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High performance MIL-101(Cr)@6FDA-mPD and
MOF-199@6FDA-mPD mixed-matrix membranes
for CO2/CH4 separation†
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Combination of the polyimide 6FDA-mPD (6FDA = 4,4’-hexaﬂuoroisopropylidene diphthalic anhydride
and mPD = m-phenylenediamine) and crystallites of the metal–organic frameworks (MOFs) MIL-101(Cr)
or MOF-199 (HKUST-1, Cu-BTC) produces mixed-matrix membranes (MMMs) with excellent dispersion
and compatibility of the MOF particles within the polymer matrix. Permeation tests of a binary CO2/CH4
(50/50) gas mixture showed a remarkable increase of CO2 permeabilities for MIL-101(Cr)@6FDA-mPD
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and signiﬁcantly higher selectivities for MOF-199@6FDA-mPD. The CO2 permeability increased from 10
(neat polymer) to 50 Barrer for the 24 wt% MIL-101(Cr)@6FDA-mPD membrane (with essentially constant
selectivity) due to the high pore volume of MIL-101(Cr). The CO2/CH4 selectivity increased from 54 to 89
from the neat 6FDA-mPD polymer to the 24 wt% MOF-199@6FDA-mPD membrane, apparently due to
the high CO2 adsorption capacity of MOF-199.

Introduction
Membrane technology plays an important role in the reduction
of the environmental impact and operational costs of industrial separation processes as energy costs increase. As a result,
application of membrane technology can help to save energy
up to 50% of the production costs.1,2 As the ratio between
equipment size and production capacity decrease, membrane
technologies address the requirements of process intensification.3 Distillation and absorption-based processes are among
conventional technologies that require a phase change in the
mixture to be separated. This phase change increases significantly the energy loss which may be avoided in the case of membrane gas separation which does not require a phase change.4
Separation through membranes is mainly based on the size and
shape of the molecules to be separated and on their interaction
with the membrane material.5 The commercially applied mem-
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brane materials are mostly made from polymers. These are
cheaper to produce and easier to process as flat sheet or hollow
fiber membranes than inorganic materials.6
The most basic requirements for choosing membrane
materials are the selectivity and the permeability parameters.
These can be mainly used to determine the economic performance of membrane processes.7 From this point of view, the existing polymeric membrane materials are not optimal: improvement in permeability is always at the expense of selectivity, and
vice versa.8 Also plasticization hinders the application of polymeric membranes at high pressures since the swelling and dilatation of the polymer due to high concentration of adsorbates
may induce an increase in the mobility of the polymer chains
and therefore reduce the membrane selectivity.6
To improve the performance of polymeric membranes
several solutions have been proposed during the last decades.
Various polymers have been modified using diﬀerent types of
inorganic additives such as zeolites, mesoporous silicas, activated carbons, carbon nanotubes and non-porous solids to
produce mixed-matrix membranes (MMMs).7,9–20 MMMs are
composite membranes consisting of micro- or nanoparticles of
an inorganic or inorganic–organic hybrid material (dispersed
phase) incorporated into a polymer matrix (continuous phase).
