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ABSTRACT: The synthesis of the isostructural MOF-5 analogue 3D-
[Cos( ,-O)(Me,pzba);] with the bi- or mixed-functional pyrazolate-
carboxylate linker was improved by the use of microwave heating instead
of previously described conventional thermal heating, giving a higher
yield at drastically shorter reaction time with nearly doubled BET surface
area, smaller size, and less aggregation. The signi cantly increased air/
moisture stability of [Co,( ,-O)(Me,pzba);] compared to MOF-5 made
the Co-MOF amenable for the preparation of moisture-tolerant [Co,( 4-
0)(Me,pzba),]/Matrimid mixed-matrix membranes (MMMSs) without
the use of inert conditions. Uniformly embedding of the small metal
organic framework (MOF) particles was achieved in the polymer,
without aggregation and with good MOF polymer compatibility.
[Cos( 4,-O)(Me,pzba);]/Matrimid MMMs exhibited an improved
CO,/CH, separation performance over neat Matrimid membranes with an increase in mixed-gas selectivity from 41 for
Matrimid to 60 for the 24 wt % MMM at 3 bar transmembrane pressure, which is also higher than reported for moisture-sensitive
MOF-5/Matrimid MMMs (maximal S = 45).

Co,

INTRODUCTION combined with good permeability. MMMs consist of organic
polymers and inorganic or inorganic organic hybrid particles,
which are embedded as functional llers in the polymer matrix.
A variety of materials impermeable and permeable have been
used as ller materials.® 2

Energy savings of up to 50% of the production costs can be
achieved by applying membrane technology in industry in the
separation of mixtures.” Membrane processes proved to be
advantageous over separations that had been carried out with

conventional methods, such as distillation, crystallization, or Metgl organic frameworks (MOFs).are p_otentlally porous
adsorption. Lower costs, reduced energy consumption, and three-d|_men3|onal _(3D) network _mater_|als W|tr_1 often selective
simpler process conditions make membrane separation adsorption properties. They consist of inorganic metal clus,3t3e£§1
techniques the preferred technology for the separation of which are coordinatively linked by organic molecules.™
mixtures.>> E cient processes for the removal of carbon Because of their high surface area, de ned pore size,
dioxide from industrial gas streams (biogas and natural gas) are crystallinity, and structural diversity, MOFs have attracted
of current interest * tremendous interest in various elds for potential applica-
Membranes are characterized by their permeability and tions.* * MOF llers in MMMs may have the potential to
selectivity to assess their e ciency. In current membrane Improve membrang gas _Sepggalglgon“ performance to a
preparations, organic polymers are the preferred material commercially attractive region.”""""* MOFs are hybrid
because of their general advantages like modest costs, high materials and o er various advantages over other, e.g., purely
exibility, high mechanical and chemical resistance, low energy inorganic  llers materials, like good compatibility with the
consumption, and their versatile use. However, polymer organic polymer composite.® **
membranes show a trade-o or inverse relation between gas Pure MOF-5 membranes as well as MOF-5 MMMs with
permeability and selectivity, which is described by the so-called various polymer materials have already shown good separation
Robeson upper bound, the performance limit of polymer
membranes known in the literature.>® Mixed-matrix mem- Received: February 9, 2017
branes (MMMs) are an alternative to pure polymer Revised:  June 19, 2017

membranes, as MMMs can exhibit markedly better selectivity Published: June 23, 2017
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properties for CO,/CH, gas mixtures.”* “° Yet, the strong
water sensitivity of MOF-5 is a considerable problem for
possible industrial applications. Because of the in uence of
humidity, an initial decomposition of MOF-5 can be observed
after just 10 min. After 24 h, the decomposition of the MOF-5
network is complete, and the material shows no more porosity,
which is a fundamental requirement for MOF llers in MMMs
in separation processes.*’

The introduction of linkers with donor groups of stronger
basicity such as imidazolates or pyrazolates can result in a
higher covalency of the metal ligand bonds and thus
contribute to markedly increased water stability. In metal-
azolate frameworks (MAFs), including zeolitic-imidazolate
frameworks (ZIFs), the metal centers are coordinated by
linkers from imidazolate, pyrazolate, triazolate, or tetrazolate
derivatives. MAFs can show high thermal and chemical stability,
which results from the more covalent coordination of the
nitrogen atoms to the metal ions. In addition, the substituents
on the linkers often form highly hydrophobic MAFs causing a
low a nity for the adsorption of water and thus also lead to
better water stability.***°

Recently MOF-5 analogous structures with a mixed- or
bifunctional pyrazolate-carboxylate ligand, 4-(3,5-dimethyl-1H-
pyrazol-4-ate)benzoate (Me,pzba® ), were reported (Figure 1).

@ "N )
Figure 1. (a) Mixed-functional pyrazolate-carboxylate linker 4-(3,5-
dimethyl-1H-pyrazol-4-ate)benzoate (Me,pzba® )/4-(3,5-dimethyl-
1H-pyrazol-4-yl)benzoic acid (H,Me,pzba) and (b) wire-frame
model (no H atoms shown for clarity) with an idealized pyrazolate-
only (blue) and carboxylate-only (red tetrahedra) coordination for
{Co,( +O)}.

