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Abstract Molecular separations are of significant industrial importance and
membrane processes offer great potential for such energy-saving separations but
pure polymer membranes are limited by their compromise between gas permeability
and selectivity, and the aging processes that some high performing materials undergo.
Mixed-matrix membranes (MMMs) combine a continuous organic polymer phase
with a dispersed porous additive, i.e. filler, and synergistically the easy processability of polymers and the superior gas separation performance of various porous
filler materials. MMMs may provide separation properties which can surpass the
selectivity/permeability trade-off which is empirically observed for pure polymer
membranes. This chapter briefly introduces membrane separation and mixed-matrix
membranes. Then, metal-organic frameworks (MOFs) as novel additives with high
porosity and tunable pore size for MMMs are described which are supposed to
outperform other porous fillers. In particular, the fraction of these MOF-polymer
MMM studies for CO2 /CH4 and CO2 /N2 separation is reported where both improved
permeability and selectivity have been observed. A thorough investigation on a MOFMatrimid MMM is highlighted where the same Al-fumarate MOF in a porous state
and in a non-porous (because solvent-filled) state was used to quantify the contribution of MOF porosity relative to polymer porosity for the permeability in the
MMM and which also showed that the interface volume (the so-called void volume)
contributes roughly only 10% to the available free volume in the MMM.
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1 Introduction
Industrial separation processes are commonly carried out with methods, such as,
distillation, drying, evaporation, crystallization or absorption, which are energy intensive. Chemical separations are, for example, responsible for about half of the industrial energy which is used in the USA and 10–15% of the total energy consumption in
the USA. Alternative separation methods that require less thermal energy could make
the majority of these separations much more energy efficient (Sholl and Lively 2016).
The need for greater energy efficiency and limited resources has focused attention
on improved separation technologies. Membranes can provide enhanced separation
performance and can lead to more energy-efficient, sustainable, and cost-effective
commercial applications.
Membranes are thin layers which provide a resistance to the passage of different
substances. All membrane separation processes are based on controlling the permeation rate of chemical species through the membrane. With the development of an
ultra-thin, defect-free, high-flow membrane for osmosis, Loeb and Sourirajan helped
membrane technology achieve the industrial breakthrough in the 1960s (Loeb and
Sourirajan 1963). The high flow rate with sufficient selectivity was achieved by a thin
surface film stabilized by a microporous carrier. Building on the work of Loeb and
Sourirajan, gas separation using membranes also became economically interesting,
so that in 1980 the first membrane for the separation of hydrogen, H2 and nitrogen, N2
was used by Monsanto under the name Prism®. Shortly thereafter, Dow developed
processes for gas separation of N2 from air and Cyanara successfully separated CO2
from natural gas (mainly methane, CH4 ) using membranes (Bernardo et al. 2009).
Artificial membranes are now frequently used in chemical industrial processes.
The use of membrane separation processes is advantageous for many applications.
Particularly the lower costs, the lower energy consumption and simpler process conditions make membrane separation processes a preferred technology for the purification
of mixtures (Koros and Mahajan 2000). Membrane separation processes can achieve
energy savings of up to 50% of the production cost over other separation technologies (Buonomenna 2013). The superiority of membrane separation processes over
conventional processes is mainly explained by the avoidance of energy-intensive
phase conversions.
Some of the most important examples of membrane applications are gas purification, the production of drinking water from seawater (water desalination), the
purification of sewage or the recovery of fuel vapors (Abetz et al. 2006). 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) (Koros and Mahajan 2000; He and Hägg 2012).
Membrane processes for vapor (Ohlrogge and Stürken 2001) or monomer recovery,
e.g. ethylene/N2 or propylene/N2 separation (Baker 2002; BORSIG Membrane
Technology GmbH 2020) or for water desalination are increasingly applied.
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Organic polymers are typically used for commercial membranes as they are inexpensive and easy to manufacture. Research into the development of new membrane
materials mostly focuses on the development of dense polymer membranes. Current
challenges for membrane technologies lie primarily in the degrading performance
over longer periods of time. The loss of performance results either from impurities
and partial degradation of the membranes by corrosive, sulphurous gases such as H2 S
and SO2 or from the accumulation of slowly permeating species in the membrane,
resulting in lower transport rates for all gases (Bernardo et al. 2009).

2 Separation by Membranes
Mass transfer through membranes depends fundamentally on the type of membrane
used. A distinction is made between porous and non-porous (dense) membranes.
The porous membranes are then divided into further subclasses according to their
transport mechanism. Figure 1 shows the most relevant diffusion mechanisms in
porous membranes (Kluiters 2004).
The transport mechanism for dense, non-porous membranes is generally described
in the literature as a solution-diffusion process (Javid 2005). Mass transfer through
the membrane takes place in three steps (Fig. 2).
First, the gas molecules are adsorbed on the membrane surface on the highpressure side (upstream, feed). Then the gas molecules diffuse through the polymer
matrix before desorbing on the low-pressure side (downstream, permeate) of the
membrane in the last step. The driving force for the described process is a gradient
in pressure, temperature or concentration. In accordance with the solution-diffusion

Fig. 1 Schematic representation of the transport mechanism in porous membranes. a Knudsen
diffusion, b surface diffusion, c capillary condensation, d molecular sieve
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Fig. 2 Schematic representation of the transport mechanism by means of solution-diffusion through
dense membranes. Based on the representation from Ref. (Sieffert 2013). The blue and yellow
spheres represent different chemical species. The white space in the ‘dense’ membrane, which
hosts the blue and yellow spheres, depicts the free volume space inside the polymer.

model, the permeability P of a gas i depends on two factors, the diffusion coefficient
D and the solubility coefficient S (Eq. 1):
Pi = Di × Si

