in the identical activated high-temperature, large pore
structure MIL-53ht. Cooling down to room temperature with adsorption
of water from air then transforms the structure into the low-temperature,
narrow pore form MIL-53lt (b). Hydrogen atoms are not shown
(CSD-Refcodes SABVOH142 and SABWAU142).

CO2 concentrations from 10 vol% to 75 vol% and the results
were compared to those obtained when the ﬁller was replaced by
[Cu3(BTC)2]46 or ZIF-8. The permeance of the preferentially
permeating gas CO2 increased with the ﬁller loading in the gas
mixtures for all three MOFs but the CO2 selectivity slightly
increased in the case of [Cu3(BTC)2] or MIL-53(Al) only and
remained almost constant in the case of ZIF-8 (Fig. 19a). Using
the same conditions with a CO2/N2 gas mixture, the CO2 permeability remained almost constant for all three MOFs (Fig. 19b).
The CO2/CH4 selectivity αCO2/CH4 dropped linearly when the
CO2 content increased from 10 to 75 vol% for the three MOFs.
The slope of this selectivity drop was rather independent of the
MOFs ﬁller content.46,104
(b) NH2-MIL-53(Al) in polysulfone (PSF). Compound NH2MIL-53(Al) contains the 2-aminobenzene-1,4-dicarboxylate
linker (NH2-BDC) with the same structure of MIL-53(Al) and
its unsubstituted BDC linker (cf. Fig. 24).
Zornoza et al. reported the use of the ﬂexible (‘breathing’)
functionalized MOF [NH2-MIL-53(Al)] (cf. Fig. 24) as an
MMM ﬁller. NH2-MIL-53(Al) is a material based on the wellknown MIL-53 topology.136 Because of its amino-functionality,
This journal is © The Royal Society of Chemistry 2012

this material presents excellent properties for the selective
adsorption of CO2.143–146 Homogeneous micron-sized NH2MIL-53(Al) particles were synthesized by microwave radiation
and used to prepare mixed-matrix membranes with PSF Udel®
P-3500. The percentages of MOF loading in the polymer were 8,
16, 25 and 40 wt%. The NH2-MIL-53(Al) particles were homogeneously distributed and showed excellent adhesion with the
polysulfone in the membranes without any additional compatibilization. The fabricated MMMs as well as the pure PSF
membrane were used to investigate the CO2/CH4 mixture gaspermeation properties. MMMs exhibit good separation properties
(Fig. 25). In contrast to most reported membranes, the separation
selectivity of the CO2/CH4 mixture increased with pressure, due
to the ﬂexibility of the ﬁller.147 The addition of MOFs induced a
performance similar to the best polymeric membranes and selectivities ten times higher than those reported to date for any pure
MOF membrane.91a,148,149 The decrease in separation factor at
the 40 wt% MOF mass fraction in Fig. 25 may be indicative of a
defective membrane with cracks.
(c) NH2-MIL-53(Al) in polyimide (6FDA–ODA). Nanosized
(100–150 nm) Al-MIL-53-NH2 crystals in polyimide (6FDA–
ODA) exhibited excellent adhesion without the addition of any
compatibilizing agent. Investigation made for CO2/CH4 separation showed a high ideal selectivity up to 77, and a high separation factor up to 53. The ideal selectivity and separation factor
were found to increase with increasing MOF loading. The preparation process of the MMMs without any additional compatibility agent was easy compared to other inorganic particles such
as zeolites, hence would allow the easy production of hollow
ﬁbers for industrial applications. Moreover the prepared MMMs
showed an improved CO2/CH4 separation factor with increasing
pressure, in contrast to traditional polymer membranes.150 Gas
transport performance over the studied MMMs tend to be above
the Robeson 1991 trade-off limit.44 Finally, the separation
factors obtained in this work are improved compared with those
of neat polyimide membranes and the selectivity is believed to
be high enough for industrial applications.150
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Fig. 27 O2/N2 permeability and separation performance of pure PSF
and MIL-101-PSF membranes with different MIL wt% loadings
(graphics adapted from ref. 156 with revised MIL-101 wt% values157).

Fig. 26 Building blocks for MIL-101, [Cr3O(BDC)3(F,OH)(H2O)2].
The benzene-1,4-dicarboxylate ligands bridge between trinuclear
{Cr3O} building units. The largest aperture windows (a) of the mesoporous cages (b) which build up the MTN zeolite network are pentagonal
and hexagonal rings. The yellow spheres in the mesoporous cages with
radii of 14.5 or 17 Å, respectively, take into account the van der Waals
radii of the framework walls (CSD-Refcode OCUNAK,151 water-guest
molecules are not shown). The different objects in this ﬁgure are not
drawn to scale.