These 3D-[M,( ,-O)(Me,pzba);] MOFs with accessible
porosity (Figure S1) were prepared for M = Co and Zn and
were characterized regarding their crystal structures and
sorption properties.” °

The [My( 4-O)(Me,pzba);] networks show the same
topology as MOF-5 with the identical [M,( ,-O)L3] sum
formula (M = Zn, L = terephthalate’? for MOF-5). The
pyrazolate and carboxylate groups from the Me,pzba® linker
coordinate statistically to the metal centers, and each ligand
bridges between two {M,( ,-O)} metal clusters (Figure 1).
Herein, we report an improved and scaled-up synthesis of the
MOF-5 analogue [Co,( 4-O)(Me,pzba);] using microwave
heating. Unlike MOF-5 the isostructural MOF 3D-[Co,( 4
0)(Me,pzha);] does not degrade in humid air. The MOF-
microcrystals were incorporated into MMMs with the
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commercial polymer Matrimid for the separation of carbon
dioxide from methane.

EXPERIMENTAL SECTION

All starting materials and solvents were obtained from commercial
sources and used without further puri cation unless otherwise
mentioned in the experimental description. Cobalt nitrate hexahydrate
(Co(NO3),-6H,0, 99%), potassium carbonate (99%) and copper(l)
iodide (99%) were obtained from Sigma-Aldrich. 4-lodobenzoic acid
(98%) was received from Acros Organics, and 2,4-pentanedione
(99%) and vr-proline (98%) were acquired from Merck. Dichloro-
methane (99%), N,N-dimethylformamide (99.99%), and dimethyl
sulfoxide (99%) were purchased from Fisher Chemical. Hydrazine
monohydrate was obtained from Alfa-Aesar. 4-(3,5-Dimethyl-1H-
pyrazol-4-yl)benzoic acid (H,Me,pzba) has been synthesized from 4-
iodobenzoic acid according to a previously reported®® but modi ed
procedure (details in Supporting Information). The polymer Matrimid
5218 was kindly supplied by Huntsman Advanced Materials. For
comparison, a sample of MOF-5 was prepared according to a literature
procedure.®® Details for the microwave-heating assisted synthesis of
3D-[Co,( 4-O)(Me,pzba)4], the synthesis of MOF-5, and character-
ization of these MOFs are given in the Supporting Information

Preparation of MMMs. Matrimid was dried at 120 °C for 24 h
under a vacuum to remove the adsorbed moisture. The MMMs were
prepared using a priming protocol.?® Priming of the MOF particle
suspension with part of the polymer solution reduces the stress at the
particle polymer interface and reduces also potential agglomeration of
the ller material.>> MMMs with 8 wt % of [Co,( ,-O)(Me,pzba),]
were prepared by dissolving Matrimid (400 mg) in dichloromethane
(35 mL) followed by stirring for 24 h. Simultaneously [Co,( 4
0)(Me,pzba),;] (35 mg) was suspended in dichloromethane (4.5 mL)
and was also stirred for 24 h. Afterward the MOF suspension was
homogenized by using an ultrasonic liquid processor (VCX 750
Sonics, Microtip 630-0419). The suspension was treated for 15 min
with an amplitude of 20% and was stirred for additional 45 min. The
homogenization step was repeated three times. Subsequently 0.31 mL
of the Matrimid solution was added to the MOF suspension to achieve
an equal polymer/MOF mass ratio in the priming mixture. This
mixture was stirred for an additional 24 h followed by repeating the
homogenization steps. Afterward, the remaining polymer solution was
added to the mixture and was stirred for one additional hour. This
mixture was cast into a metal ring (7.5 cm diameter) which was placed
on a at glass plate. The metal rings were covered with funnels to
protect the membranes from dust, but at the same time allow the
solvent to evaporate slowly. The membranes were left to dry overnight
at room temperature and were then peeled o from the glass plate and
dried under a vacuum at 120 °C for 24 h. The MMMs with 16 and 24
wt % were prepared following the synthetic procedure for 8 wt %
MMM using 76 mg and 126 mg MOF, respectively. Also, the added
Matrimid solution in the priming step was varied to 0.67 and 1.11 mL,
respectively.

CHARACTERIZATION

General Methods. Electron impact (EI) mass spectra were
obtained on a Finnigan Trace GC Ultra. *H NMR and 3C
NMR spectra were recorded with a Bruker Avance I11-600 at
290 K at 600 MHz. Thermogravimetric analyses (TGA) were
done with a Netzsch TG 209 F3 Tarsus in the range 25 to 1000
°C, equipped with Al,O5-crucibles and applying a heating rate
of 5 K-min * under nitrogen ow.