(1)

The diffusion of the gas molecules, more specifically the thermally induced movement of the polymer chains through the gas molecules, is usually the rate determining
step in the permeation through a dense membrane. As indicated by the white areas
around the gas molecules in Fig. 2, the free volume in the polymer matrix is shifted
along the gradient by the gas molecules. Accordingly, a molecule permeating through
a membrane is located in the free volume space, i.e., micro voids of the polymer.
These voids are a result of suboptimal chain stacking and their sum is also referred
to as the free volume of the polymer. Due to the thermally induced statistical movement of chain segments micro canals are formed between micro voids. This allows
a molecule to move across the membrane from one void to another corresponding
to the applied driving force. To visualize this model the membrane in Fig. 2 shows
micro voids as white areas. In the middle of the membrane the passage of a molecule
(blue sphere) is illustrated from the upper micro void to the lower one by formation
of micro canals in between.
The permeability P of a component i can also be formulated as flux normalized
to the thickness of the membrane l and the applied pressure difference p between
feed and permeate, as shown in Eq. 2:
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Pi =

(fluxi × l)
(pi )

(2)

The ratio of the permeability P of two gases i, j indicates the ideal permselectivity
or selectivity α of the membrane (Eq. 3):
αi/j =

Pi
Pj

(3)

Dense membranes often show a low permeability (slow diffusion) but a high
selectivity compared to porous membranes. Because of this and in contrast to the
microporous membrane, it is also possible to separate molecules of almost the same
size and molecular weight, if their solubility in the membrane material differs significantly. In other words, it is mainly the solubility of the gases that determines the
possible separation performance of the membrane in terms of selectivity. The thickness of the membrane in turn determines the permeability or effective flow. For this
reason, asymmetric membranes are particularly advantageous and widely used in
industry. Asymmetric membranes combine high flow rates with good mechanical
stability. Structurally, they are composed of a dense, selective layer (0.1–1 μm, in
thickness) supported by a porous substrate (50–200 μm). In the selective part of the
membrane the permeation is based on the solution-diffusion model and in the porous
section on the Knudsen diffusion model. The preferred form of such membranes is
the hollow fiber to allow even higher flow rates.
Besides the structure, chemical and physical properties of the membrane play an
important role for the separation properties. Membranes should be defect-free, selective, highly permeable, and exhibit high thermal, mechanical and chemical stability.
If membranes are classified according to their material type, a distinction is typically
made between polymer membranes and inorganic membranes. Inorganic materials
include metal oxides, silicates and zeolites, which exhibit high thermal and chemical stability combined with high permselectivity (Li et al. 2005; Carreon et al.
2012). However, amorphous inorganic membranes in particular have low mechanical stability and are often too brittle for common shaping processes (McLeary et al.
2006). Nevertheless, microporous inorganic membranes with pore diameters <1 nm
show a high potential for gas separation applications due to their molecular sieving
effect combined with high flow rates. Their mechanical strength can be significantly
increased by porous support materials.

3 Organic Polymer Membranes
Organic polymer-based membranes are the most commonly used membrane types for
gas separation in industry today (Nunes and Peinemann 2006). Figure 3 shows examples of chemical structures of polymer materials for the production of membranes
for gas separation.
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Fig. 3 Chemical structures of frequently used polymers for membrane production for gas
separation, also for MOF-polymer MMMs (Dechnik et al. 2017). Abbreviations: 6FDA =
2,2 -bis(3,4-carboxyphenyl)hexafluoropropane dianhydride, ODA = 4,4 -oxydianiline), DAM =
diaminomesitylene, mPD = m-phenylenediamine, HAB = 3,3 -dihydroxy-4,4 -diamino-biphenyl

An important constraint in the development of membrane applications is
the inverse correlation between permeability and selectivity. Organic polymer
membranes are particular susceptible to this inverse gas permeability and selectivity
relationship, such that membranes with high permeability have a low selectivity and
vice versa. The compromise between permeability and selectivity for polymer-based
membranes in gas separation was graphically worked out by Robeson in 1991 and
again in 2008 (Robeson 1991, 2008). Robeson plotted the selectivity of a gas pair
logarithmically against the permeability of the faster permeating gas, which makes
the trade-off between permeability and selectivity for polymer membranes apparent
(Fig. 4). The well-known Robeson upper-bound plots (Robeson 1991, 2008) for gas
pairs summarize the permeability and selectivity of reported dense pure polymer
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Fig. 4 Schematic representation of the Robeson upper bounds (trade-off curves) of 1991 and 2008
(Robeson 1991, 2008). (*Distance or position of a specific membrane relative to the upper bound
can vary depending on the separation problem.) Reprinted from Ref. (Dechnik et al. 2017a) with
permission. Copyright 2017 John Wiley and Sons

membranes and thereby illustrate that as permeability increases the selectivity of the
membrane decreases, giving an ‘upper bound’ of membrane performance (Fig. 4).
These upper bounds of performance for organic polymer membranes increase gradually over the years with further development but still do not approach the performances observed by other materials, for example inorganic membranes (Dechnik
et al. 2017b).
Commercially, higher permeability allows the membrane surface area to be
reduced for a given gas flow, thus reducing investment costs in the membrane unit.
Increased selectivity in turn results in higher purity of the desired product. Depending
on the separation problem, a suitable compromise between permeability and selectivity must be found for polymer membranes. The commercially interesting area for
gas separation, shown in Fig. 4, is already reached by inorganic materials such as
zeolites (Li et al. 2005; McLeary et al. 2006). However, inorganic (ceramic) materials
are often brittle and have poor shaping properties.