MIL-101(Cr) in polysulfone (PSF)

The crystalline mesoporous material 3D-[Cr3O(BDC)3(F,OH)(H2O)2], MIL-101 is a Cr-terephthalate with inner free cage
diameters up to 34 Å and pore aperture windows up to 16 Å
(Fig. 26). MIL-101 resembles an augmented MTN zeolite
topology.151 MIL-101 is one of the most water-stable carboxylate MOFs (cf. ZIF-8 above),118 so that it has been recently
investigated for its use as a container for drug delivery21,152,153
or its reversible water uptake for heat transformation
applications.154,155
Polysulfone mixed-matrix membranes containing the waterstable MIL-101 exhibited a remarkable four-fold increase
in the permeability of O2 to technically needed values above
6 barrer, thereby keeping the high PSF selectivity for O2 over
N2 of 5–6. The O2/N2 selectivity remains constant if one considers the large variance (error bars) included in Fig. 27.
High loads up to 19% of MIL-101 in PSF could be achieved
with the MIL-101 particles showing very good adhesion
with polysulfone in the mixed-matrix membranes and excellent long term stability. The comparison of these results
with a compilation from other MOF-containing mixed-matrix
membranes previously reported (Fig. 28) shows that the
MIL-101-PSF membranes exhibit much higher O2 permeabilities (>4 barrer) than any other MOF-based mixed-matrix
membranes.156
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Fig. 28 O2/N2 separation performance of MIL-101-PSF mixed-matrix
membranes, compared with the compiled data on MOF containing
mixed-matrix membranes. Blue, pink and green points are the results for
MIL-101-PSF from different membrane thicknesses; letters a–d refer to
the literature numbers for other MOF-MMMs (see legend). The upper
bounds for polymer performances as deﬁned by Robeson in 199144 and
200845 are shown (graphics adapted from ref. 156 with revised wt%
values for the PSF-MIL-101 entries157).

Water stability of MOFs

As a note of caution the application of MOFs cannot be discussed without noting their often low chemical stability. Most
MOFs cannot withstand prolonged contact with water even at
room temperature.118 We and others19 believe that the development of hydrolytically stable MOFs is one of the most important
goals to advance them to the application stage. One of the most
hydrolytically stable MOFs among those studied is ZIF-8 [Zn(2methylimidazolate)2].118 ZIF-8117 (Fig. 18) is remarkably stable
in boiling water in a broad pH range, excluding only strongly
alkaline conditions, and signiﬁcantly exceeds MIL-101151
(Fig. 26) and UiO-66.158 MIL-101 and UiO-66 appear to be the
most stable carboxylate MOFs. Recently it has been reported
that heat treatment of IRMOF-1 samples led to the formation of
an amorphous carbon coating on their surface which protected
the framework from decomposition under humid conditions.159
The reason for ZIF-8’s hydrolytic stability is usually associated
This journal is © The Royal Society of Chemistry 2012

Fig. 29 Cycle stability test of three different Cu-BTC samples through
continuous H2O cycling. The large water uptake of approx. 0.35 g/g
(relative to the reference mass) decreases within 30 cycles to 0.22 g/g,
which is a dramatic loss of stability and sorption capacity of about 37%.
Graphics adapted from ref. 160 with permission from the author. Copyright 2010 Elsevier Science.

Fig. 31 Top: Water sorption isotherms for MIL-100(Fe and Al) [M3O(BTC)2(F,OH)(H2O)2] at 25 °C; adsorption in dark, desorption in light
green/red. Bottom: Temperature proﬁle and load signal of the MIL-100(Fe) water adsorption cycling experiment, acquired at the water partial
pressure pH2O = 5.6 kPa using argon as a carrier with sample temperatures varying between 40 °C and 140 °C over 40 cycles and 5 h per
cycle.166 Figure reprinted with permission from the author ref. 166.
Copyright 2012 Royal Society of Chemistry.

Fig. 30 Space-ﬁlling presentation of the water-stable MOF [Ni3(μ3BTC)2(μ4-BTRE)2(μ-H2O)2] with a water-ﬁlled potentially porous
volume of 1621 Å3 or 52% of the unit-cell volume of 3116 Å3. The
crystal water in the channels is not shown.164

with the higher covalency of the metal-to-ligand bonding in azolates compared to carboxylates and, even more importantly, with
higher hydrophobicity of the framework. Both factors, especially
the second one, are essentially kinetic ones, suggesting that
enhancement of kinetic stability is one of the most interesting
general ways towards more stable MOFs.
In connection with MOF applications little discussion has
been started on their long term stability. The hydrothermal stability of MOFs is a key and often overlooked issue for their
potential applications in gas storage and separation. MOF-5
(Fig. 17) and the IRMOF-series have low moisture stability,118
HKUST-1 (Cu-BTC, [Cu3(BTC)2]) (Fig. 10) is intermediate but
eventually decomposes (Fig. 29).160 The MIL compounds, including MIL-101154 and ZIF-8, are of higher water stability.118,161,162
Also, remarkable enhancement in moisture resistance was
This journal is © The Royal Society of Chemistry 2012

