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ABSTRACT

Amino functionalized MOFs (NH2-MIL-53(Al) or NH2-MIL-101(Al)) were used
as dispersed phase in the fabrication of mixed matrix membranes (MMMs) with a
polymer matrix of sulfur-containing copolyimides (6FDA:DSDA/4MPD:4,4’-SDA 1:1
(polymer Pl) or 6FDA/4AMPD:4,4’-SDA 1:1 (polymer P2)). The gas separation
properties of the MMMs obtained were tested for permeation of H2, CH4 and COa.
Membranes comprising polymer P1 showed better interaction with the fillers used than
polymer P2, and therefore better separation properties, especially for NH2-MIL-101(Al).
Upon NH2-MIL-101(Al) loading the performance of pure polymer was improved
approaching the Robeson 1991 Hz/CHs4 and CO2/CHs upper bound limits with high
permeabilities, e.g. 114, 71 and 1.7 Barrer for H2, CO2 and CHa4, respectively, using 10
wt.% NH2-MIL-101(Al)@P1. These improvements are related to the pore size of the
filler, the flexibility and functional groups of sulfone-containing DSDA, and polymer

rigidification.
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1. Introduction

Although nowadays gas separation on an industrial scale is mainly carried out by means
of distillation, low temperature condensation or adsorption processes, membrane
technology is a promising method in economic and energy saving terms [1]. While
ceramic or inorganic membranes may have applications in special cases due to their
good permselectivity and high thermal and chemical stability, the majority of membrane
based gas separation industrial processes use polymeric membranes because of their
easy processability and low cost [2].

As Robeson reported in 1991 [3] (updated in 2008 [4]), there is a trade-off between
permeability and selectivity in the separation of gas mixtures by polymers. In recent
years several approaches have been developed to overcome this limitation. One
approach is fabricating so-called mixed matrix membranes (MMMs) which consist of a
composite comprising two phases: a polymer matrix and a dispersed phase [5]. The first
MMMs were prepared using conventional fillers such as zeolites, carbon molecular
sieves and silicas. However, over the last few years new materials have been
incorporated, e. g. carbon nanotubes, clay layered silicates, metal organic frameworks
(MOFs) or graphene [2,6,7].

MOFs have important advantages when compared with other fillers. One of the main
problems of zeolite based MMM s is the formation of voids at the interface because of
the poor affinity between the inorganic and the organic phase, thus lowering the
selectivity of the membrane and therefore causing it to underperform [8]. However, in
the case of MOFs the organic ligand may improve the filler-polymer interaction [9,10],
avoiding the presence of non-selective micro gaps.

Since the first pioneering work of Yehia et al. [11] based on the use of Cu BPDC-TED

to improve selectivity for CHs, several MOF based MMMs have been reported and



recently the subject has been reviewed [7, 12, 13]. Membranes of highly permeable
polyimide, specifically 6FDA/DAM, containing ZIF-90 showed an unprecedented high
performance for CO2/CHs separation and promising CO2/N2 separation properties [14].
As a different approach, the use of flexible fillers such as NH2-MIL-53(Al) with
different polymers such as polysulfone or polyimide enable the fabrication of MMMs
whose selectivities are enhanced at high pressures [15,16]. NH2-MIL-53(Al) shows
excellent adhesion with these polymers, allowing loadings up to 32 wt.%. More
recently, Nik et al. [17] prepared MMMSs composed of UiO-66, NH2-UiO-66, UiO-67,
MOF-199 or NH2-MOF-199 with 6FDA-ODA. They reported that fillers containing
amino groups may improve the interaction between the polymer matrix and the
dispersed phase, and may lead to the rigidification of the polymer at the interface of
both phases, decreasing the permeability while increasing the selectivity.