Polymer, filler properties, filler loading and homogeneous dispersion aﬀect the MMM morphology as well as the separation
performance.7,13 The chemical structure, surface chemistry,
particle size distribution and aspect ratio are key parameters
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of the filler. MMMs may provide separation properties which
can be above the so-called Robeson upper bound.18
Recent advances have shifted towards the use of metal
organic frameworks (MOFs) as potential fillers in the polymer
matrix.21 MOFs exhibit advantages over zeolites and therefore
are potential additives for deep impact in MMM separation
properties.22–27 For example, because of the broad variety of
functionalities of organic ligands in MOFs, they can interact
strongly with the polymer phase, so that the volume of micro
gaps between inorganic and organic phase, which cause loss
in selectivity, can be diminished.12–14 To obtain materials with
optimized separation properties a perfect interaction between
the two components has to be established for the preparation
of MMMs together with a good dispersion avoiding as much
as possible filler agglomeration. In addition, MOFs are not
only tuneable concerning their chemical groups, but also for
their textural properties ( pore volume and surface area).28
Therefore, the MOF eﬀect on the membrane properties can be
higher for a given mass loading than that corresponding to
conventional fillers. As emphasized in theoretical predictions,
the choice of suitable MOF/polymer pairs is necessary for
high-performance MMMs in addition to the control of interface morphology.29
Diﬀerent to the studies made on continuous ( pure) MOF
membranes24,26,30 we present herein results on the CO2/CH4
separation with MMMs of MIL-101(Cr)31 or MOF-199 (also
named HKUST-1 or Cu-BTC)32 with the polyimide 6FDA-mPD
(Scheme 1) (6FDA = 4,4′-hexafluoroisopropylidene diphthalic
anhydride and mPD = m-phenylenediamine). The neat polyimide 6FDA-mPD is thermally stable until about 500 °C
(Fig. S1 in ESI†) and shows excellent mechanical stability.33
Furthermore, 6FDA-mPD features good properties in both permeation and selectivity for CO2/CH4 separation processes.33
The CO2 sorption of MOFs has been the subject of intense
interest for “carbon capture”.34 MIL-101(Cr) exhibits a moderate CO2 uptake of 10.5 wt% (1 bar, 293 K),35 while MOF-199 is
one of the best MOFs for CO2 adsorption with an uptake
capacity of 27 wt% (1 bar, 298 K).36
Even though it has been shown in the last years that several
MOFs are very interesting for the fabrication of MMMs with
very attractive separation characteristics (see Table S5 in ESI†
for some specific examples),9,10,12,13 the separation performance of the present study is remarkable. Particularly, we
present here MOF-containing gas-separation membranes with
technologically attractive properties.

Scheme 1 6FDA-mPD repeating unit (6FDA = 4,4’-hexaﬂuoroisopropylidene diphthalic anhydride and mPD = m-phenylenediamine).
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Experimental
Materials and methods
Chromium nitrate nonahydrate (Cr(NO3)2·9H2O, 99%) hydrofluoric acid (analysis grade), toluene (>99%) and triethylamine
(99%) were obtained from Acros Organics. Methanol (99.8%),
m-phenylenediamine (mPD, 99%) and acetic anhydride (>97%)
were acquired from fisher scientific. Copper acetate monohydrate Cu(OAc)2·H2O, (99%) was purchased from Aldrich.
Benzene-1,3,5-tricarboxylic acid (H3BTC, 99%) and benzene1,4 dicarboxylic acid (H2BDC, 98%) were acquired from
Aldrich. 4,4′-Hexafluoroisopropylidene diphthalic anhydride
(6FDA, >98%) and N,N-dimethyl acetamide (DMAc, >99%) were
obtained from TCI. Dichloromethane (DCM, >99.9%), N,N-dimethylformamide (DMF, 99.9%) and ethanol (99.9%) were
purchased from Prolabo. Gases CO2 and CH4 were supplied by
Air Liquide (Germany) and used as received ( purity 99.995%).
Powder X-ray diﬀraction patterns (PXRD) were obtained on
a Bruker D2 Phaser powder diﬀractometer with a flat silicon,
low background sample holder, at 30 kV, 10 mA for Cu-Kα radiation (λ = 1.5418 Å). In all diﬀractograms, the most intense
reflection was normalized to 1.
Nitrogen sorption isotherms were measured at 77 K using a
Quantachrome Autosorb iQ MP gas sorption analyzer. Ultrahigh purity (UHP, grade 5.0, 99.999%) nitrogen, and helium
gases were used; the latter was used for performing cold and
warm free space correction measurements. MIL-101(Cr) and
MOF-199 BET surface areas (2770 m2 g−1 and 950 m2 g−1,
respectively) and pore sizes were calculated using sample
weights after degassing for 2 h at 150 °C with the built-in oilfree vacuum system of the instrument (ultimate vacuum <10−8
mbar).