Powder X-ray di raction (PXRD) patterns were collected on
a Bruker D2 Phaser powder di ractometer equipped with a at
silicon, low background sample holder using Cu K radiation
( =1.5418 A, 30 kV, 10 mA, ambient temperature). With this
sample holder at 2 < 10° the beam spot is strongly
broadened so that only a fraction of the re ected radiation
reaches the detector; hence lower relative intensities are
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measured in this range. The sample of MOF-5 was measured
with a scan speed of 1 s/step and a step size of 0.15° (2 ) at
290 K in the range of 2 =5 70° The Co(ll)-compound
[Co,( 4,-O)(Me,pzba);] was measured with a scan speed of 2
s/step and a step size of 0.028° (2 ), and the lower
discriminative of the detector was raised from 0.1 to 0.2 V to
avoid reduced resolution by cobalt X-ray orescence. Simulated
PXRD patterns were calculated with CCDC Mercury 3.7
program using the single-crystal data of MOF-5° and [Co,( 4
0)(Me,pzba);].>° A Jeol JSM-6510LV QSEM Advanced
scanning electron microscope (SEM) with wolfram (W)
cathode (5 20 keV) was used for acquiring images. The
microscope was equipped with a Bruker X ash 410 silicon drift
detector and Bruker ESPRIT software for energy-dispersive X-
ray spectroscopic (EDX) analysis. The membrane cross
sections for SEM imaging were prepared through freeze-
fracturing after immersion in liquid nitrogen and coating with
gold using a Jeol JFC 1200 ne-coater (20 mA for 20 s).

Gas adsorption and permeation experiments were carried out
to characterize the gas uptake of [Co,( ,-O)(Me,pzba),] and
the separation performance of the MMMs. See Supporting
Information for a detailed description of the experiments.

RESULTS AND DISCUSSION

Microwave Synthesis vs Conventional Solvothermal
Method. The heating method in MOF preparation has been
extensively shown to be crucial for the resulting morphology
and especially for the particle size.”” These properties are of
importance for the preparation of MOF samples for MMM, as
the particle size in uences the distribution of the ller particles
within the polymer matrix and the interactions between ller
and matrix. The synthesis by microwave heating has been
reported as an e ective method to prepare small and uniformly
sized MOF particles as suitable llers in MMMs>® The
previously published synthesis procedure for [Co,( ,-O)-
(Meypzba)s] required 5 days of heating at 130 °C under
solvothermal conditions. A reduction of synthesis time would
represent a remarkable improvement in order to address a large
scale production of this material for applications. The reaction
time with conventional heating can be reduced from several
days to about 1 h by using microwave heating. The conversion
of microwave radiation into heat is very e ective and occurs
uniformly throughout the sample. As a result, no heat transfer
from outside into the sample is required, which is particularly
important for larger batches.”

In order to achieve a uniform distribution of the embedded
MOF particles in the polymer matrix, it is advantageous if the
MOF particles exhibit nanoparticle morphology, little aggrega-
tion, and have a small size distribution. Rapid heating during a
microwave-assisted synthesis decreased the particle size of a
MOF material in comparison with conventional heating, and
also a smaller size distribution was achieved.® In this study we
report for the rst time the synthesis of [Co,( ,-O)-
(Me,pzba),] by microwave heating with good yields of up to
95%, and we were able to scale up the syntheses to 1.34 g in a
single batch. Optimization concerning reaction time, temper-
ature, and molar ratio showed nearly quantitative yields for
reaction times of 1 h at 150 °C and a molar ratio of metal salt
to linker of 1.5 to 1. This is far better than the average yield of
70% in the conventional solvothermal reaction.”® The
characterization of the particle morphology and size by SEM
revealed that [Co,( ,-O)(Me,pzba)s] from microwave heating
is composed mostly of cubic-shaped particles with a size of 3
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11 m with little aggregation (Figure S3ab). Conventional
solvothermal heating yielded particles of 100 300 m which
were highly aggregated (Figure S3 in Supporting Informa-
tion).”® Thus, microwave heating gave particles with much less
aggregation and considerably reduced particle size (Figure S3
and Figure S7). A low degree of aggregation and small particle
size is important for the intended use of the material as additive
in MMMs in order to achieve a uniform distribution of the
MOF particles in the MMMs with no sedimentation.

The material [Co,( 4,-O)(Me,pzba),] is stable until about
350 °C from thermogravimetric analysis, irrespective of
preparation method. Up to 400 °C a slight weight loss was
observed, and an abrupt weight loss occurs above 480 °C,
corresponding to the decomposition of the compound (cf.
Figure 6). These data are in good agreement with the earlier
reported TG analysis of the solvothermal product.* It is known
that the nal decomposition of cobalt compounds with organic
ligands occurs at higher temperatures up to 900 °C.%*