4 Mixed-Matrix Membranes
Efforts to overcome the ‘Robeson upper bound’ and enter the commercially interesting area (Fig. 4) led to the preparation of composite membranes, which consist of
(porous) inorganic fillers embedded in a polymer matrix, the so-called mixed-matrix
membranes (MMMs). The organic polymer matrix is also called the continuous
phase, and the (porous) inorganic or organic/inorganic hybrid materials, as fillers
form the dispersed or discrete phase of the membrane. The schematic structure of
MMMs is shown in Fig. 5.
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Fig. 5 Schematic structure of mixed-matrix membranes (MMMs) with relevant filler properties,
such as type (MOF = metal-organic framework, POF = porous organic framework, COF = covalent
organic framework), functional (surface) groups, particle size and morphology). Reprinted from Ref.
(Dechnik et al. 2017a) with permission. Copyright 2017 John Wiley and Sons

In the field of gas separation, the concept of MMMs serves to combine the positive properties of the inorganic (filler) and organic polymer (continuous) material
types and to overcome both the compromise between permeability and selectivity for
organic polymer membranes and the limited formability of the inorganic membranes.
The first research on such composite membranes was carried out in the 1970s by Paul
and Kemp (1973). They discovered that the time lag, that is, the time it originally takes
for a gas to permeate through the membrane, was significantly increased for four
different gases by incorporating inorganic zeolite 5A in the polydimethylsiloxane
(PDMS) polymer. The increased diffusion time can be explained by adsorption of
the gases in the activated pores of the filler. No influence on the gas permeation
in the steady state was found. The first work with indications of improved permeation properties of MMMs goes back to studies by Kulprathipanja et al. in the 1980s
(Kulprathipanja et al. 1988). They could increase the selectivity of pure cellulose
acetate membranes for O2 /N2 gas separation from 3.0 to 4.3 by intercalation of
silicate particles.
The incorporation of fillers in a polymer matrix can have different effects on
the permeability of gases, depending on the filler properties. In general, a distinction can be made between porous and non-porous fillers. Porous fillers, with pore
sizes close to the kinetic diameter of the gas molecules, can act as molecular sieves
and thus promote selection by size exclusion (Vu et al. 2003). Embedding such
fillers is therefore particularly advantageous for the separation of the smaller components. Furthermore, porous fillers can promote the selective transport of more easily
condensable molecules. This is achieved by a higher affinity of the fillers to the more
easily condensable component, which favors their solubility and/or transport through
the filler. Especially for the separation of easily polarizable molecules, such as CO2
with its quadrupole moment, from poorly polarizable gases (N2 , CH4 ), the affinity
to polarizable gases can be increased by incorporating functional groups into fillers
(Torrisi et al. 2010; Banerjee et al. 2009). If there is no particular interaction between
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filler and gas molecules, the incorporation of porous fillers only increases the free
volume in the MMM, which gradually increases the permeability as the volume of
the discrete phase increases. In this case, however, the selectivity remains at the level
of the pure polymer membrane. Non-porous particles show two opposite properties, depending on the nature of the polymer. On the one hand, they can disrupt the
polymer chains, especially of semi-crystalline, glassy polymers, thus increasing the
permeability of MMM compared to the pure polymer (Merkel et al. 2002; Ahn et al.
2008). On the other hand, they can act as a barrier for the gas molecules, preventing
them from permeating through the membrane and thereby reducing the permeability
(Sadeghi et al. 2011).
A mathematical description and prediction of the effective permeability Peff for
low filler loadings in MMMs with a spherical filler can be performed using the
Maxwell model based on Eq. 4:
Pe f f = Pc ×

Pd + 2Pc − 2φd × (Pc − Pd )
Pd + 2Pc + φd × (Pc − Pd )

(4)

Here Pc stands for the permeability of the continuous, pure polymer phase, Pd for
the permeability of the dispersed (filler) phase and φd for the volume fraction of the
dispersed phase. The volume fraction φd of the filler can be calculated as follows
using the density ρd and ρc , and the mass percent wd and wc of the filler and the
polymer, respectively (Eq. 5):
φd =

wd /ρd
+ wρdd

wc
ρc

(5)

For porous and non-porous fillers one can define limiting cases within the Maxwell
model. With Eq. 6, the relative permeability of the MMM (Peff /Pc ) can be approximated for porous fillers whose permeability is significantly higher than that of the
pure polymer (Pd >> Pc ).
Pd  Pc :

Pe f f
1 + 2φd
=
Pc
1 − φd

(6)

For non-porous fillers with the property Pd << Pc , that is, a significantly lower
permeability of the filler compared to the polymer, the permeability of the composite
membrane is calculated according to Eq. 7.
Pd  Pc :

Pe f f
2 − 2φd
=
Pc
2 + φd

(7)

The Maxwell model does not consider interactions between the individual filler
particles and is therefore only suitable for low filler loadings. Instead, it is based
on the assumption that the particles are isolated from each other. At higher filler
loadings, however, strands or clusters of interconnected particles can form, which
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Fig. 6 Gas permeation through mixed-matrix membranes with different loads of porous (zeolite)
particles. Left: Isolated dispersed particles with a solution-diffusion mechanism (in the polymer)
combined with a partial gas transport according to a porous membrane type (the filler). Right:
interconnected particles leading to transport mechanism as in microporous membranes (cf. Fig. 1).
Reprinted with permission from Ref. (Baker 2004). 2004 Copyright John Wiley and Sons