To acquire scanning electron microscopy (SEM) images
alone, the MOF particles and the membrane cross-sections
were coated with gold. The cross sections were obtained by
breaking the membranes after freezing in liquid nitrogen. The
coated samples were then imaged using an ESEM Quanta 400
FEG SEM equipped with a secondary electron (SE) detector
and operated at 20 keV.
The MIL-101(Cr) microcrystals were coated with palladium
and the SEM image was obtained on Zeiss Leo DSM 982
Gemini with field emitter.
SEM images combined with EDX-mapping were recorded
with a Jeol JSM-6510LV QSEM Advanced electron microscope
with a LAB-6 cathode at 20 keV. The microscope was equipped
with a Bruker Xflash 410 silicon drift detector and the Bruker
ESPRIT software for EDX analysis. The membrane cross-sections were prepared through freeze-fracturing after immersion
in liquid nitrogen and then coated with gold by a Jeol JFC
1200 fine-coater at an approximate current of 20 mA for 20–30
s.
Diﬀerential scanning calorimetry (DSC) was measured
using a Mettler Toledo DSC 3 with a temperature gradient of
10 K min−1 in the temperature range of 20 °C to 400 °C for the
determination of the glass temperatures (Tg). All samples were
heated four times and cooled 3 times. The glass temperature
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was determined as the mean of the 2nd and 3rd heating and
cooling cycle. The results were analyzed with the STARe SW
16.00 Software.
Synthetic procedures
MIL-101(Cr). MIL-101(Cr) was synthesized according to the
previously reported procedure.31 A typical synthesis involved a
solution containing chromium(III) nitrate Cr(NO3)3·9H2O
(400 mg, 1 mmol), hydrofluoric acid (1 mmol) and 1,4benzene dicarboxylic acid H2BDC (164 mg, 1 mmol) in 5 mL
of H2O. The mixture was transferred to the Teflon line in a
hydrothermal autoclave which was heated for 6 h at 210 °C
and cooled afterwards slowly to room temperature over a
time period of 8 h. The mixture was then isolated from the
autoclave and the solid separated from the solution through
centrifugation (4200 U min−1 for 50 min). A significant
amount of recrystallized terephthalic acid was present. To
eliminate most of the carboxylic acid, the product was dispersed and centrifuged two times in DMF (20 mL), one time
in ethanol (10 mL) and one time in water (10 mL). The final
product was then dried at room temperature (yield 302 mg,
50%).
MOF-199 (HKUST-1, Cu-BTC). The synthesis was carried out
according to the procedure reported by Tranchemontagne
et al.32 Benzene-1,3,5-tricarboxylic acid (514 mg, 2.40 mmol)
and Cu(OAc)2·H2O (817 mg, 4.37 mmol) were dissolved each in
12 mL of a 1 : 1 : 1 mixture of H2O/DMF/EtOH. Both solutions
were mixed together and the resulting mixture was stirred for
about 30 min. After addition of 0.5 mL of triethylamine, the
solution was stirred for 6 days. The obtained turquoise suspension was poured on 100 mL of DMF and allowed to stand overnight, afterwards it was centrifuged at 2000 rpm for 99 min
and the supernatant was removed. This washing procedure
was repeated three times. The product was collected,
immersed in 100 mL of CH2Cl2, left overnight and centrifuged
as given above. This last washing step was also repeated three
times and afterwards the product was dried overnight under
vacuum (yield: 430 mg, 59%). We choose this synthetic procedure to yield especially small MOF particles in the submicrometer range. Because of the subsequent use in mixed-matrix
membranes particle size is of prime importance for a defect
free composite membrane.
6FDA-mPD. The synthesis was carried out according to the
procedure reported by Staudt-Bickel and Koros33 All monomer
materials were purified before the polymerization reaction.