The nitrogen adsorption isotherm for [Co,( ,-O)-
(Mezpzbagza] is of type I (Figure S4a), typical for microporous
materials.”~ The calculated Brunauer, Emmett and Teller
(BET) surface area for the microwave-synthesized material is
1850 m?*/g (measured 1 day after activation), which is
substantially higher than the reported value for the
solvothermal product ( 1070 m?/g).”° We trace this to an
improvement in the synthesis and activation protocol. We had
changed the activating solvent from ethanol to the more volatile
dichloromethane (DCM) in combination with an elongated
solvent equilibration time (24 h in DCM, instead of 2 h in
ethanol). Density-functional theory (DFT) calculations based
on nitrogen adsorption measurements show two pore diameter
(Figure S4b). The larger one of 14 A matches the value for the
pore size, which was determined by single-crystal di raction.*
The smaller value of 6 A corresponds to the pore windows,
which also can contribute in the adsorption process (cf. Figure
S1). To estimate if activation was complete, the theoretical
surface area was calculated using the program CrystalExplorer®®
(see Supporting Information for details). The experimental
surface area estimates are still only about half the theoretical
value for the BET model and Langmuir model. Experimental
N, sorption isotherms and BET or Langmuir surface areas
derived therefrom will always su er from defects, incomplete
ligand or solvent removal, partial framework collapse or
distortion, inaccessible void space, etc. Also concave bends of
the inner surface will be probed incompletely by N, adsorption
as its bent end-on adsorption will shield the nearby concave
surface part from further N, adsorption. For example, the
surface area around the pore window with a diameter of about
85 A (0.002 au) or 55 A (0.0003 au) (Figure S8) will be
probed by a N, molecule at 77 K with an excepted diameter of
4.32 A at this temperature. Thus, it is evident that only a
fraction of the surface around the pore window will be covered
by an N, molecule, while the remaining surface area will be
blocked from the approach of another N, molecule.

In MMMs selectivity of the ller materials in gas uptake is
essential to raise the selectivity above the level of the neat
polymer matrix. The reported CO, and CH, adsorption
isotherms of solvothermal [Co,( ,-O)(Me,pzba),] yielded a
selectivity of 3:1.°° CO, and CH, adsorption measurements
with the microwave-synthesized compound a rm this ratio
(Figure S9): The uptake at 820 mmHg of carbon dioxide (58
cm®/g) was three times higher than the methane value (21
cm®/g). A selectivity for CO, over CH, of 35:1 was
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determined by Henry plots of the adsorption isotherms (Figure
S10 in Supporting Information). The pore diameter (14 A) and
the pore aperture size (<10 A) in 3D-[Co,( ,-O)(Me,pzba),]
(Figure S1) together with the polarizability of CO, and the
kinetic diameters of CO, (3.3 A) and CH, (3.8 A) a ect the gas
selectivity.

For water-stability testing, especially in comparison to MOF-
5, we exposed [Co,( 4-O)(Me,pzha),] to ambient air for 24 h
and checked the crystallinity by PXRD (Figure 2). As the

JLJ\LW 1d ambient conditions
/J M
J ’\ A as-synth.
J A ‘ N . sim.

T T T T )

10 20 30 40 50
20 7]

Intensity [a.u.]

Figure 2. Powder X-ray di ractograms for [Co,( ,-O)(Me,pzba)] of
the microwave-synthesized (as-synth.) compound, after sonication in a
dichloromethane dispersion as for the MMM preparation and after
exposure to ambient air conditions for 1 day with air humidity of about
50 60% in comparison with simulated di ractogram (sim., based on
the X-ray data re nement, CCDC number: 937763).

porosity can be more a ected by hydrolysis than the
crystallinity, we also repeated the initial nitrogen sorption
study the porosity characteristics after 3 weeks where the
sample had been stored in a closed vessel under ambient air.
We also note that samples of [Co,( 4,-O)(Me,pzba);] were
routinely handled in ambient air without special precautions.
After 3 weeks in ambient air, the BET surface area was 1985
m?/g (versus 1858 m?/g after 1 day) and the speci ¢ pore
volume was 0.73 cm®/g (versus 0.67 cm®/g) (Table S1, Figure
S12), which can be considered identical within experimental
error.

To ensure no degradation during MMM fabrication, a
dispersion of [Co,( ,-O)(Me,pzba)s] in dichloromethane was
treated by sonication in the same way as for the preparation of
the membrane casting mixture only without the polymer. From
PXRD no change in crystallinity was apparent (Figure 2), and
the BET surface area of the sonicated sample was only slightly
reduced to 1777 m?/g (Figure S12). The activation of the
sonicated MOF was also carried out the same way as the
activation of the MOF/polymer MMM, that is, heating to 120
°C overnight.

The hydrolytic stability of [Co,( ,-O)(Me,pzba),] is far
better than for MOF-5. Stability investigations by Tranche-
montagne et al. showed a beginning degeneration of MOF-5
within 10 min after exposure to ambient air.>*