NH2-MIL-53(Al), first reported by Arstad et al. [18], is based on MIL-53 topology,
where 1,4-benzenedicarboxylic acid is replaced by 2-aminoterephthalic acid. MIL-53
exhibits 1D diamond-shaped channels and is built from chains of (AlO4(OH)2) corner-
sharing octahedra, which are connected by means of the organic ligand [19]. The
empirical formula of NH2-MIL-53(Al) is Al(OH)[H2N-BDC]-0.9H20 [20]. Although
MIL-53 and NH2-MIL-53 exhibit the same topology, their so-called breathing behavior
is different. Whereas, upon dehydration, MIL-53 has open pores of diameter 8.5 A at
room temperature (large pore form, lp), NH2-MIL-53(Al) has a very narrow pore form
(vnp form) because of the hydrogen bonding between the NH2 groups of the organic
ligand and the bridging oxygen atoms and OH groups of the infinite corner-sharing
chains [21]. MIL-101 has been reported to be the kinetically favored form of MIL-53
[22]. MIL-101 is composed of trimeric metal octahedral units that are interconnected by

the organic linker to form supertetrahedra (STs). The STs are further connected to each



other to obtain the augmented MTN-type zeolite framework. This topology exhibits two
types of cages: small cages, which possess a free diameter of 29 A and pentagonal
windows of 12 A, and larger cages with a free diameter of 34 A and both pentagonal
and hexagonal windows, the latter with a 14.5 A by 16 A free aperture [23,24]. The
empirical formula of MIL-101 synthetized with chromium as metal and fluorhydric acid
is Cr3F(H20)20[BDC]3-nH20 [23].

Fluorinated sulfur-containing copolyimides have recently been reported to show high
potential for optical applications [25]. In this work we have studied the gas permeation
properties of the tioether and sulfone-containing copolyimides
6FDA:DSDA/4MPD:4,4’-SDA (1:1) and 6FDA/4MPD:4,4’-SDA for the first time, and
we have prepared MMMs with NH2-MIL-53(Al) and NH2-MIL-101(Al). The aim was
to study the influence of the functional groups of the polymer on the interaction
between the copolyimide and the MOF materials which could affect the overall

performance of the membrane in gas separation.

2. Experimental

2.1. Synthesis of NH>-MIL-53(Al)

NH2-MIL-53(Al) synthesis was carried out under the optimized synthesis conditions
previously reported by Ahnfeldt et al. [20]. In a typical synthesis, 3.1 g of
AI(NO3)3-9H20 (Sigma Aldrich, >98%) was mixed with 1.5 g of 2-aminoterephthalic
acid (NH2-H2BDC, Sigma Aldrich, 99%) in a Teflon®-lined autoclave. Then 22.8 mL
of distilled water was added and the mixture was heated up to 150 °C for 5 h. The
product obtained was washed 3 times with acetone. NH2-MIL-53(Al) was activated in
order to remove the unreacted NH2-H2BDC present in the pores. For this purpose, as-

synthesized NH2-MIL-53(Al) was treated at 150 °C for 48 h in N, N-



dimethylformamide (DMF, Alfa Aesar, 99%) and then the powder was evacuated
heated at 150 °C for 8 h to remove the trapped DMF.

2.2. Synthesis of NH>-MIL-101(Al)

The procedure followed to obtain NH2-MIL-101(Al) was performed as described by
Serra-Crespo et al. [24]. In this case 0.51 g of AICI3-6H20 (Sigma Aldrich, 99%) and
0.56 g of NH2-H2BDC were dissolved in 30 mL of DMF. After 30 min stirring the
autoclave was capped and heated at 130 °C for 3 days. Then the product was washed 3
times with acetone. As-synthesized NH2-MIL-101(Al) was activated with methanol
under reflux overnight and evacuated at 200 °C for 16 h.