6FDA (4,4′-hexafluoroisopropylidene diphthalic anhydride) was
sublimed twice; mPD (m-phenylenediamine) was recrystallized
twice from toluene. The monomers were stored separately
under high vacuum. For the synthesis of the polyimide in this
study, chemical imidization was performed. In a moisture free
flask with nitrogen inlet and magnetic stirrer, the diamine
monomer was dissolved in N,N-dimethyl acetamide (DMAc)
and the 6FDA dianhydride dissolved in DMAc was added dropwise at room temperature. The 20–25 wt% solution was stirred
6–8 h. Thereby high molecular polyamic acids were formed.
The imidization was performed by the dehydration of the
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polyamic acids by adding a large excess of triethylamine and
acetic anhydride to the reaction mixture and stirring for 2–3 h
at 323 K and 10–20 min at 373–383 K. After cooling to room
temperature, the highly viscous reaction solution was slowly
poured into methanol. The precipitated polyimide (6FDAmPD) was homogenized in a blender; filtered and washed
several times with fresh methanol. The obtained polyimide
was dried 12 h under vacuum at room temperature and at least
24 h under vacuum at 523 K.
Mixed-matrix membranes. 500 mg of the polymer (6FDAmPD) was dissolved in 7 mL dichloromethane (CH2Cl2) and
the solution was stirred for 24 h. For an 8 wt% MMM simultaneously 44 mg of the MOF material (MIL-101(Cr) or
MOF-199) was suspended in 9 mL CH2Cl2 and stirred for 24 h
(44/(500 + 44) × 100% = 8%). Next the MOF suspension was
homogenized by ultrasonication for which the sample was
treated three times for 15 min each with an amplitude of 20%
by an ultrasonic liquid processor (VCX 750 Sonics, Microtip
630-0419). Then a small portion of the polymer solution was
added to the MOF suspension. After further stirring for
24 h, the ultrasonication procedure was repeated. Then the
remaining polymer solution was added. Before casting, the dispersion was kept under stirring for one hour. The dispersion
was cast into metal rings, 4 cm in diameter, which were
placed on a flat stainless-steel surface. All of the casting
equipment was placed on top of an adjustable table to assure
horizontal alignment during the membrane formation. To
prevent contamination by dust particles and to ensure a slow
evaporation of the solvent, a funnel was placed upside down
over the metal ring and the small opening was covered with
filter paper. As soon as all solvent had evaporated, the membrane was removed from the metal ring and the stainlesssteel surface by flushing the ring with distillated water. The
membrane was finally dried in a vacuum oven at 120 °C and
50 mbar overnight. MMMs with 16 and 24 wt% were
produced the same way with 95 mg and 158 mg MOF
material (MIL-101(Cr) or MOF-199), respectively. The pure
polymer membranes were prepared accordingly and dried the
same way.
We also tried to produce MMMs with loadings of above
24 wt% MOF. Unfortunately, the MMMs with filler loadings of
above 24 wt% were to brittle for handling and gas separation
measurements. The MMMs either broke after casting or while
preparing them for the measurement. Therefore, we are not
able to prepare defect-free membranes and to present separation performance data of MMMs with filler loadings above
24 wt%.
Gas permeation experiments
Conducted in Spain, Zaragoza. A detailed description of the
gas permeation setup can be found elsewhere.37 The membranes (13.8 cm2) were placed inside a permeability module
composed of two stainless steel parts with a cavity in which a
macroporous disk support (20 µm nominal pore size, Mott
Corp.) is gripped inside with Viton O-Rings. Mass-flow meter
controllers (Alicat Scientific) were used for feed and sweep gas
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provision to the membrane module. A CO2/CH4 (25/25 cm3
(STP) min−1) mixture stream was fed at 3 bar to the retentate
side, while the permeate side was swept with a 2 cm3 (STP)
min−1 mass-flow controlled stream of Ar at 1 bar. Gas concentrations in the outgoing stream were analyzed by an
Agilent 3000A on-line gas micro-chromatograph equipped
with thermal conductivity detector (TCD). Permeability
results in Barrer (1 × 10−10 cm3 (STP) cm (cm2 s cmHg)−1)
were obtained once the exit stream of the membrane was
stabilized. The real separation selectivity of the mixtures was
calculated as the ratio of permeabilities. Permeation measurements were performed at 35 °C controlled by a Memmert
UNE 200 oven.
