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Increased Selectivity in CO,/CH, Separation with Mixed-Matrix
Membranes of Polysulfone and Mixed-MOFs MIL-101(Cr) and
ZIF-8
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Abstract: Combination of two hydrothermally stable MOFs
MIL-101(Cr) and ZIF-8 in a 1:1 ratio in a polysulfone (PSF) mixed-
matrix membrane (MMM) showed a significant higher selectiv-
ity in mixed-gas CO,/CH, permeation tests for 16 wt.-%
MIL-101(Cr)/ZIF-8 compared to analogous single-filler MMMs
[MIL-101(Cr) or ZIF-8] or to the also tested combination NH,-

MIL-53(Al)/ZIF-8 (1:1 ratio). The CO,/CH, selectivity increased
significantly from 23 to 40 from pure PSF to the 16 wt.-% MIL-
101(Cr)/ZIF-8 membrane. Separation of CO,/CH, is relevant for
purification (“sweetening”) of natural gas (CH,; as main compo-
nent) which is soured with up to over 40 % CO, and N, and
only useable at low CO, concentrations.

Introduction

Membrane processes are very useful in chemical industry to
save energy in the separation of mixtures which occur in all
production processes. Energy savings of up to 50 % of the pro-
duction costs can be achieved by applying membrane technol-
ogy.l"? Applied industrial membrane processes include natural
gas treatment (removal of CO, before the natural gas can be
passed to the pipeline), hydrogen isolation and recovery (i.e, in
cracking processes), oxygen enrichment from air (medical devi-
ces) and nitrogen enrichment from air (used as protecting at-
mosphere for oxygen sensitive compounds).>* Membrane
processes such as vapor recovery systems,’™ monomer recovery
units, e.g. ethylene/N, or propylene/N, separation,®”! the de-
hydration of organic solvents and the removal of larger mol-
ecules from organic solventst® have fast growing market poten-
tial. At present organic polymers are mostly used in the prepa-
ration of commercially applied membrane as they are cheap
to produce and easy to process in comparison with inorganic
materials.

Selectivity and permeability are basic characteristics for
choosing membrane materials to determine the economics of
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membrane processes.[”’ More complex operations with higher
costs are needed when the separation processes have to be
multi-step due to lower selectivity. The permeability correlates
the membrane area or the number of membrane modules with
the gas volume per time factor. Pre-combustion O,/N, separa-
tion and natural gas treatments require high permeability mem-
branes for large-volume gas feed streams.

Mixed-matrix membranes (MMMs) are composite mem-
branes made by combining an inorganic or inorganic-organic
hybrid material in the form of micro- or nanoparticles (discrete
or dispersed phase) and a polymer matrix (continuous phase)
(Scheme 1).I°771 By using two materials with different flux and
selectivity, gas separation membranes combine synergistically
the easy processability of polymers and the superior gas separa-
tion performance of inorganic materials. MMMs may provide
separation properties which can be above the Robeson upper
bound.['® Moreover porous inorganic fillers can overcome the
trade-off between selectivity and permeability which is typical
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Scheme 1. Schematic representation of a (polysulfone) mixed-matrix mem-
brane with two different additives (fillers), thereby also indicating different
possible sizes, shapes and components for the inorganic filler materials.
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for pure polymer membranes. Different types of inorganic addi-
tives, impermeable and permeable ones, have been used as
filler materials.[®12-1519.20]

An improvement of gas permeation performance would be
expected if nanostructured porous additives such as zeolites or
metal organic frameworks (MOFs) could be applied with size-
selective adsorption properties. Moreover since a MMM is the
dispersion of filler particles in a polymeric matrix, both polymer
and filler properties affect the separation performance.l®'3!
Concerning the filler, its chemical structure, surface chemistry,
particle size distribution and aspect ratio are other important
variables. MOFs offer various advantages over zeolites and
therefore are promising additives for MMMs.21-261 For example,
MOFs can interact strongly with the polymer bulk material
through ligands with a broad variety of functionalities so that
the formation of micro gaps between inorganic and organic
phase, which cause loss in selectivity, can be avoided.'>"'¥ |n
order to obtain materials with optimized separation properties
a perfect interaction between the two components is highly
important for the preparation of MMMs. Also, MOFs are not
only tuneable concerning their chemical groups, but also for
their pore volume and surface area.l?”!