2.3. Copolyimide synthesis

The monomers used for copolyimide synthesis (see structure in Fig. 1) - 4,4’-
(hexafluoroisopropylidene) diphthalic anhydride (6FDA, Alfa Aesar, 99%), 3,3’,4,4’-
diphenylsulfonetetracarboxylic dianydride (DSDA, TCI, >96%), 2,3,5,6 tetramethyl-p-
phenylenediamine (4MPD, Sigma Aldrich, 99%) and bis(4-aminophenyl) sulfide (4,4’-
SDA, TCI, >98%) - were purified by sublimation prior to their use. Besides,
dimethylacetamide (DMAc, Merk, for synthesis) was distilled before use as a solvent,
and acetic anhydride (Acros Organics, >99%) and triethylamine (Acros Organics,
>909%) were used as received.

In order to study the influence of the polymer composition on the interaction between
MOFs and the polymer in the MMMs, a mixture 1:1 of the diamines 4MPD and 4,4’-
SDA was polymerized with two different dianhydrides: a mixture 1:1 of 6FDA with
DSDA (hereafter polymer 1, P1) and 6FDA (hereafter polymer 2, P2).

To obtain the copolyimides, a two-step procedure was followed [26]. In the first step the
diamines were dissolved in DMAc in a moisture free flask under nitrogen atmosphere

and 6FDA was added in small portions. Then the mixture was stirred overnight and



polyamic acid (PAA) was formed. In the second step PAA was chemically imidized
using an equimolar, threefold excess (based on the total amount of diamine monomers)
of a triethylamine/acetic anhydride mixture, and the mixture was heated up to 120 °C
for 30 min. After cooling, the product was precipitated in a 1:1 volume mixture of
ethanol and distilled water. The polymer was milled and washed with ethanol before
drying at 150 °C for 48 h under vacuum.

2.4. Preparation of MOF mixed matrix membranes

First of all, bare P1 and P2 membranes were prepared in order to compare their results
with those of MMMs. These MOF — free membranes were obtained preparing a solution
of P1 or P2 (0.3 g) in THF (Sigma — Aldrich) which was filtered through a syringe filter
(PTFE membrane, 0.45 um pore size). The percentage of the solvent was 95 wt.%,
selected to assure a good viscosity of the casting solution. This percentage was
maintained for the fabrication of the MMM s.

MMMs containing nominal loadings of 10 and 15 wt.% of activated NH2-MIL-53(Al)
and 5 and 10 wt.% of activated NH2-MIL-101(Al) were prepared. The preparation of
the MOF filled copolyimide membranes was identical to the preparation of the bare
membranes, but after filtering the polymer solution, the filler was added to the solution
and dispersed in an ultrasonic bath for 30 min. Then the casting solution was stirred
overnight. The suspensions obtained were sonicated three times for 15 min.
Subsequently, the membranes were cast into metal rings of 9 cm in diameter. These
were placed on a glass surface and covered with a funnel to slow down the natural
evaporation of solvent under ambient conditions. The final step consisted in removing
the remaining solvent under vacuum conditions at 150 °C for 24 h.

2.5. Characterization



X-Ray diffraction (XRD). XRD was performed at room temperature using a D-Max
Rigaku diffractometer with a copper anode and a graphite monochoromator to select
Cu-Kq1 radiation (A = 1.5418 A). Data were collected between 20 = 2.5-40° and the
scanning rate used was 0.03 %/s.

Scanning Electron Microscopy (SEM). SEM images were acquired with an Inspect F
scanning electron microscope (FEI) operating at 10 kV. Cross sections of mixed matrix
membranes were prepared by freeze-fracturing after immersion in liquid Na.

N> adsorption. Data were collected at 77 K on an Micrometrics ASAP 2020 V1.04 H.
NH2-MIL-53(Al) was outgassed at 130 °C for 10 h and NH2-MIL-101(Al) was
outgassed at 200 °C for 16 h prior to the measurements. The selected heating rate was 1
°C/min.

Thermogravimetric analysis (TGA): TGA experiments were performed using a
TGA/SDTA 851e system (Mettler Toledo AG). The samples were heated up to 850 °C
with a heating rate of 10 °C/min under an air flow of 80 cm*(STP)/min.