The classi cation of hydrolytic stability can be done in
various ways. To prove strong hydrolytic stability, the most
stressful case for MOFs is to load the degassed material with
water vapor by repeated, cycling water sorption and
concomitant cyclic thermal stress, e.g., by exposure to a
humidi ed gas ow, with a partial water vapor pressure of 5.6
kPa using argon as a carrier gas, with sample temperatures
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varying between 40 and 140 °C for at least 40 cycles®™ °® up to

several thousand cycles.®”® Also the material is often stirred in
water for a chosen time. For [Co,( ,-O)(Me,pzba),], a water
sorption isotherm and stirring in water for 1 h results in an
amorphous material with no crystallinity. A milder way is to stir
the material for 1 h in a water/DMF 1:2 mixture and to
increase the amount of water by adding de ned aliquots of
deionized water sequentially.” For [Co,( ,-O)(Me,pzha)s]
the water/DMF method revealed a higher water stability in
comparison to MOF-5 (Figure $11).°%"° Tests in a 1:2 water/
DMF mixture for 1 h did not show signi cant structural
changes by PXRD but a decrease in BET surface area to 715
m?/g occurred. For the crystallinity, pronounced decomposi-
tion is visible after 1 h in a 1:1 water/DMF mixture (Figure
S11). For MOF-5, a ratio of 1:4 (water/DMF) already induces
hydrolysis.>°

The hydrothermal stability of [Co,( ,-O)(Me,pzba);]
makes this analogue of MOF-5 more suitable for embedding
in MMMs for gas separation processes.

[Cos( 4-O)(Me,pzba)s)/Matrimid MMMs. Matrimid 5218
was chosen as polymer due to its high selectivity, high thermal,
and chemical resistance and commercial availability. Martimid
is a well investigated polymer matrix in MMMs with MOFs as a

ller material > " and serves as a model polyimide to study the
enhancement of separation properties upon addition of porous

llers in polyimides. The polyimide carries polar functional
groups (imide, carbonyl) (Figure 3) which are good interaction
sites with the surface of the MOF crystallites.

~~

Figure 3. Structure of Matrimid.

MMMs from Matrimid and MOF-5 which were synthesized
under inert conditions were reported by Perez et al. and
exhibited favorable separation properties.** Still, the MOF-5/
MMM s had to be stored under nitrogen to preserve the MOF-
5 crystallinity. Unfortunately Perez et al. did not examine the
stability of MOF-5 or MOF-5-MMMs regarding moisture.**
Previous work by Tranchemontagne et al. showed degradation
of MOF-5 within 10 min after expose to (humid) air.>*

The microwave-synthesized MOF [Co,( ,-O)(Me,pzba);]
was used to prepare MMMs with Matrimid using a priming
protocol.” The membranes were characterized by SEM,
PXRD, thermogravimetric analysis (TGA) and gas permeation.
The prepared MMMs (with 8 and 16 and 24 wt % [Co,( 4
0)(Me,pzha),;]) were tested in the separation of CO, from
mixtures of CO, and CH,.

SEM images in Figure 4 and Figure 5 show the cross sections
of the [Coy( ,-O)(Me,pzba);]/Matrimid MMMs at 8, 16, and
24 wt % of the MOF in the polymer matrix. The SEM images
of all membranes even with 24 wt % loading show a uniform
MOF dispersion in the polymer matrix. An energy-dispersive X-
ray spectroscopic (EDX) cobalt element mapping con rms the
uniform distribution of the MOF particles in the MMMs
(Figure 5). Particles with the element Co are evenly distributed
throughout the MMM cross sections. A slight MOF
sedimentation at the “bottom” of the casted membranes is
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a) Matrimid
+
8 wt%
MOF

b) Matrimid
+
16 wt%
MOF

¢) Matrimid

Figure 4. SEM images of cross-section of Matrimid with di erent loadings of [Co,( ,-O)(Me,pzba)] as

ller (a) 8 wt %, (b) 16 wt %, (c) 24 wt %.

Figure 5. EDX-mapping of cobalt (blue) in MMM cross sections (left: 8 wt %, right: 24 wt % [Co,( ,-O)(Me,pzba);]). Some detection of Co is
found outside of the membrane cross section due to re ection of the electron beam on the sample holder. The bottom of the images corresponds to

the bottom of the membrane when casted.

revealed, shown by locally increased intensity of the mapped
cobalt. There is no signi cant interfacial void formation around
the incorporated ller particles. No MOF particles separated
from the polymer can be seen in the cross sections which were
prepared by freeze-fracturing of the membrane samples (Figure
4). This is an indicator for high a nity between MOF particles
and polymer, which results in increased interfacial tension at
the particle/polymer interface.?®"

TGA of [Co,( 4,-O)(Me,pzba);]/Matrimid indicates a good
thermal stability for the prepared membranes following the
average of the degradation curve of the pure MOF and pure
Matrimid (Figure 6a).
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The crystallinity of [Co,( ,-O)(Meypzba),] is maintained
during the membrane preparation procedure, as depicted in
Figure 6b. The sonication and stirring steps in the priming
protocol did not a ect the MOF stability. Even after a 2 month
exposure to ambient conditions the distinct re ections of
[Cos( ,-O)(Meypzba);] in the MMM are still visible. For
direct comparison to the stability of a MOF-5/Matrimid MMM
the compound MOF-5 was synthesized>* and Matrimid
MMMs were prepared the exact same way as with [Co,( 4
0)(Me,pzba);]. The as-synthesized MOF-5 product was
identi ed by PXRD (with good agreement to the simulated
pattern from single crystal data, Figure 7)"® and a BET surface
area of 3600 m?/g (in agreement with literature values of a
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Figure 6. (a) Thermogravimetric analysis (TGA) curves of neat Matrimid, MMMs with 16 and 24 wt % and neat [Co,( ,-O)(Me,pzba),] (Co-
MOF) under nitrogen ow at a heating rate of 5 K/min. (b) Powder X-ray di ractograms for neat Matrimid membrane, neat [Co,( 4
0)(Me,pzba),] (activ.), the MMM with 24 wt % of Co-MOF and after exposure to ambient air for about two months.