Conducted in Germany, Düsseldorf. Binary gas separation
experiments were carried out with a continuous flow permeation system (OSMO inspector, provided by Convergence
Industry B.V., 7532 SM Enschede, The Netherlands) with
helium as sweep gas and an Agilent 490µGC gas chromatograph to measure the gas concentration in the permeate. The
membranes were cut in a round sheet, placed in the permeation module (4.5 cm diameter) and covered by a rubber
ring to provide an eﬀective inner diameter of 3.8 cm with an
area of 11.3 cm2. All permeation experiments were performed
at 25 °C and with 3 bar transmembrane pressure. The feed
gases were mixed in a 50/50 volume flow mixture of CO2 and
CH4 by two Bronkhorst Coriolis-flow controllers as well as the
helium gas stream with a total upstream flow of 160 mL
min−1. The downstream is swept with helium at a rate of 1 mL
min−1 at ambient pressure. The gas concentration in the
permeate stream was measured with the Agilent 490µGC with
a thermal conductivity detector and a Pora PLOT Q column
until steady state (up to 24 h).

Paper
MOF particles were used to fabricate membranes with the
6FDA-mPD polyimide (see ESI†). From the scanning electron
microscopy (SEM) cross-sections of the MOF@6FDA-mPD
MMMs it is evident that the MOF particles showed excellent
adhesion with the polymer matrix as the membrane crosssection morphology reveals the formation of circular cavities
and elongated matrix segments with increased plastic deformation of the polymer (Fig. 2). The good interaction of the
MOFs with the polymer is favored due to the partial organic
nature of the former.
Interfacial voids were absent in the MMMs and MOF crystals were homogeneously distributed in the 6FDA-mPD matrix.
No particle agglomeration can be observed. The X-ray patterns
(Fig. S2 and S3 in ESI†) reveal that most of the main MOF
reflections are present in the composite membranes. This also
proves that the membrane preparation procedure did not alter
the filler crystallinities. Furthermore, SEM images combined
with elemental EDX mapping of chromium (MIL-101(Cr)) and
copper (MOF-199) of the cross-sections of the MMMs (Fig. S3
and S5†) show also a remarkable homogeneous distribution of
the MOF particles in the polymer matrix. Possible defects concerning particle agglomeration or particle sedimentation can
thus be eliminated.
The gain of this MMM study is clearly demonstrated from
the point of view of gas separation performance for CO2/CH4
gas mixtures (related to natural gas upgrading by removal of
CO2). Results of CO2 and CH4 gas permeation and separation
experiments conducted with pure 6FDA-mPD membrane,
MIL-101(Cr)@6FDA-mPD and MOF-199@6FDA-mPD MMMs
are shown in Fig. 3 (data in Tables S2 and S3 in ESI†). Two to
three membranes of each type were fabricated and every mem-

Results and discussion
MIL-101(Cr) and MOF-199 were synthesized according to previously reported procedures with product identity established
by powder X-ray diﬀraction (Fig. S2 and S3 in ESI†).31,32,38,39
BET surface areas were 2770 m2 g−1 and 950 m2 g−1, respectively. Particles sizes were in the range of 100–400 nm for
MIL-101(Cr) and mostly below 100 nm except for some bigger
crystals of about 400 nm for MOF-199 (Fig. 1). The prepared

Fig. 1 Scanning electron microscopy (SEM) images of (a) MIL-101(Cr)
and (b) MOF-199 nano/microcrystals.