Differential Scanning Calorimetry (DSC). DSC was acquired with a Mettler Toledo
DSC822°. The samples were first scanned from 30 to 200 °C at a heating rate of 10
°C/min and then three consecutive runs from 30 to 400 °C at 20 °C/min. The glass
transition temperature (Tg) value was taken from the middle point of the slope transition
in the DSC curve as an average value based on the second and third run for a minimum
of three samples.

Infrared Spectroscopy (FTIR). Attenuated total internal reflection Fourier (ATR-FTIR)
spectroscopy was performed using a Bruker Vertex 70 FTIR spectrometer. Spectra were
recorded averaging 40 scans in the 4000 — 600 cm™ wavenumber range with a

resolution of 4 cm™.



Gas Permeation Measurements. To determine the H2, CH4 and CO2 permeabilities of
the MMMs, a constant-volume/variable-pressure apparatus was used [26]. In this
system, the membranes were placed in a stainless steel permeation cell that separates
two cylindrical volumes, each one equipped with a pressure transducer. After degassing
the whole equipment for several hours, the valve connecting the system with the
vacuum pump was closed and the upstream volume was pressurized with single gas up
to 3 bar. When the membrane starts to permeate, the pressure increases in the
downstream volume (65 mL), and this increase in pressure with time was recorded. In
order to obtain more reliable results [27], the collected data were corrected with the leak
rate obtained in a leakage test performed prior to the measurements. This procedure was
repeated three times for each membrane and each gas. The permeability was calculated
from the steady state slope of three different membranes for each condition. The ideal

selectivity was calculated as the ratio of experimental permeabilities.

3. Results and discussion

3.1. Synthesis and characterization of NH>-MIL-53 and NH>-MIL-101

XRD patterns of as-synthesized NH2-MIL-53(Al) and NH2-MIL-101(Al) matched well
with the previously reported diffraction data and indicated that pure phases were
obtained (see Fig. 2) [20,24]. It is known that peak signals of NH2-MIL-53 change
depending on the guest molecules inside the pores because of the breathing effect. The
two first peaks at 8.7 and 10.4° indicated that the pattern corresponded to the as-
synthesized NH2-MIL-53(Al), in which unreacted NH2-H2BDC was trapped in the
structure [20]. DMF has been reported to stabilize MOF-235 as a precursor of NHa-
MIL-101(Al), and the presence of moisture is known to accelerate the decomposition of

the latter over time [22]. Therefore, when replacing H2O by DMF and Al(NO3)3-9H20



by AICI3-6H20 (a less hydrated salt), the diffraction changed and new peaks appeared at
lower 26, indicating the formation of the less thermodynamically favorable phase NHa-
MIL-101(Al). In addition, SEM images (Fig. 3) showed that the NH2-MIL-101(Al)
particles were smaller (104 + 28 nm) and more aggregated than the NH2-MIL-53(Al)
crystals (358 + 138 nm), both particle sizes obtained from about 50 particles measured
from several SEM images.

As has been indicated in the experimental section, as-synthesized NH2-MIL-53(Al) and
NH2-MIL-101(Al) were activated in order to remove unreacted ligand or/and DMF. The
absence of signals in the 1673-1690 cm™! range in the FTIR spectrum of activated NH>-
MIL-53, assigned to the C=0 stretching vibration of the carboxylic group of unreacted
NH2-H:BDC and the C=O stretching vibration of amide group of the DMF,
respectively, indicated that the NH2-MIL-53 was well activated (Fig. 4). In the activated
NH2-MIL-101 spectrum it is possible to detect the presence of residual amounts of
DMF; nevertheless, nitrogen adsorption shows that this material was effectively
activated.