Figure 7. PXRD patterns of simulated (CCDC number: 256965), as-
synthesized MOF-5 (as-synth.) and MOF-5 embedded in Matrimid
under noninert conditions for stability comparison with [Co,( 4,
0)(Me,pzba);]/MMM. Clear degradation is visible after preparation
of MOF-5 MMMs.

Langmuir surface area of 3900 m2/g°*). However, after
incorporation of MOF-5 into Matrimid MMMs using the
priming protocol under noninert conditions, degradation
occurred, as depicted in Figure 7. The air stability makes the
structural MOF-5 analogue [Co,( ,-O)(Me,pzba);] a more
suitable ller for MMMs than MOF-5 itself.

Permeation Results. Single gas permeation was carried with
CO, and CH, to test the intrinsic gas transport properties of
the MMMs and to investigate the in uence of [Co,( 4
0)(Me,pzba),] loadings on permeability and selectivity of the
MMMs. The measurements include pure Matrimid and MMMs
with 8 and 16 and 24 wt % [Co,( 4,-O)(Me,pzba)s]. As shown
in Table 1, all [Co,( 4-O)(Me,pzha),]/Matrimid mixed-matrix
membranes exhibited performance superior to the un lled neat
Matrimid membrane even when used two months after
preparation and storage under ambient air conditions. The
single gas permeation experiments were always repeated under
the same conditions (30 °C, 3 bar transmembrane pressure
di erence), to ensure reproducibility of the results. A strong
increase in CO, permeability and a lesser increase in CH,
permeability with MOF loading leads to an enhanced ideal
CO,/CH, selectivity with increasing MOF content reaching a
separation factor S Of 60 + 4 for CO,/CH, at 24 wt %
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Table 1. Single Gas Permeabilities of [Co,( 4-
0)(Me,pzba),]/Matrimid MMMs®

MOF-loading P (COy)° P (CH,)P S
[wt %] [Barrer] [Barrer] (CO,/CH,)°
0 99 + 01 0.28 + 001 36+1
8 154 0.1 0.40 + 0.03 38 +3
16 185 + 0.1 045 + 0.03 41 %3
24 228 +02 0.38 + 0.04 60 + 4

@Measured at 30 °C and 3 bar transmembrane pressure. ®Permeability.
“Selectivity.

MOF loading. The CO, permeability of 22.8 + 0.2 Barrer for
the 24 wt % MMM is more than a 2-fold increase compared to
the un lled neat Matrimid membrane.

To evaluate the practical separation performance of the
MMMs, mixed-gas permeation tests for the separation of CO,
from a 50:50 viv CO,/CH, mixture at 25 °C and a
transmembrane pressure of 3 bar were performed. CO,
permeability and CO,/CH, mixed-gas selectivity results for
the prepared membranes are displayed in Figure 8 and Table 2.
The mixed-gas CO, permeability of the membranes was slightly
reduced compared to their corresponding single gas perme-

Figure 8. Performance of [Co,( ,-O)(Me,pzba);]/Matrimid MMMs
with di erent [Co,( 4-O)(Me,pzba);] loadings in the separation of
CO, from a 50:50 viv CO,/CH, mixture at 25 °C and a
transmembrane pressure of 3 bar. Error bars correspond to standard
deviations. P = Permeability. S = Selectivity.
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Table 2. Summary of [Co,( ,-O)(Me,pzba);]/Matrimid MMM Performance for the CO, Separation of a CO,/CH, 50:50 v:v
Mixture at 25 °C#

membrane
MOF-loading [wt %] membrane thickness [ m] P (CO,)" [Barrer] P (CH,) [Barrer] Srea’ (CO,/CH,) (CO,/CH,)?
0 59 61 87 +02 0.21 + 0.00 41 %2 42 £ 2
8 59 74 97+ 18 017 + 0.03 56 + 2 57 +2
16 65 85 106 + 2.0 0.18 + 0.03 57 +1 58 + 1
24 90 74 130 + 1.0 0.22 + 0.01 60 1 61+ 1

3The data were obtained with a pressure di erence (transmembrane pressure) of 3 bar. Permeate side at atmospheric pressure with helium as sweep
gas. PPermeability. “Selectivity. “Separation factor.

ability. This is due to the e ect of permeate competition from A summary of the separation characteristics of the [Co,( 4
the competitive sorption and di usion of both gases.”” We can 0)(Me,pzba);]/Matrimid with 3D-MOF/Matrimid MMMs
rule out plastization. Plastization is the phenomenon that the from the literature compared to the Robeson upper bound of
permeability of both components increases and the selectivity 2008 is shown in Figure 9 and Table 3.

decreases caused by an increase in the segmental motion of
polymer chains at high feed pressures due to the presence of
one or more sorbates.”® Plasticization of Matrimid occurs above
a feed pressure of 12 bar, which is clearly higher than the feed
pressures used in this report.”” Up to a plastization pressure of
12 bar the reverse happens, with the permeability being
reduced with rising feed pressure.”