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Fig. 2 SEM cross-sections of MOF@6FDA-mPD membranes based on
250 mg of 6FDA-mPD with diﬀerent loadings of MOFs: (a) 8 wt%
MIL-101(Cr), (b) 24 wt% MIL-101(Cr), (c) 8 wt% MOF-199 and (d) 24 wt%
MOF-199.
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Fig. 3 CO2/CH4 permeability and separation performance of pure
6FDA-mPD (0 wt% MOF loading), MIL-101(Cr)@6FDA-mPD and
MOF-199@6FDA-mPD MMMs at diﬀerent MOF loadings. See Tables S2
and S3 in ESI† for experimental details.

brane was measured at least two times to provide reliable error
estimates.
The gas separation experiments were performed at 25 °C
and 35 °C, 4 and 3 bar feed pressure, respectively, and 50/50
CO2/CH4 mixture on MMMs containing 8, 16 and 24 wt% of
either MIL-101(Cr) or MOF-199. These mixed-gas separation
experiments indicated enhancements in CO2 permeability
with increasing MOF weight percentage in 6FDA-mPD. For all
MIL-101(Cr)@6FDA-mPD MMMs the selectivity approximately
remained equal to that of the neat polymer, while
MOF-199@6FDA-mPD MMMs featured a steady rise in selectivity
with increasing amount of MOF. This suggests that the membranes are free of interfacial defects, which otherwise would have
led to a distinct decrease on the selectivity. The CO2 permeability
increased from about 10 Barrer for pure 6FDA-mPD to 50 or 28
Barrer in MMMs containing 24 wt% of MIL-101(Cr) or MOF-199,
respectively. The CO2/CH4 selectivity decreased slightly from 54 for
pure 6FDA-mPD to 50 for 24 wt% MIL-101(Cr)@6FDA-mPD MMM
and increases significantly to 89 for 24 wt% of MOF-199@6FDAmPD MMM (Fig. 3, data in Tables S2 and S3 in ESI†). Thus, the
MMMs made of 6FDA-mPD and MIL-101(Cr) or MOF-199 provide
a remarkable gas-separation performance enhancement as compared with the pure polyimide with respect to permeability or
selectivity, respectively.
The breaking of polymer chain packing and linking due to
the presence of fillers leading to an increase in polymer matrix
free volume and especially the large porosity of MOFs can
explain the permeability improvement in agreement with previous publications related to ZIF-8 or Al-fumarate containing
MMMs.40,41
A rigidification of polymer chains in the composite membranes does not occur as the Tg, determined by diﬀerential
scanning
calorimetry,
decreases
slightly
for
the
MOF-199@6FDA-mPD MMMs compared to the neat polymer
(Table S4†). For MIL-101(Cr)@6FDA-mPD MMMs the Tg exhibits no distinct trend for a rigidification or disruption of
polymer chains.
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For most composite membranes, a constant selectivity is
observed with increased MOF loading, as is found here for the
MIL-101(Cr)@6FDA-mPD MMMs.10,42 Therefore, the increase
in selectivity for MOF-199@6FDA-mPD MMMs contrasts with
expectations since the used MOFs have large cages and
window sizes in their neat, virgin state, and no size exclusion
of any gas from CO2/CH4 mixtures is likely if the MOF would
remain unchanged. According to literature MIL-101(Cr) has
cages with diameters of 3.4 nm and hexagonal windows of
1.6 nm diameter.31 MOF-199 has square channels of 9 × 9 Å
with 13 Å across the diagonals.39
In some cases, where a selectivity increase has been seen
with MOF@polymer composite membranes, the following
reasons were given for the increase in selectivity.