Different from studies on continuous (pure) MOF mem-
branes,[23252829 we present here results on the CO,/CH, sepa-
ration with MMMs of the combination of both MIL-101(Cr)3
and ZIF-853" with polysulfone (PSF). MIL-101(Cr) has cages with
diameters of 3.4 nm and hexagonal windows of up to
1.6 nm.3% ZIF-8 has cages with diameters of ca. 1.1 nm and
0.34 nm window sizes.3'3?! Especially ZIF-8 should be able to
discriminate between CO, with kinetic diameter 0.33 nm and
CH, with kinetic diameter 0.38 nm given the recently shown
electrostatic flexibility of the ZIF-8 framework.3?

The separation of CO,/CH, is relevant for purification
(“sweetening”) of natural gas (where CH, is the main compo-
nent), which is typically soured with up to over 40 % CO, and
N, and only useable at low CO, concentrations.[2333!

Even though it has been shown in the last years that several
MOFs are very interesting for the fabrication of MMMs with
attractive separation characteristics (see Table S4 and Figure S6
in Supporting Information for some specific examples), the
combination of two different MOFs in the same MMM has not
been reported to date. This new approach was only introduced
for zeolite-MOF, layered silicate-ordered silica or ordered silica-
MOF combinations.>4-3¢1 Here we show that this MOF-MOF
combination produces synergistic effects leading to mem-
branes with better permeation properties than those corre-
sponding to MMMs with only one MOF filler type. In addition,
we note that the hydrothermal stability of MOFs appears to be
a key and often overlooked issue for their potential applications
in gas storage and separation. MOF-5 and the IRMOF-series
have a low moisture stability, HKUST-1 [Cu3(BTC),] is intermedi-
ate but eventually decomposes.?”? MiL-type compounds, in-
cluding MIL-101(Cr),28 NH,-MIL-53(Al), Al-fumarate,'**! CAU-10-
HH0l and ZIF-8 exhibit high water stability.3”4'42! In industrial
gas separation processes moisture is a major concern and it is
economically not feasible to use completely dry feed gas
streams in order to prevent the membrane from degradation.
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Therefore, in this work hydrolytically stable MOF materials were
especially investigated as additives for the preparation of
MMMs.

Results and Discussion

MIL-101(Cr) was synthesized and activated according to previ-
ously reported procedures%43 while ZIF-8 was synthesized ac-
cording to the procedure described in the Supporting Informa-
tion. Particles size are in the range of 110-400 nm for MIL-
101(Cr) and 75-105 nm for ZIF-8, with BET surface areas of
about 2690 m?/g and 1428 m?/g, respectively. The synthesized
MOF particles (Figure 1) were used to fabricate membranes
with the commercial polymer polysulfone (PSF) (see Supporting
Information) following our previous work.*¥ The interaction of
the synthesized MOFs with polymer is favored due to their par-
tially organic nature.

Figure 1. SEM images of MIL-101(Cr) (a) and ZIF-8 (b) nanocrystals.

Figure 2 shows scanning electron microscopy (SEM) images
of the cross sections of MIL-101(Cr)/ZIF-8@PSF MMMs with dif-
ferent loadings of mixed MOFs MIL/ZIF in 1:1 ratio. The MOF
particles showed good adhesion with the polymer matrix as
the membrane cross-section morphology reveals the formation
of circular cavities and elongated matrix segments with in-
creased plastic deformation of the polymer (Figure 2). MOF
crystals were homogeneously distributed in the PSF matrix, no
particle agglomeration can be observed and the coexistence
of both MOF fillers was confirmed by energy-dispersive X-ray
spectroscopy (EDX, Figure 3) and powder X-ray diffraction
(PXRD) measurements (see Figures S1-S5 in Supporting Infor-
mation). The EDX mapping (Figure 3) depicts the homogeneous
distribution in the polymer matrix of Cr (red) and Zn (green)
elements coming from MIL-101 (Cr) and ZIF-8 particles. PXRD
indicated that the membrane preparation procedure did not
alter the filler crystallinities. The gain of filler combination is
clearly demonstrated from the point of view of gas separation
performance for CO,/CH, mixtures (related to natural gas up-
grading). Results of CO, and CH, gas permeation and separa-
tion experiments conducted with MIL-101(Cr)/ZIF-8@PSF mem-
branes are shown in Figures 4 and 5 (Tables S1-3 in the Sup-
porting Information). The experiments were made on MMMs
containing 8, 16, 24 and 35 wt.-% of MIL-101(Cr)/ZIF-8 (in 1:1
mass ratio, that is 4 + 4 wt.-%. etc.). At lower loading (below 8
wt.-%), no significant results were obtained while at higher
loading (above 24 wt.-%) of a single MOF, the resulting mem-
branes were not any more stable. Good quality membranes