The thermogravimetric analysis of activated NH2-MIL-53(Al) (Fig. 5a) showed a
weight loss of 6.7 % up to 120 °C. This loss has been reported by Ahnfeldt et al. [20] to
be due to the release of water molecules trapped in the pores of the structure. As
expected, the introduction of the amino group in the organic ligand decreased thermal
stability from 500 °C for MIL-53(Al) to 420 °C for NH2-MIL-53(Al). In fact at 420 °C,
the thermogravimetric analysis shows the starting of a weight loss mainly related to the
organic ligand. The final residue of 22.1 % corresponded to Al2Os. In the case of NHo-
MIL-101 (Fig. 5a), the thermal stability was slightly lower than that of NH2-MIL-
53(Al) and the material started to decompose at 370 °C. This behavior is similar to that

reported for MIL-53(Cr) and MIL-101(Cr). The former is stable up to 375 °C [28],
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while the stability of the latter decreases up to 275 °C [23]. In NH2-MIL-101, water
release (2.7 %) was followed by desorption of some DMF, according to the FTIR
analysis, and the final residue of 24.6 % corresponded to Al20Os.

Finally, nitrogen adsorption was performed in activated samples. NH2-MIL-53(Al)
pores were not open until P/Po does not reach a value of approximately 0.3 due to
diffusion limitations (Fig. 5b) and, therefore, the BET surface was not calculated. It was
also observed that, as has already been reported [20], the N2 isotherm of NH2-MIL-
53(Al) showed hysteresis behavior and there was no desorption. The BET area of NHa-
MIL-101(Al) calculated between P/Po 0.03—0.15 according to Snurr’s [29] criteria was
1968 m*/g, which was in accordance with the previously reported value [24].

3.2. Preparation and characterization of MMMSs

The dispersion of the filler in the polymer matrix was good for both NH2-MIL-53(Al)
and NH2-MIL-101(Al) with both polymers P1 and P2 (Figs. 3c-f). In the case of NHo-
MIL-101(Al), aggregates observed in the powder were broken and well dispersed
during the membrane preparation by means of ultrasound treatment, and the interaction
was better than using NH2-MIL-53(Al). This may be due to its smaller particle size or to
a larger pore aperture that allows migration of the polymer chains into the cavities, as
has been already observed by Ren et al. [30] for MOF-5@PMDA/ODA membranes.
Besides, a crater morphology was observed which showed polymer veins around the
particles. This has been previously reported and attributed to interfacial stress indicating
good interaction between the MOF and the polymer [31,32]. Interestingly, as discussed
below, adhesion between NH2-MIL-53(Al) and P1 was better than the adhesion with P2
which showed non-selective voids (see inset of Fig. 3e) that degraded the membrane

performance.
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From the TGA curves, and taking into account the formulae for both MOFs, the
experimental MOF loading could be calculated. This matched well with the theoretical
values (see Table 1). Chen et al. [16] reported that the DGT peak of pure polymer was
shifted to higher temperatures as MOF loading increased. This behavior can also be
observed in Fig. 6a which shows that the DGT peak of Pl appeared at higher
temperatures upon MOF loading (from 583 °C to 589 °C for 10 wt.% NH2-MIL-
53(Al)@P1 and from 583 °C to 590 °C for 10 wt.% NH2-MIL-101(Al)@P1 MMMs).
However, the DTG peak remained unchanged for MMMs of polymer P2 (Fig. 6b), in
the case of NH2-MIL-53 filler probably because of the worse interaction as Fig. 3e
suggests. A similar trend was observed for the glass transition temperature (Table 1).
An increase in MOF loading in P1 resulted in higher Ty while its value remained
unchanged for MMM s prepared with P2. The increase of Ty with filler loading in the
MMM may be related to the rigidification of the polymer chains which surround the
MOF particles. This effect was less pronounced for NH2-MIL-53(Al) than for NHo-
MIL-101(Al), with an increase of Tg from 360 to 363 °C upon 10 wt.% loading for the
former, and from 360 to 366 upon 10 wt.% loading for the latter. In fact, we were
unable to prepare MMMs with P1 polymer whose loadings were higher than 15 wt.%
for NH2-MIL-53(Al) and higher than 10 wt.% for NH2-MIL-101(Al) as they became
brittle, and it was not possible to carry out the permeation experiments. As expected,
pure polymers exhibited high Ty since polymer containing 4MPD and 6FDA show glass
transition temperatures higher than 400 °C [33]. P1 and P2 polymers showed lower Tg
because they contained two diamines: 4MPD and also 4,4’-SDA in a ratio of 1:1. 4MPD
hampers the rotation of the single bonds, making the polymer chain stiffer and therefore
the Tg higher. When 4MPD units are replaced by 4,4’-SDA, Tg decreases [33]. In