eventually grow into continuous channels and thus trigger an alternative mechanism
of gas transport, akin to microporous membranes (Fig. 6, cf. Fig. 1).
The interconnection threshold is different for each composite material, but is
often in the range of 30 vol.% of the filler. For predicting the permeability of MMMs
with higher loads, other models such as the Bruggeman model can be used, as they
also consider interactions between the filler particles (Bánhegyi 1986; Shen and Lua
2013).
An essential factor in the successful production of MMMs is the appropriate
combination of polymer and filler, taking into account the physical properties of the
inorganic filler and the interface between polymer and filler particle. Gas molecules
naturally always choose the route with the least resistance when permeating through a
membrane. Consequently, in a MMM made of a combination of the highly permeable
but only moderately selective polydimethylsiloxane (PDMS, silicone) rubber and a
zeolite with high selectivity and average permeability, gas molecules will prefer
diffusion through the polymer matrix. This prevents a possible positive effect of the
filler. Duval et al. were able to show that this theoretical consideration can actually
be observed in practice by means of the incorporation of zeolite 5A in PDMS (Duval
et al. 1993).
PDMS/5A-MMMs showed almost no improvement of the separation properties
due to the extremely fast permeation through the polymer. On the other hand, the
separation properties for various gas components of the glassy, moderately permeable
polymer membrane made of polyethersulfone (PES) could be significantly improved
by adding zeolite 5A as filler (Li et al. 2005). Therefore components should be
selected careful to ensure a similarly high permeability for the faster permeating gas.
Concerning the interface between polymer and filler particle four different case
scenarios can be envisioned which are schematically depicted in Fig. 7 (Chung et al.
2007).
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Fig. 7 Schematic representation of different case scenarios of the interface between polymer and
filler in an MMM. Reprinted with permission of Ref. (Chung et al. 2007). 2007 Copyright Elsevier

In case 1, the filler is perfectly embedded into the polymer matrix. With such an
ideal interface, the permeation properties, at low volume fractions of the filler, should
follow the Maxwell model and should depend only on the properties of the respective
components. In case 2, there are voids present between the two phases. This effect
can be caused in particular by repulsive interactions between filler and polymer, as
Barrer and James have shown for the mixture of polymer and zeolite powders by
means of electrostatic resistance measurements (Barrer and James 1960). The poor
adhesion between the two phases thus leads to free volume around the particles,
which results in increased permeability with simultaneous loss of selectivity. For
glass-like polymers this case occurs particularly frequently, compared to the elastic
rubber-like polymers. It is therefore assumed that in glassy, rigid polymers, when
particles are embedded during crystallization, cavities are formed in the vicinity
of the particles due to the lack of flexibility of the polymer chains (Vankelecom
et al. 1995). Experimental proof of the formation of cavities, apart from the loss of
selectivity, is difficult. A possible approach correlates the increase in free volume
with a decrease in density in the composite membrane. Thus Paul et al. and Ahn
et al. tried to quantify the voids by determining the ratio of the ideal density to the
measured density of MMMs (Ahn et al. 2008; Takahashi and Paul 2006).
Case 3 and 4 require a certain affinity between polymer and filler, since attractive
interactions between continuous polymer and dispersed filler phase either trigger
rigidification of the polymer chains or partial pore blockage of the filler by polymer
chains. If, as shown in case 3, the mobility of the polymer chain is reduced by
adsorption on the surface of the filler, this leads to an increased selectivity of the
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composite membranes, as shown in the work of Koros et al. and Kulprathipanja
et al. (Li et al. 2005; Moaddeb and Koros 1997). The rigidified polymer chains
show reduced diffusion, especially for the less diffusive component, which leads
to an overall decrease in permeability. Rigidification of the polymer chains can be
experimentally demonstrated by determining the glass transition temperature Tg .
For example, an increased Tg of the MMM compared to the pure polymer indicates
a poorer mobility of the polymer chains and thus a rigidification of the polymer
chains (Li et al. 2005). The use of porous fillers for the production of MMMs can,
depending on the pore size of the particles, lead to a partial or complete blocking of
the pores by polymer strands. A complete blockage of the pores leads accordingly
to a decrease in permeability, since the formerly porous filler now behaves like a
non-porous filler. For example, the incorporation of the porous zeolite NaX, with
pore sizes between 7 and 13 Å, into a PDMS matrix led to a considerable loss of
permeability with increasing volume fraction of NaX, while maintaining the same
selectivity (Clarizia et al. 2004). A partial blocking of the pore structures of fillers
with pore diameters close to the kinetic diameter of the gas molecules to be separated
is definitely advantageous. As a result, fillers with pores that were originally too large
can now act as molecular sieves, resulting in increased selectivity of the composite
membrane (Chung et al. 2007). The main goal of the production of MMMs is to
improve the separation properties compared to polymer membranes by the influence
of porous filler particles. Therefore, the interface morphology of an ideal MMM
should promote transport through the porous dispersed phase.

5 Metal-Organic Frameworks as Filler in MMMs
Metal-organic frameworks (MOFs) (Schoedel and Rajeh 2020; Evans et al. 2019;
Zhou and Kitagawa 2014; Long and Yaghi 2009) with a high internal surface area and
a large pore volume, originally developed for gas storage and separation, (Getman
et al. 2012; Adil et al. 2017) catalysis, (Rogge et al. 2017) drug delivery etc., (Janiak
2003; Janiak and Vieth 2010) opened up new perspectives for fillers in MMMs (Tanh
Jeazet et al. 2012; Hunger et al. 2012). MOFs are potentially porous coordination
networks composed of metal nodes and organic linkers that self-assemble into an
extended (crystalline) two- or three-dimensional network (Fig. 8) (Batten et al. 2013).
Their precisely adjustable three-dimensional structure and tunable inner and outer
microenvironment make MOFs perfectly suitable as a filler in polymer based MMMs
(Tanh Jeazet and Janiak 2014a, b).
Given the chemical and structural mutability and notable porosity, MOFs have
been identified as promising filler components for high-performance mixed-matrix
membranes (MMMs). MOFs in MMMs are added as porous fillers which possess
molecular sieving properties and are combined with polymers to achieve enhanced
separation performance of the obtained hybrid membrane (Fig. 4) (Dechnik et al.
2017a, b). This field of MOF-MMM research has produced a large number of
different membranes and many MOF/polymer combinations have been tested and are
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Fig. 8 Construction principle of MOFs from metal clusters or metal atoms and organic ligands
(linkers) into a three-dimensional porous framework