- The polymer could be influenced by the filler in such a
way, that a chain rigidification takes places which results in a
higher Tg for the composite membrane in comparison to the
pure polymer membrane. The general correlation of the Tg of
the polymer with permeability and selectivity is, that a high Tg
goes together with low permeability and high selectivity and
vice versa.43
- The MOF filler could become size discriminating if the
polymer chains diﬀuse through the MOF channels and block
them to some degree. This blocking can intensify the molecular sieving property of the MOF and enhance transport of
smaller gas molecules relative to the larger ones and thereby
induce a higher selectivity.48
- MOF fillers, such as ZIF-8, with pore apertures of ∼4 Å
feature sieving properties based on their diﬀusion selectivity
even for gas pairs with kinetic diameters of <4 Å if they are
properly matched with the polymer matrix.44
- The MOF filler could show a very high adsorption aﬃnity
for one specific gas and thus increases the transport of this
gas through the membrane, which can also result in an
increased selectivity.45,46
In our case an increase in Tg was clearly not observed, but
rather a decrease in the Tg was measured. Thus, the increase
in selectivity cannot be due to the change in polymer structure
alone. At the same time MOFs by itself, as for example in pure
MOF membranes are not known for high selectivities.47
The apparent increase in selectivity for the MOF-199
MMMs may be due to the fact, that the polyimide blocked or
partially reduced the access to the MOF-199 channels.
Whereby the MOF filler becomes more size discriminating,
that is exhibits intensified molecular sieving properties
through the enhanced transport of smaller gas molecules relative to the larger ones which leads to a higher selectivity. CO2
and CH4 have kinetic diameters of 0.33 and 0.38 nm,
respectively.
Furthermore, the increase in CO2/CH4 selectivity for
MOF-199@6FDA-mPD MMMs may also be promoted by the
high adsorption eﬃciency of MOF-199 for CO2 (see above).36
Moreover, the good dispersion and non-agglomeration of
MOF-199 particles may favor the action of adsorbing CO2 over
CH4 improving the separation selectivity up to the total
loading of 24 wt%.48 Likewise, an increased selectivity for
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diﬀerent MOF-199@polymer MMMs with increasing MOF
content was observed. The selectivity increase for
MOF-199@poly(vinylidene fluoride) (PVDF) was from 21 to 40
when going from neat PVDF to 15 wt% MOF content.49 For
MOF-199@Matrimid the increase was from 17 to 23 when
going from neat Matrimid to 30 wt% MOF content (see also
Table S5†).50 This eﬀect was especially evident for small
MOF-199 particles in the nanometer range, which in this study
were also used, due to better distribution in the polymer
matrix and neglectable formation of voids between MOF
particles.45,51
The diﬀerence in gas separation performances between the
fabricated MMMs result from the varying structure and properties of the MOFs. MIL-101(Cr) exhibits a much higher pore
volume of about 1.32 cm3 g−1 compared to the pore volume of
0.78 cm3 g−1 of MOF-199. Hence, the density of MIL-101(Cr) is
much lower, which leads to a considerably higher volume fraction
for the same amount of loaded wt% for MIL-101(Cr) in the
MMMs (see eqn (S2), ESI† how ϕd is derived from the MOF
loading in wt%). Thus, the increase in free volume is more pronounced for the MIL-101(Cr)@6FDA-mPD MMMs, which ultimately leads to the higher permeability in comparison to the
MOF-199@6FDA-mPD MMMs.41 This observation is in good agreement with the results emerging from the Maxwell model for CO2,
shown in Fig. 4a, which was applied to both types of MMMs.
The Maxwell model with the assumption Pd ≫ Pc, (eqn (1))
is a highly specialized limiting version of the full Maxwell
model, which can be designated as “Maxwell model ∞”. This
limiting case corresponds essentially to the introduction of
infinitely permeable voids with a volume fraction equal to that
of the dispersed phase.
Pd  Pc ;

Peff 1 þ 2ϕd
¼
Pc
1  ϕd

ð1Þ

The “Maxwell model ∞” with the assumption Pd ≫ Pc, that
is, an infinite high CH4 permeability of the dispersed, filler
phase does not give a good agreement with the experimental
data. The latter stays below the predicted line of the “Maxwell
model ∞” (Fig. 4b). In reverse conclusion this indicates that
the assumption Pd ≫ Pc is no longer valid for CH4 and
MOF-199. Instead the relative experimental permeability
approaches the Maxwell model with Pd = Pc.