addition, when part of the 6FDA monomer was replaced by DSDA, the T, decreased
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slightly since DSDA units give a relatively higher flexibility to the polymer backbone
than the 6FDA units [34]. This flexibility of DSDA would allow better polymer chain
penetration in the pores, consistent with the better interaction observed for P1 compared
to P2.

Figs. 7 and 8 show the FTIR spectra for MMMs between 1800 and 1000 cm™' and 3800
and 3200 cm™!, respectively. For pure polymer, absorption bands at 1785, 1718, 1351
and 719 cm™ corresponded to asymmetric and symmetric C=O stretching, C-N
stretching and imide five-ring deformation [25]. Besides, the signal at 1327 cm™ was
related to the asymmetric stretching of SOz [35]. In the case of pure MOFs, NH2-MIL-
53(Al) and NH2-MIL-101(Al) bands at 3504 and 3391 cm™ and the shoulder at 1624
cm’! corresponded to the asymmetric and symmetric amine stretching and the N-H
scissoring vibration, thus confirming the presence of amino groups in the framework
[20,24].

The good affinity between P1 and amine functionalized MOFs may be due to the
formation of hydrogen bonds between the carboxylic groups of the pure polymer with
the amine groups of the fillers, since these bands are shifted in the FTIR spectra as has
been noted in other MMMs with MOFs [16,17]. The carboxyl band v(C=0) of P1 was
slightly shifted from 1717 cm! to 1720 cm™ for 10 wt.% NH2-MIL-53(Al)@P1 and
from 1717 cm™ to 1721 em™! for NH2-MIL-101(Al)@P1, while vas(N-H) and vs(N-H) of
NH2-MIL-53(Al) were slightly shifted from 3503 to 3500 cm™ and from 3391 to 3389
cm’!, respectively. In the case of 10 wt.% NH2-MIL-101(Al)@P1 vas(N-H) and vs(N-H)
bands of NH2-MIL-101(Al) were shifted from 3505 to 3495 cm™ and from 3391 to
3389 cm’!, respectively, suggesting the formation of hydrogen bonds between the
carboxylic group of polymer P1 and amino groups of the fillers. The shift of the NHo-

MIL-101(Al) amine groups was slightly larger than that observed for NH2-MIL-53(Al),
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consistent with the fact that for the former the affinity and contact with the polymer was
better. Signal at 1327 cm™! related to the asymmetric stretching of SO2 was not shifted
indicating that there is no interaction of the MOFs with this group. It should be noted
that some shifts are of the same order as the resolution of the FTIR, however in P2 the
absorption signal in FTIR was not shifted (not shown).

3.3. Permeation results

Permeation results for CO2/CH4 and H2/CHa4 are shown in Figs. 9 and 10. P1 was less
permeable but more selective for CO2 and Hz than P2. The higher permeability of P2
was due to the higher content of 6FDA dianhydride. This dianhydride possesses bulky -
CF3- side groups that improve the free volume of the polymer, which increases the
permeability of the copolyimide [36]. Besides, the presence of sulfonyl groups has been
reported to increase selectivity [37].

According to the permeation data, the performance of MMMs fabricated with P2
membranes was worse than that of P1 membranes since for the former the selectivity
was decreased upon 10 wt.% NH2-MIL-53(Al) loading, while for the latter it was
slightly increased, thus indicating the presence of non-selective voids when P2 was
used.