reported towards potential application for relevant gas separations. Such membrane
polymers prominently include polyimides, for example Matrimid®, 6FDA/ODA or
6FDA/DAM (cf. Fig. 3) (Dechnik et al. 2017b).
MOFs are additives which are expected to be superior to other porous fillers
because MOFs feature higher porosity and tunable pore size. Still, only a few MOFMMM papers report both an increased permeability and selectivity. The separation
performance of the MOF filler and the compatibility between the organic polymer
and the inorganic-organic hybrid MOF still leave room for optimization. Research in
MMMs has focused on enhancing the chemical compatibility between the MOF and
polymer phase by judiciously functionalizing the organic linkers of the MOF, modifying the MOF surface chemistry and, more recently, exploring how particle size,
morphology and distribution enhance separation performance. An increased compatibility could be achieved in polyimides, in particular, by hydrogen-bonding interactions between the polymer backbone and bringing appropriate surface-functional
groups onto the MOF filler particles.
Adjustment of the outer MOF surface was, for example, done by synthesizing
the MOF in the presence of modulators, such as monodentate carboxylate ligands,
monoatomic anions or surfactants. The modulators influence the MOF crystallite
nucleation and growth as they also bind to the metal atoms and compete with the
actual linkers for coordination. Thereby, modulators can control the particle size,
lead to defects in MOFs and cover the outside surface of MOF particles (Schaate
et al. 2011).
In the synthesis of UiO-66(Zr) (Valenzano et al. 2011) and NH2 -UiO-66(Zr)
(Schaate et al. 2011) the modulators benzoic acid (BA) and 4-aminobenzoic acid
(ABA) were added in a high (50:1) molar ratio relative to the linker. The modulator
ABA gave rise to accessible amino groups on the outer MOF surface. The ABAmodified UiO-66(Zr)-ABA and NH2 -UiO-66/Zr)-ABA MOFs could then react with
Matrimid under formation of amide groups as was seen in the IR spectra of Matrimid

100

A. Nuhnen and C. Janiak

MMMs with these MOFs at high filler loading. The membrane of NH2 -UiO-66(Zr)ABA/Matrimid was over 50% more selective and 540% more permeable in mixedCO2 /CH4 gas separations than the neat Matrimid membrane. This membrane was
also 30% more selective and 140% more permeable than the non-modulated and
non-functionalized UiO-66(Zr)/Matrimid membrane (Fig. 9) (Anjum et al. 2015).
NH2 -UiO-66(Zr) was post-synthetically reacted with formation of amide bonds
with polar succinic acid (HO2 C-(CHOH)2 -CO2 H), non-polar decanoyl chloride (nC9 H17 COCl) or aromatic phenyl acetyl chloride (PhCH2 COCl). The larger molecules
PhCH2 COCl and n-C9 H17 COCl could not diffuse into the MOF and reacted only
with the amine groups on the outer surface of the particles. Only the smaller succinic
acid reacted also with the internal amino groups. The post-synthetic modification
should improve the compatibility with the polymer in an MMM. The such modified
NH2 -UiO-66(Zr) was then combined with Matrimid into a composite membrane for
CO2 /N2 single gas permeation studies (Venna et al. 2015). The imide groups in the
Matrimid polymer should be able to form hydrogen bonds with the NH2 groups or
post-synthetically introduced-amide groups. The aromatic rings in Matrimid and the
aromatic rings from PhCH2 CO-could interact through π-stacking (Fig. 10, left).
Unfortunately, these anticipated and aimed-for MOF-polymer interactions could
not be spectroscopically authenticated. Yet, Matrimid and post-synthetically modified NH2 -UiO-66(Zr) yielded defect-free membrane films. No interfacial space, i.e.
void volume was seen around the particles by scanning electron microscopy (SEM).

Fig. 9 Comparative CO2 /CH4 selectivity and permeability for UiO/Matrimid MMMs with 30 wt%
standard UiO-66(Zr) (grey) and amino-functionalized NH2 -UiO-66(Zr) (green) which were further
synthesized also with benzoic acid (BA) or aminobenzoic acid (ABA) as modulator (Anjum et al.
2015). The Robeson Upper bound from 2008 is included for comparison. Figure adapted from
Ref. (Dechnik et al. 2017b), https://pubs.acs.org/doi/10.1021/acs.cgd.7b00595, further permissions
related to the material excerpted should be directed to the ACS, copyright American Chemical
Society, 2017
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Fig. 10 Left: Possible interactions between Matrimid and phenyl acetyl (PA) functionalized
NH2 -UiO-66(Zr). Left figure part reproduced from ref. (Venna et al. 2015), copyright Royal
Society of Chemistry, 2015. Right: Comparative CO2 /N2 selectivity and permeability for Matrimid
MMMs with NH2 -UiO-66(Zr) which was post-synthetically reacted with succinic acid (SA,
HO2 C-(CHOH)2 -CO2 H), decanoyl chloride (C10, n-C9 H17 COCl) or phenyl acetyl chloride (PA,
PhCH2 COCl) (Venna et al. 2015). Right figure part taken from ref. (Dechnik et al. 2017b), https://
pubs.acs.org/doi/10.1021/acs.cgd.7b00595, further permissions related to the material excerpted
should be directed to the ACS, copyright American Chemical Society, 2017