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim



{®*ChemPubSoc
“S{* Europe

with 35 wt.-% MOF loading were only possible in the case of
the filler combination [MIL-101 (Cr) + ZIF-8]. The mixed-MOF-
MMMs yielded increases in gas permeabilities with increasing
MIL-101(Cr)/ZIF-8 weight percentage in PSF. The CO, permeabil-
ity increased from about 5 to over 30 Barrer from pure PSF to
the 35 wt.-% MIL-101(Cr)/ZIF-8@PSF membrane. The CO,/CH,
selectivity increased significantly from 23 to 40 from pure PSF
to the 16 wt-% MIL-101(Cr)/ZIF-8 membrane and then de-
creased again to 24 with 35 wt.-% MIL-101(Cr)/ZIF-8@PSF (Fig-
ures 4 and 5). The breaking of polymer chain packing and link-
ing due to the presence of fillers leads to an increase in polymer
matrix free volume plus the large porosity of MIL-101(Cr) can

Figure 2. SEM cross-sections of MIL-101(Cr)/ZIF-8@PSF membranes based on
PSF with total different loadings of mixed MOFs MIL/ZIF (1:1): a) 8 wt.-% (d =
76 um), b) 16 wt.-% (d = 100 um), c) 24 wt.-% (d = 110 um) and d) 35 wt.-%
(d = 135 pm) (total MOF wt.-%); d is the average membrane thickness.

Figure 3. Images of EDX mapping (Cr red and Zn green) of MIL-101(Cr)/
ZIF-8@PSF membranes based on PSF with total different loadings of mixed
MOFs MIL/ZIF (1:1): a) 8 wt.-%, b) 16 wt.-%, c) 24 wt.-% and d) 35 wt.-%.
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explain the permeability improvement in agreement with previ-
ous publications related to ZIF-8 containing MMMs.!34
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Figure 4. CO,/CH, permeability (bars) and mixed-gas separation performance
(lines) of pure PSF and MIL-101(Cr)/ZIF-8@PSF MMMs, compared with the
data on MIL-101(Cr)@PSF and ZIF-8@PSF MMMs at different MOF loadings
[MIL-101(Cr), ZIF-8 and MIL-101/ZIF-8 in 1:1 ratio]. MMMs with 35 wt.-% of
single MOFs (MIL-101 or ZIF-8) were unstable and their performances were
not measured.
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Figure 5. CO,/CH, separation performance of MOF-PSF MMMs [Mc = MIL-
101(Cr), Ma = NH,-MIL-53(Al), Z = ZIF-8; the add-on numbers 8, 16, 24 and
35 give the total different MOF loading] compared with the results from
single-MOF MMMs [Mc = MIL-101(Cr) or Z = ZIF-8 only] and with the literature
results of MMMs made of MOF-silicalite filler combinations (* data were taken
from literature; S1C = silicalite-1; 16 wt.-% filler loading).3%

Moreover, the combination of fillers of different nature [MIL-
101(Cr) more hydrophilic; ZIF-8 hydrophobic] and textural prop-
erties (see above) should enhance the particle dispersion avoid-
ing agglomeration which in turn favors the action of the MOFs
adsorbing CO, [MIL-101(Cr)] and sieving CH,4 (ZIF-8) improving
the separation selectivity up to the total loading of 16 wt.-%.
At 35 wt.-% combined filler voids become apparent in the SEM
cross-section (Figure 2 d) which may also exist already at 24
wt.-% and such voids would lead to the observed decrease in
selectivity. In agreement with this, Figures 4 and 5 show that
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the combination of MIL-101(Cr) and ZIF-8 in PSF provides se-
lectivity enhancement as compared with data when only a sin-
gle MOF filler is used.