The interaction between amino functionalized MOFs and P1 was shown to be good not
only by the SEM images and FTIR spectra, but also the permeation results. 10wt.%
NH2-MIL-53(Al) MMMs scars show improvements with respect to pure polymer. Upon
15wt.% NH2-MIL-53(Al)@P1 loading both permeation and ideal selectivities were
slightly increased (Table 2). Despite the fact that at higher loading the membrane
performance has been reported [16] to improve (up to 32 wt.%) due to the selective

adsorption of COz, as previously remarked we were not able to prepare membranes with
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more than 15 wt.%. At higher loadings the membrane became brittle and it was not
possible to fix it in the permeation module without breaking.

Regarding the bare polymer, the improvements are more marked with NH2-MIL-
101(Al), especially with polymer P1 (Figs. 9 and 10). For NH2>-MIL-101(Al)@P1,
increasing MOF loading up to 10 wt.% resulted in a Pco2 increase of 22%, from 57.9 up
to 70.9 Barrer, and a 27 % Pu2 increase, from 90.1 to 114.1 Barrer. In fact, it has
recently been reported that NH2-MIL-53(Al) membranes exhibit very high permeance
for H2 [38], and the permeance of NH2-MIL-101(Al) is expected to be even higher due
to its larger pore size. This trend is similar to that previously reported by Tanh Jeazet et
al. [39], who observed that Po2 could be increased by a factor of four for 24% MIL-
101(Cr)@PSF MMMs. In our case this effect was less pronounced because of the
rigidification of the polymer matrix with MOF loading, leading to a decrease in the
permeability of the MMM. Since the CO2/CHa selectivity of NH2-MIL-101(Al) has
been reported [24,40] to be lower than that of NH2-MIL-53(Al), the increase upon 10
wt.% NH2-MIL-101(Al) may also be due to the rigidification of the polymer chains
around the filler particles. As previously discussed this rigidification effect was larger
for NH2-MIL-101(Al) than for NH2-MIL-53(Al), probably due to the better accessibility
to the amino groups present in the pores and to the smaller particle size. To study the
effect of polymer rigidification with NH2-MIL-101(Al), a mixed matrix membrane with
5 wt% loading was prepared. As shown in Table 2, the permeability decreased 9.1% for
CO2 and 6.8% for Hz and the ideal selectivities increased. This is in accordance with the
behavior observed for MMMs in which polymer chains surrounding filler particles are
rigidified, e. g. MOF-5, MIL-53 or NH2-UiO-66 and different polyimides [17,30]. In
summary, rigidification (permeability decreases and selectivity increases) predominates

upon 5 wt.% NH2-MIL-101(Al) loading, and the permeability properties of the filler
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have influence upon 10 wt.% NH2-MIL-101(Al) loading even though some small voids
could explain part of the increase in permeability when the loading increases.

Finally, our results are compared with those found in the literature (Fig. 11 and Table
3). As previously discussed, Bae et al. [14] prepared high-performance membranes
composed of 15wt.% ZIF-90 and 6FDA/DAM copolyimide. These membranes had
unprecedented high performance for CO2/CHa, lying far above the 1991 upper bound,
as shown at point H in Fig. 11a. Besides, Nik et al. [17] and Chen et al. [16] used
amino-functionalized MOFs, such as NH2-MIL-53(Al) and NH2-MOF-199, and non-
functionalized MOFs such as UiO-66. With these fillers and using 6FDA/ODA as the
polymer matrix they were able to reach the 1991 upper bound for 32 wt.% NH2-MIL-
53@6FDA/ODA (M), 25 wt.% NH2-MOF-199@6FDA/ODA (L2) and 25 wt.% UiO-
66@6FDA/ODA (L1) MMMs, demonstrating that these fillers are promising for the
separation of CO2/CH4 mixtures. As a different approach MOF-5 has been used to
increase pure polymer permeability [32]. The performance of Matrimid® was improved
upon MOF-5 loading. For 30 wt.% MOF-5@Matrimid® MMMs, H: permeability
increased up to 120% without any loss of selectivity (E). For membranes prepared with
a loading of 20 wt.% (A), the increase of permeability was even higher (247%) and only
a slight decrease in selectivity (7.3%) was observed, which may be due to the presence
of non-selective voids. Besides, the different behavior of A and E, both using
Matrimid® 5218 as polymer matrix and MOF-5 as dispersed phase, may be due to the
different operation conditions: 50 °C and 7 bar for the former and 35 °C and 2 bar for
the latter. When our results are compared to the results reported for other MMMs
prepared with MOFs, and taking into account that membranes with high permeability
and moderate selectivity may be industrially more attractive, it can be seen that the