MMMs with the aromatic phenyl acetyl (PA) functionalized, PhCH2 CO-NH-UiO66(Zr) (= NH2 -UiO-66(Zr)-PA in Fig. 10, right) showed an improved CO2 permeability and CO2 /N2 selectivity over NH2 -UiO-66(Zr). On the other hand, the porefilling succinic acid (SA) but also the larger, albeit non-polar decanoyl chloride (C10)
modified MOFs NH2 -UiO-66(Zr)-SA and NH2 -UiO-66(Zr)-C10 gave a decrease in
selectivity (Fig. 10, right).
In a complementary approach, common polymer structures can be modified
by grafting of functional groups onto the polymer chain or by replacement with
a copolymer containing functional monomer units to enhance the filler-polymer
compatibility. The effect of different diamine monomers in polyimide copolymers
with 6-FDA was studied in MMMs with NH2 -MIL-53 (Tien-Binh et al. 2015). The
CO2 permeability of 6FDA-ODA (6FDA = 4,4 -hexafluoroisopropylidene diphthalic anhydride, ODA = 4,4 -oxidianiline, cf. Fig. 3) as MMMs was very low
with 15 Barrer (Fig. 11). At the same time the MOF particles had agglomerated
due to weak polymer–MOF interaction (Chen et al. 2012). Similarly, in the NH2 MIL-53/6FDA-DAM membrane (DAM = 2,4-diaminomesitylene) the MOF particles formed clusters and did not adhere to the polymer (Tien-Binh et al. 2015). On the
other hand, the copolyimide 6FDA-DAM-HAB (1:1) (HAB = 3,3 -dihydroxy-4,4 diamino-biphenyl, cf. Fig. 3) with NH2 -MIL-53 in a 10 wt% composite membrane
came close to the 2008 Robeson’s upper bound (Fig. 11). The better polymer-MOF
interaction was traced to the hydroxyl groups in the HAB part. No interfacial voids
were seen in the NH2 -MIL-53/6FDA-DAM-HAB membrane due to a good particle
dispersion (Tien-Binh et al. 2015).
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Fig. 11 CO2 /CH4 permeability and selectivity for MMMs with 6-FDA based co-polyimides with
the diamine co-monomers ODA (squares), DAM (circles) and DAM/HAB (triangles) and MIL53 (grey) and NH2 -MIL-53 (green) with different MOF/MMM mass fractions (Tien-Binh et al.
2015). Figure taken from ref. (Dechnik et al. 2017b), https://pubs.acs.org/doi/10.1021/acs.cgd.7b0
0595, further permissions related to the material excerpted should be directed to the ACS, copyright
American Chemical Society, 2017

When gases adsorb at high pressure in a polymer the motion of the polymer
chain segments can be increased, leading in turn to an increase in permeability
and to a decrease in selectivity. This effect is called plasticization. Also the thermal
annealing of membranes changes the plasticization, the mechanical polymer stability
and its permeability and selectivity. High annealing temperatures also crosslink the
polyimide chains in Matrimid. During the heat treatment adjacent polymer chains
become mobile and the aromatic imide and phenylene groups from neighboring
chains can enter in π-π-interaction. Thereby, annealing increases the packing density
of the polymer chains and decreases the free volume resulting in an increased size
selectivity for the different gas molecules (Zhou and Koros 2006; Bos et al. 1998).
The MOF filler has an additional influence on the annealing process in Matrimidbased MMMs (Mahdi and Tan 2016). Both the addition of ZIF-8 nanoparticles and
annealing improve the gas selectivity. An annealed 10 wt% ZIF-8/Matrimid MMM
gave the best results, including tolerance to damage and mechanical robustness,
similar to annealed neat Matrimid. For higher wt% of filler loading, the fracture
energy and strength decreased considerably (Fig. 12).
For the preparation of ZIF-8/Matrimid MMMs, first a Matrimid polymer was
grafted with 1-(3-aminopropyl)-imidazole which was intended to act as terminal
linker and anchor group towards Zn in ZIF-8 (Fig. 13). The ZIF-8 nanoparticles were
then grown around the polymer particles. Subsequently, the ZIF-8/Matrimid particle
composite was fused and annealed to a dense MMM in a DMF–vapor environment.
Thereby, higher filler loadings and an improved membrane morphology were tried
to achieve for an enhanced CO2 /CH4 separation performance (Shahid et al. 2015).
Indeed, the imidazole-grafted Matrimid allowed for in situ formed ZIF-8 loadings
up to 30 wt% without any loss in selectivity. In the separation of CO2 /CH4 mixtures
the CO2 permeability for these 30 wt% ZIF-8/Matrimid MMMs had increased up
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Fig. 12 Comparison of gas
selectivity data of annealed
ZIF-8/Matrimid membranes
with annealed neat Matrimid
(0 wt%) and the mechanical
fracture energy and strengths
of the membranes. Figure
taken from ref. (Mahdi and
Tan 2016), copyright
Elsevier 2016