Since in pure MOF-199 the CH4 permeability (from singlegas permeation) was 1000 Barrer, we have to conclude that
either pore blocking from polymer chain ends results in discriminating CH4 from entering the pores or that the excellent
adsorption of CO2 compared to CH4 in MOF-199 prevents CH4
from entering the pores (see above).
As Fig. 4 indicates, the filler volume of the 16 wt% MIL-101
(Cr)-6FDA-mPD MMMs already surpasses the filler volume of
the 24 wt% MOF-199@6FDA-mPD MMM and as a consequence
the relative permeability of the 16 wt% MIL-101(Cr) MMM
already reaches the is the relative permeability of the MOF-199
MMM. In general, one can observe a good match between the
predicted values of the “Maxwell model ∞” for the composite
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membranes and the experimental values. Larger deviations
between the model and the experimental values are revealed
for higher loadings of a filler volume fraction ϕd above 0.4 and

Fig. 4 Relative experimental (a) CO2 and (b) CH4 permeabilities (referenced to the permeability Pc of the pure polymer membrane) for
MIL-101(Cr)@6FDA-mPD
MMMs
(ﬁlled
red
squares)
and
MOF-199@6FDA-mPD MMMs (hollow red squares) with diﬀerent ﬁller
volume fraction ϕd (see eqn (S2), ESI† how ϕd is derived from the MOF
loading in wt%). The black line gives the relative theoretical gas permeabilities for a porous ﬁller (with permeability Pd ≫ Pc). Note that for the
same wt% of MOF the higher density MOF-199 leads to a lower ﬁller
volume fraction (see ESI† for details to the Maxwell model).

Fig. 5 CO2/CH4 separation performance of the studied MOF@6FDAmPD MMMs compared with the results from previously reported MOF
MMMs (see Table S5†). The straight lines are the Robeson upper bounds
for best polymer separation performances as deﬁned in 19918 and
2008.18
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should result from filler–filler interactions which are not considered in the Maxwell model.52
In Fig. 5 we compare the presented results with those previously reported from other MOF-containing MMMs (see
Table S5†). The performance of the 6FDA-mPD membrane
with 8 wt% of MIL-101(Cr) is located in the region considered
as commercially unattractive. However, the performance of
MOF-199@6FDA-mPD MMMs with 24 wt% MOF loading
clearly surpasses the polymer upper bound drawn in 1991, and
reaches the commercially attractive region. A MOF-199@6FDAmPD membrane with 24 wt% MOF loading exhibits specifically
much higher CO2/CH4 mixed-gas selectivity (89) than most
other MOF-based MMMs, combined with a good CO2 permeability of 28 Barrer.

Conclusions
In summary, high-performance gas separation mixed-matrix
membranes were obtained by combining the polyimide 6FDAmPD and nano- to microcrystalline particles of the MOFs
MIL-101(Cr) or MOF-199 (HKUST-1, Cu-BTC). The MOF particles showed good adhesion with the polymer matrix and the
resulting membranes were free of interfacial defects. We
demonstrated that the MMMs yielded to a substantial increase
in CO2 permeability as well as in CO2/CH4 selectivity for the
MOF-199@6FDA-mPD MMMs. The high permeability increase
for the MIL-101(Cr)@6FDA-mPD MMMs can be traced to the
high pore volume in MIL-101(Cr). The remarkable and unexpected increase in selectivity for the MOF-199 MMMs is
reasoned by pore blocking and reduction of the MOF window
size through polyimide together with the high adsorption of
CO2 by MOF-199. Still, more investigations are necessary for
better elucidation of permeation mechanisms and selectivity
properties, the intrinsic gas-transport properties of MOFs, the
roles of filler loading, geometry, pore size and the nature of
the molecular interactions on preferential adsorption when
using MOFs in MMMs.
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