Also the mixed-gas selectivity of the [Co,( ,-O)-
(Me,pzba),]/Matrimid MMMs increased with ller loading
to a selectivity of 60 for CO,/CH, with a CO, permeability of
13 Barrer for MMM s with 24 wt % of [Co,( ,-O)(Me,pzba),].
This con rms the cumulative e ect of [Co,( ,-O)(Me,pzba),]
by selective adsorption of CO, over CH, in the MMM s during
the separation process, thereby enhancing the solubility of CO,
in the membrane material and increasing its permeability.

The performance of polymer membranes, pure MOF ) ) o o
membranes, and MMMs depends to a considerable extent on g'tgure/%l (iqm%an:\ﬁl“l\//lel\elm Ofdpertm‘eab"\'/'l“gé a'r\‘/ld,\Zi'Aec“V'lt'te_s OftM%']:'

; F : -type/iviatrimi S ana otner S relative 1o e
H;g dsoirrﬁ)tlgﬂ resell(:.‘/tltnglty n? g n:gfarr]gztegflswllﬁ& s,FotLghi oll\'/pl)gcl)zg Roﬁzson upper bound of 2008. Data obtained for MOF-5/Matrimid

o . . Liu et al. from ref 45 and MOF-5/Matrimid Perez et al. from ref 44,
selectivity can be determined by means of sorption measure- both from single-gas measurements. The mixed gas permeation data

ments of the di erent gases. For the separation problem of for other MOF MMM is obtained for NH,-MIL-53 and NH,-MIL-
carbon dioxide and methane, MOF-5 proves to be an excellent 101 (a) from ref 80, for MIL-125 and NH,-MIL125 (b) from ref 71,

separating agent due to its very high adsorption selectivity of for UiO-66 and derivatives (c) from ref 72. Data from this work is
S(CO,/CH,) = 16. Additionally single gas permeation from mixed-gas measurements. Filled symbols correspond to MMM,
experiments through MOF-5/poly(ether imide) MMMs un lled symbols to neat Matrimid membranes.

revealed that concomitant with the increase in CO, and CH,
permeability with MOF loading the solubility coe cient
increased more than did the di usivity coe cient of the gas
through the MMM. At the same time the gas solubility was

- 46 . .
higher for CO, than for CH,. ™ Experiments with pure MOF-5 thus the separation properties were improved. The selectivity

membranes which were synthesized on macroporous support g senaration potential of [Co,( 4-O)(Me,pzba)s]/Matrimid
material and characterized by single gas permeation experi- MMMs increased with the MOF mass fractions. The real

ments s_howed Knudsen di usion beha\_/ior; that is, the di usjon selectivity for CO,/CH, separation from mixed-gas measure-
properties were based on the pore size of MOF-5. A slight ments increased by 46% in [Co,( ,-O)(Me,pzba)s]/Matrimid

The [Coy( 4-O)(Meypzha);]/Matrimid MMMs showed an
improved selectivity over MOF-5/Matrimid MMMs in the
direction of the upper bound compared to the pure polymer;

deviation from the ideal Knudsen behavior was detected, which MMMs for 3 bar transmembrane pressure and CO,
was traced to microdefects in the membranes.**** MMMs from permeability increased by 49% compared to the neat Matrimid
30 wt % MOF-5 in Matrimid showed an increased permeability membrane. The MMM from 24 wt % [Co,( ,-O)(Me,pzba),]
of about 120% for carbon dioxide compared to pure Matrimid and Matrimid has moved into the direction of the Robeson
membranes with constant selectivity for CO,/CH, in gas upper bound.

separation processes.** MOF-5/Ultem 1000 MMMs exhibited Other 3D-MOFs as llers in Matrimid MMMs are also well
an increased carbon dioxide permeability by 50% with a mass investigated for the separation of CO,/CH, mixtures. NH,-

fraction of 20 wt % of MOF-5, and slightly decreased MIL-53 and NH,-MIL-101 give moderate improvement with
selectivity.”® MMMs with 25 wt % MOF-5 in a poly(ether respect to the neat Matrimid membrane at similar operating

imide) matrix show an increased permeability of carbon dioxide conditions.?® On the other hand the mixed gas selectivity and
by more than 300% with simultaneous increase in selectivity for permeability are signi cantly increased when the membrane is
CO,/CH, separation from 18 for pure PEI to 23.%° lled with NH,-MIL-125. At 15 wt % loading a selectivity of 50
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Table 3. Comparison of MOF/Matrimid MMMs

ller MOF-loading (wt %) P2 (CO,) [Barrer] P2 (CH,) [Barrer] S° (CO,/CH,) temp [°C] pressure di ° [bar] ref