Fig. 13 Grafting of 1-(3-aminopropyl)-imidazole on Matrimid

to 200% and the CO2 /CH4 selectivity 65%, compared to a neat polymer Matrimid
membrane. The MMM from grafted Matrimid with in situ grown ZIF-8 had also a
higher permeability and selectivity than membranes prepared conventionally from
ZIF-8 and Matrimid albeit with an already optimized protocol concerning dispersion
and slow evaporation of the solvent (Fig. 14) (Shahid and Nijmeijer 2014). Thus,
higher performing MMMs can be achieved with nearly the same MOF and polymer
through enhanced dispersion and higher filler loading by using novel membrane
fabrication techniques which avoid interfacial defects.
The MOF [Co4 (μ4 -O)(Me2 pzba)3 ] is more air/moisture stable than its MOF-5
analog, which made the Co-MOF suitable for embedding in a Matrimid mixedmatrix membrane. The compound [Co4 (μ4 -O)(Me2 pzba)3 ] could be manipulated
without working under inert conditions. The small Co-MOF particles could be
well dispersed in the polymer because of the good compatibility between MOF
and polymer. No aggregation was seen by SEM-EDX (Fig. 15, left). The [Co4 (μ4 O)(Me2 pzba)3 ]/Matrimid membranes exhibited a better CO2 /CH4 permeability and
selectivity compared to a neat Matrimid membrane (Fig. 15, right). At a pressure
difference of 3 bar over the membrane the mixed-gas selectivity (S) was increased
from 41 for Matrimid to 60 for the 24 wt % MMM. This selectivity for the CoMOF/Matrimid MMM is also higher than the selectivities which were reported for
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Fig. 14 Permeability and selectivity of a 30 wt% Matrimid/ZIF-8 MMM (Shahid and Nijmeijer
2014) prepared by conventional filler dispersion and solvent evaporation (grey) and prepared by
in-situ ZIF-8 growth around grafted Matrimid followed by particle fusion and MMM formation in
DMF vapor (green) (Shahid et al. 2015). Figure taken from ref. (Dechnik et al. 2017b), https://pubs.
acs.org/doi/10.1021/acs.cgd.7b00595, further permissions related to the material excerpted should
be directed to the ACS, copyright American Chemical Society, 2017

Fig. 15 Left: energy-dispersive X-ray spectrometric (SEM-EDX)-mapping of cobalt (blue) in
MMM cross sections with 8 wt% [Co4 (μ4 –O)(Me2 pzba)3 ]. The Co which is detected below and
above the membrane cross section is an artefact and stems from reflection of the electron beam on
the sample holder. The top of the cross-section is also the top of the membrane when casted. Right:
CO2 /CH4 permeability (P, left ordinate) and selectivity (S, right ordinate) for neat Matrimid (0 wt%)
and [Co4 (μ4 -O)(Me2 pzba)3 ]/Matrimid MMMs with 8, 16 and 24 wt% [Co4 (μ4 -O)(Me2 pzba)3 ]
loading. The separation of CO2 was measured from a 50:50 v:v CO2 /CH4 mixed gas, temperature
25 °C, transmembrane pressure 3 bar. The standard deviations are given as error bars. Figure from
Ref. (Dechnik et al. 2017c), copyright American Chemical Society, 2017

MOF-5/Matrimid membranes (maximum S = 45), where the MOF-5 degrades with
moisture (Dechnik et al. 2017c).
The influence of the free volume within the polymer (cf. Fig. 2) on the gas separation properties is controversial and was, so far, not clearly proven. The free volume
within a polymer is used synonymously with the fractional free volume (FFV) vf ,
which is dimensionless (cm3 cm−3 ) and can be calculated as follows (Eq. 8):
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vf =

v − 1.3 · v0
v

(8)

where v is the specific volume of the polymer (in cm3 g−1 ), i.e. the reciprocal density,
and v0 represents the occupied volume of the molecules of the polymer (in cm3 g−1 ).
The occupied volume of the molecules can be obtained from the van-der-Waals radii
calculated by Bondi and van Krevelen for certain chemical groups divided by the
molar mass of the same. The volume thus calculated is higher by a factor of 1.3 than
the van-der-Waals volumes of the chemical groups, since even at 0 K there is free
volume between the polymer molecules.
A further still not fully settled question is the influence of porous and non-porous
fillers in MMMs with respect to the possible role of the polymer-filler interface, that
is, the void volume. Recently, we compared the same MOF filler in a porous and
non-porous state, so as to rule out artefacts from a different polymer-filler interface.
MMMs were prepared based on the polymer Matrimid and with the porous MOF
aluminum fumarate (Al-fum) as filler or with a non-porous because dimethylsulfoxide solvent-filled aluminum fumarate (Al-fum(DMSO)). In both cases the filler
contents ranged from 4 to 24 wt%. The CO2 /CH4 separation characteristics of both
MMMs were measured using a binary gas mixture. The mixed-gas permeation in
both the porous and non-porous filler membranes followed the theoretical prediction
by the Maxwell model. MMMs with the porous Al-fum dispersed phase displayed
an increased CO2 and CH4 permeability and a moderate rise in selectivity with
increasing filler fraction (Fig. 16).
Conversely, the MMMs with the non-porous dispersed phase Al-fum(DMSO)
exhibited a reduction in permeability but had the same selectivity as the pure polymer
membrane (Fig. 17).
The Maxwell model can be applied to composite membranes to predict its permeability (see above). Previous work often gave only poor or qualitative trend agreements for porous and non-porous fillers compared to the predicted values of the
Maxwell model (Shen and Lua 2013; Rafiq et al. 2015; Sadeghi et al. 2016; Tanh
Fig. 16 CO2 /CH4
separation performance of
porous Al-fum/Matrimid
MMMs with different
loadings of Al-fum. To
verify the reproducibility and
significance of the selectivity
drop for the 24 wt%
membrane, this membrane
was prepared and measured
four times
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Fig. 17 CO2 /CH4
separation performance of
non-porous
Al-fum(DMSO)/Matrimid
MMMs as a function of
Al-fum(DMSO) loadings