demonstrated for carbon-coated IRMOF-1.159 In industrial gas
storage and gas separation processes moisture is present and it is
economically not feasible to use completely dry feed gas streams
in order to prevent the MOF from degradation.19
A water-stable MOF could be obtained with the ligands
benzene-1,3,5-tricarboxylate (BTC) and 1,2-bis(1,2,4-triazol-4-yl)ethane (BTRE).163 The mixed-ligand MOF [Ni3(μ3-BTC)2(μ4-BTRE)2(μ-H2O)2]164 (Fig. 30) shows a porous volume of
52% initially ﬁlled with crystal water. The water content of ca.
30 wt% can be reversibly desorbed and adsorbed. A possible
technical application for water-stable MOFs besides gas storage
and separation is the reversible hydration/dehydration for heat
transformation in adsorption chillers or heat pumps.118,155,165–169
The water stability is more and more speciﬁcally addressed
and quantiﬁed through water sorption isotherms and water sorption cycling experiments as was recently done for MIL-101155
and MIL-100(Cr, Fe and Al) [M3O(BTC)2(F,OH)(H2O)2]166,167
(Fig. 31). Samples are, for example, exposed to a humidiﬁed gas
ﬂow, with a chosen partial water vapor pressure, with sample
temperatures varying, e.g., between 40 °C and 140 °C for a
number of cycles. Additionally, BET surface and powder diffraction measurements can be performed in order to investigate the
change of porosity and crystallinity, respectively.166
Dalton Trans., 2012, 41, 14003–14027 | 14023

Conclusions
Mixed-matrix membranes with metal–organic frameworks as
additives (ﬁllers) show good MOF–polymer adhesion, often
have improved permeabilities due to the MOF porosity and
sometimes also better selectivities compared to the pure
polymer. Polyimides (Matrimid®) and polysulfones are, so far,
the most investigated polymers for MOF-MMMs. MOF-MMMs
can be prepared almost as easily as pure polymer membranes in
a defect-free state which is a great advantage over pure MOF or
inorganic zeolite membranes. MOF-polymer MMMs allow for
an easier synthesis and handability compared to pure MOF
membranes. Experimental results conﬁrm that MOF-MMMs
show higher separation performance at least concerning permeability over pure polymer membranes in gas mixtures separation. Although, one has to admit that little or no enhancements
in separation efﬁciency (selectivity) is mostly unattractive for
industrial gas separations.
Quite interesting is the use of ZIF-90-6FDA–DAM for the
separation of CO2/CH4 gas mixtures [see above the paragraph on
“ZIF-90 in polyimides (Matrimid®, Ultem® and 6FDA–
DAM)”] with enhancements in both CO2 permeability and CO2/
CH4 selectivity achieved using mixed-matrix membranes made
of the highly permeable polymer 6FDA–DAM. Performances of
such ZIF-90/6FDA–DAM membranes exceed the polymer upper
bound drawn in 1991 for polymer membranes, and reach the
technologically attractive region.85 ZIF-8 was also broadly used
for MMMs and generally gives impressive separation performance (see above). Clearly, MOF-MMMs are promising nextgeneration membranes for gas separation. But, developments on
the fabrication and application of MMMs containing inorganic
(MOF) particles for gas separation are still quite low compared
to those for pure polymeric membranes. This presents a chance
for future research directions. For example, successfully
improved performances using the mixed-matrix concept are
limited to a close range of gas separations. Also, few studies
have been done on industrially applicable membrane morphologies [e.g., asymmetric (thin-ﬁlm composite) membranes]. The
latter may be due to the lack of sufﬁcient experience on the
separation properties and synthesis conditions of mixed-matrix
membrane materials.
A direction for the next-generation MOF-MMMs may be to
produce nano-sized ﬁllers, without agglomeration, and to correlate their separation properties. In addition, a consistent and
industrially qualiﬁed MMM for a speciﬁc separation demands
good and in-depth understanding of the separation mechanisms
in this hybrid material. Established technologies are available for
understanding the separation properties of the pure polymer
matrix. However, the rate of progress in understanding the separation properties of inorganic materials drops behind that of
polymer membranes. This is the reason why a projectable inorganic material selection currently represents somewhat of a
problem. Therefore, a standard and consistent approach is really
needed to identify the separation properties of inorganic
materials. At the interface between the polymer and inorganic or
here MOF particles there is a further complicating phase boundary which makes prediction of the MMM performance difﬁcult.
Inorganic particles could be isolated from the transport process
at the defects interface and the chain immobilization and pore
14024 | Dalton Trans., 2012, 41, 14003–14027

blockage around the interface region may possibly lower the
permeability. Intensive investigation is needed to assign the
mechanisms behind these phenomena. The effects of particle
size and geometry, their pore size and geometry, and the
polymer/particle interface need to be examined.
Crucial permeability–selectivity factors worth further investigations are, inter alia, MOF content, MOF (nano)size and dispersion, functional gas-binding groups in the MOF (e.g. amines
for CO2), water-stability of MOF-ﬁllers as well as mixed-gases
with different volume fractions instead of single gases. As investigations on high value-added separations with MMMs are
limited to few gases and mixtures there is potential for additional
gas investigation. Compared to the broad range of separations
carried out by pure polymer membranes, examples with
MOF-MMMs are still quite minimal. We hope that this collection of MOF-MMM articles will inspire researchers, stimulate
new ideas and advance the ﬁeld. The future of MOF-MMMs as
an integral part of membrane science seems to have, indeed, just
begun.
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