none (neat Matrimid) 0 9.0 0.22 42 35 2 44
MOF-5¢ 10 111 022 51

MOF-5¢ 20 138 0.34 i

MOF-5¢ 30 202 045 45

none (neat Matrimid) 0 10.0 0.36 28 50 7 45
nano-MOF-5° 20 116 0.39 29

MOF-5° 20 38.8 133 29

none (neat Matrimid) 0 9 na. 34 35 3 80
NH,-MIL-53 25 9 na. 37

NH,-MIL-101 25 95 na. 36

none (neat Matrimid) 0 6 na. 30 35 9 71
MIL-125 15 18 na. 44

MIL-125 30 27 na. 37

NH,-MIL-125 15 17 na. 50

NH,-MIL-125 30 50 na. 37

none (neat Matrimid) 0 6 na. 31 35 9 72
UiO-66 30 16 na. 36

NH,-UiO-66 30 18 na. 37

NH,-UiO-66-ABA 30 38 na. 48

none (neat Matrimid) 0 8.7 021 41 25 3 this work
[Co4( 4-O)(Meypzha),] 8 9.7 0.17 56

[Cou( 4+-0)(Me,pzba)s] 16 10.6 018 57

[Co,( +-O)(Me,pzba)s] 24 13.0 0.22 60

3permeability. °Selectivity. “Transmembrane pressure. “MMM preparation under inert conditions, single gas permeability and ideal selectivity.
*MMM preparation speci ed with dry MOF-material, single gas permeability and ideal selectivity.

is reached, higher loadings further increase permeability but
lose some selectivity.”* The incorporation of UiO-66 in
Matrimid results both in better permeation rates and separation
factors. This is slightly more pronounced for the use of the
amine functionalized UiO-66 and can be further increased
when 4-aminobenzoic acid (ABA) is used as a modulator
during the NH,-UiO-66 synthesis to prepare NH,-UiO-66-
ABA/Matrimid MMMs."?

Higher selectivities can be achieved for Matrimid-based
MMMs (up to 80 at low ller loadings), when the morphology
of the MOF is engineered toward “two-dimensional (2D)”
nanosheets to function as 2D sieve sheets. Such was shown for
the MOF of Cu-benzene dicarboxylate where the 2D sheets
were at the same time oriented perpendicular to the direction
of di usion, which results in repeated gas discrimination events
by the MOF nanosheets, contributing to higher separation
selectivity.*

High performing MMMs can be produced when polymers
with better intrinsic CO, separation properties are used as
membrane matrix, with the potential to surpass the Robeson
upper bound.®®* Examples are MOF MMMs from 4,4 -
(hexa uoroisopropylidene)diphthalic anhydride (6FDA) con-
taining polyimides,®**® PIM-1%*#> (polymer with intrinsic
microporosity), and Pebax®® (poly(amide-b-ethylene oxide)).

CONCLUSIONS

In summary the synthesis of the MOF-5 analogue 3D-[Co,( 4
0)(Me,pzha),] was improved by microwave heating compared
to the conventional solvothermal synthesis concerning yield,
reaction time, BET surface area, smaller particle size, and less
aggregation. The control of the particle size and shape of MOF

llers has been shown to be crucial for the preéoaration of MOF
MMMs with improved separation properties.”®” Thereby the
choice of the MOF preparation method gives the possibility to

access the full potential of a MOF material by preventing MOF
particle aggregation and improve distribution and orientation of
the ller. In this work the choice of microwave heating could
generate nonaggregated MOF particles compared to the
conventional solvothermal synthesis method. Microwave-
assisted heating also proved to be a powerful tool for the
preparation of smaller MOF particles and the upscaling of the
MOF synthesis. Synthesis methods to in uence the growth and
porosity of MOFs have been the subject of recent reviews.®®
The use of these methods to produce application-adapted
particles should have great potential to optimize the
morphology of MOF llers in MMMs regarding performance
and applicability.

Further [Co,( 4-O)(Me,pzba);] showed a signi cantly
increased moisture stability compared to MOF-5. In [Co,( 4
0)(Me,pzba);]/Matrimid MMMs the SEM images in
combination with EDX cobalt element mapping showed that
the MOF particles were uniformly embedded in the polymer,
with good MOF polymer compatibility which was a rmed by
the improved CO,/CH, separation performance of the MMMs
over neat Matrimid membranes. The [Co,( ,-O)(Me,pzba),]
containing membranes show an increase of more than 46% in
CO,/CH, selectivity for 24 wt % ller loading and 3 bar
transmembrane pressure relative to the pure Matrimid
membrane, together with an enhanced permeability of 49%
for CO.,.

For moisture-sensitive MOFs with labile metal ligand
bonds, an intensive characterization of the ller material is
necessary to ascertain whether the permselectivity e ect of the
MOF material is indeed due to its still existing porosity.
Therefore, it is important to ensure whether the MOF
characteristics, especially porosity, are maintained in the nal
MMM material by treating the MOF in the absence of polymer
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identical to the MMM formation and verifying retention of its
properties.
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