Concerning the best performing MMMs in terms of selectiv-
ity [16 wt.-% MIL-101(Cr)/ZIF-8] and permeability [35 wt.-% MIL-
101(Cr)/ZIF-8] another MIL MOF, NH,-MIL-53(Al),**! was em-
ployed replacing the MIL-101(Cr), since an increase of selectivity
was found due to the intrinsic flexibility of the MOF filler."®! At
low adsorbate pressures the narrow pore form is preferred
while the framework expands at higher CO, pressures produc-
ing an enhanced performance, as occurred in 25 wt.-% NH,-
MIL-53(Al) MMMs working at AP = 10 bar of total feed pressure
and -10 °C (CO,/CH, selectivity of 110).' 16 and 35 wt.-% NH,-
MIL-53(Al)/ZIF-8@PSF MMMs are also plotted for comparison in
Figure 5. Fixing 16 wt-% MOF loading a permeability of 10
Barrer of CO, and a selectivity of 22 was reached by combining
NH,-MIL-53(Al) and ZIF-8 (1:1) within the same membrane.
These results were lower than expected. Membranes were
tested at lower pressures (AP = 2 bar), where it was found that
the presence NH,-MIL-53(Al) did not have an effect on the
permselectivity. In fact, the adsorptive behavior of NH,-MIL-
53(Al) on membranes was inhibited due to the breathing effect
at low pressures. Therefore, the best mixed-MOF gas separation
performance was observed for the MIL-101(Cr)/ZIF-8 pair that
promotes CO, transport over that of CH,.

Different interactions between the polymer chains and
mixed-MOF external surface areas, compared to only one MOF
filler, may induce an increased rigidity and limited motion of
the polymer, implying a synergistic effect between both fillers.
Also the synergy may come from the different surface chemistry
of both fillers types, which influences the dispersion and pre-
vent agglomeration in the polymer matrix. In addition, the CO,
adsorption capacity is considerably higher for MIL-101(Cr) than
for ZIF-8.3446471 The higher separation selectivity (40) for CO,/
CH,4 mixture at 16 wt.-% MIL-101(Cr)/ZIF-8 was only achieved
when MIL-101 was combined with ZIF-8. MMMs made of single
filler [MIL-101(Cr) or ZIF-8] give almost constant selectivities
along the different loadings. An exception is the case of 8 wt.-
% ZIF-8 where an increased selectivity was noticed, probably
due to the molecular sieving effect of this MOF in addition with
the good filler dispersion at low loadings.

A comparison of the present results (Figure 5) with previ-
ously reported results from other mixed filler-containing
MMMs34 shows that the MIL-101(Cr)/ZIF-8@PSF membranes
exhibit higher CO,/CH, permeation performance than other
mixed filler-based MMMs. Further comparison of these results
with literature data can be found in Figure S6 in the Supporting
Information. Single MOFs with polyimides in MMMs can give
higher CO, permeabilities but the concept of mixed-MOF
MMMs has not yet been tested with polyimides.

Conclusions

In summary, the use of two different MOFs [MIL-101(Cr) and
ZIF-8] in the same MMM produces synergistic effects leading
to membranes with better CO,/CH, permeation and selectivity
(permselectivity) properties than those corresponding to MMMs
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with only one filler type or with other filler combinations (e.g.
zeolite-MOF). Besides the complementary textural properties of
both MOF types, the difference in their chemistry properties
may contribute to the dispersion and disagglomeration inside
the polymer matrix The results achieved herein confirm that
the combinations of different types of fillers may help for the
improvements in gas separation using MMMs.2#4 Despite the
selectivity improvement, the permeabilities are far away lower
than the permeance obtained from the pure MOF mem-
branes.’?”) But one should notice nevertheless that it is not easy
to compare dense membranes (where permeability is used)
with supported pure MOF membranes (where permeance is
used) because of different factors (membrane thickness, separa-
tion principle, etc.) that differentiate both systems. More investi-
gations are still necessary for better elucidation of permeation
mechanisms and selectivity properties, the roles of filler load-
ing, geometry, pore size and the nature of the molecular inter-
actions on preferential adsorption when comparing single-
MOF-MMMs with mixed-MOF-MMM:s.

In future we will also address a possible “size-difference” ef-
fect for the different interactions of the fillers with the polymer
chains by trying to prepare MMMs of the same MOF with differ-
ent ranges of particle size.

Supporting Information (see footnote on the first page of this
article): Synthesis and characterization details of MIL-101(Cr), ZIF-8
MOFs and MMM:s.
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