Jeazet et al. 2013). The observed permeability values could often not be quantitatively reproduced with the model. This discrepancy between model and experiment can be due to deviations from the assumptions underlying the Maxwell model.
The Maxwell model assumes, for example, a spherical particle geometry, an ideal
dispersion and a maximum filler loading corresponding to a volume fraction φd of
0.2. Also, unaccounted microdefects, that is, void volume due to poor interaction
between filler and polymer invalidates the Maxwell model. Figure 18 depicts the
comparison between the Maxwell model predicted and the experimental relative CO2
permeabilities for the mixed-matrix membranes with porous Al-fum and non-porous
Al-fum(DMSO) fillers. The measured relative CO2 permeabilities for porous Alfum/Matrimid composite membranes match the calculated values from the Maxwell

Fig. 18 Relative experimental CO2 permeabilities Pd /Pc versus filler volume fraction φd for porous
Al-fum/Matrimid (red) and non-porous Al-fum(DMSO)/Matrimid MMMs (blue). The black lines
represent the prediction by the Maxwell model for the relative CO2 permeabilities for porous filler
(Pd >> Pc ) and non-porous fillers (Pd << Pc ). The higher density of the non-porous Al-fum(DMSO)
over the porous Al-fum filler leads to a lower filler volume fraction of the former for the same MOF
weight percent
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model for porous fillers which are much more permeable than the polymer, that is Pd
>> Pc (cf. Eq. 6). Accordingly, the non-porous Al-fum(DMSO)/Matrimid membranes
follow the Maxwell model for non-porous fillers where the filler is non-permeable
or Pd << Pc (cf. Eq. 7). The decrease of the relative experimental CO2 permeability
Pd /Pc for the non-porous Al-fum(DMSO)/Matrimid MMMs is also a good indicator
for the homogenously distributed filler particles with good MOF-polymer interactions (case 1 in Fig. 7). Non-selective voids (case 2 in Fig. 7) would have resulted in
increased permeabilities and reduced selectivity. Rigidification of the polymer chains
(case 3 in Fig. 7) would have led to reduced permeability and increased selectivity
which was also not observed (cf. Fig. 17).
On the other hand, if the logarithm of the permeability, lgP has a linear relation
with the reciprocal specific free fractional volume (1/sFFV) (Fig. 19), then there is
no significant contribution from a (non-selective) void volume (case 1 in Fig. 7).
The sFFV consists of the free volume of the polymer and the MOF; it does not
include the polymer-filler interface volume which is also termed void volume. For a
24 wt% porous Al-fum/Matrimid membrane the sFFV was calculated as 0.23 cm3
g−1 and for a 24 wt% non-porous Al-fum(DMSO)/Matrimid membrane as 0.12 cm3
g−1 . Further, a good agreement between the theoretical and experimental density
of the Al-fum and Al-fum(DMSO) composite membranes supports the presence of

Fig. 19 Linear correlation of lgPermeability for CO2 (upper line) and CH4 (lower line) to the
reciprocal specific free fractional volume (sFFV)—both for the porous Al-fum (left, red data points)
and non-porous Al-fum (DMSO) MOF (right blue data points)—each up to 24 wt% MOF content
in the MMM. The sFFV contains the specific polymer and MOF porosity. This linear dependence
of log P versus 1/sFFV excludes a significant contribution from a void volume, that is, the polymerfiller interface volume. For pure Matrimid 1/sFFV = 6.9, for 24 wt% Al-fum MMM 1/sFFV = 4.3,
for 24 wt% Al-fum (DMSO) MMM 1/sFFV = 8.6. Points in-between are for the 4, 8, 12, 16 and 20
wt% MMMs. Figure taken from Ref. (Nuhnen et al. 2018), copyright American Chemical Society,
2018
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only small interface/void volume. The MMMs of both filler types exhibited specific
interface/void volumes below 0.02 cm3 g−1 and often even below 0.01 cm3 g−1
(Nuhnen et al. 2018).

6 Summary
Combining MOFs and polymers to mixed-matrix membranes (MMMs) can help
to overcome the trade-off between permeability and selectivity for pure organic
polymers and to obtain materials with separation properties exceeding the Robeson
upper bound. Most work on such MOF-polymer MMMs deals with the separation
of CO2 /CH4 for natural gas sweetening or CO2 /N2 separation for the purification
of flue gases. Even if MOF-polymer MMMs exhibit enhanced separation performance it should be emphasized that testing gas permeation under industrially relevant conditions should be developed. Also, mixed gas permeation and the influence
of contaminants on the separation performance should be evaluated.
The permeability of an MMM can be approximated by the Maxwell model which
predicts an increase in gas permeability for porous fillers and a decrease for nonporous fillers, respectively. The increase and decrease in gas permeability is in general
due to the difference in free fractional volume (FFV). The FFV combines the free
volume of the polymer and filler. In contrast, the interfacial/void volume between
filler and polymer contributes only about 10% to the available free volume in a
well-prepared MMM.
A challenge with MOF-polymer MMMs is still the increase in selectivity. In cases,
where a selectivity increase has been seen with MOF-polymer composite membranes,
the following reasons were given for the increase in selectivity:(Nuhnen et al. 2020)
(i) Polymer chain rigidification could have been induced by the filler. This results
in a higher glass temperature Tg and in general a high Tg goes together with low
permeability and high selectivity and vice versa (Li et al. 2005). (ii) Polymer chains
can block the MOF channels to some degree and make them size discriminating.
Thus, the MOF assumes molecular sieving properties. The smaller gas molecules are
transported better relative to the larger ones (Feijani et al. 2015). (iii) An adsorption
affinity of the MOF filler for one gas over the other increases the transport of the
former over the latter through the membrane (Jacques et al. 2018; Abedini et al.
2018).
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