performance of our membranes is among the best published so far. For instance, 10
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wt.% NH2-MIL-101(Al)@P1 membranes (Z1) exhibited the best behavior, being on the
1991 upper bound for both H2/CH4 and CO2/CHa mixtures. MMMs made with P2 show
slightly worse results than pure polymer P2 due to the poor affinity between the amino-
functionalized filler and the polymer matrix. This effect was more pronounced for NHo-
MIL-53(Al) than for NH2-MIL-101(Al) due to the formation of non-selective voids that
lowered the selectivity. Using highly permeable polymers and tuning their functional
groups to improve their affinity and contact with the filler has made it possible to

improve the behavior of the pure polymer.

4. Conclusions

In this work, MMMs composed of sulfur-containing copolyimides (named P1 and P2)
and amino-functionalized MOFs (NH2-MIL-53(Al) and NH2-MIL-101(Al)) have been
prepared and tested for permeation of H2, CO2 and CHa4. The main difference between
the polymers is that in P1 part of the 6FDA dianhydride with the group CF3 has been
substituted by the more flexible DSDA dianhydride with the group —SO2. Both
polymers showed different degrees of contact for the dispersed phase (better for
polymer P1 than for polymer P2), thus indicating that the functional groups and the
flexibility of the polymers had an influence on the filler-polymer matrix interphase and,
therefore, on the overall performance of the membranes.

Upon MOF loading in P1, Ty was increased. This was related to the rigidification of the
polymer matrix when MOF was added, due to the high affinity between both phases.
This effect was less pronounced for NH2-MIL-53(Al) than for NH2-MIL-101(Al), due
to the larger pore aperture of MIL-101 which allows greater accessibility to the
functional groups. This rigidification of the polymer was also indicated by the fact that

when low loadings were used, the MMM gas permeabilities decreased. 10 wt.% NH2-

17



MIL-101(Al) MMMs showed the best performance. MOF loading improved the
behavior of the pure polymer, approaching the 1991 upper bound and being among the

best results reported to date.
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Table 1. Calculated wt. % loading from TGA curves according to the empirical formula

and glass transition temperature (Tg) of the MMMs prepared.

MOF loading [wt. %] Tg (°C)
Polymer P1 Polymer P2
Nominal Polymer P1 Polymer P2
(TGA) (TGA)
Bare
0 -- -- 360+ 1.0 354.6+1.8
polymer
5 - - 362.6 £ 0.1 -
NH2-MIL-
10 9.7 10.2 363.4+0.7 354.7+4.6
53(Al)
15 14.5 - 363.1+1.0 -
NH2-MIL- 5 6.4 360.5+0.3 -
101(Al) 10 11.2 9.7 366.3+0.5 352.7+1.1
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Table 2. H2, CHs4 and CO2 permeability and Pu2/Pcnsa and Pco2/Pcna ideal selectivity at

35 °C and 3 bar.
Permeability (Barrer)

Sample wt.% H2 CHa4 CO2 Pu2/Pcua Pcoz2/Pcha
P1 0 90.1£1.9 1.6£0.1 57.9+33 54.7+1.0 35.1+£1.3
10 89.5+3.8 1.6£0.1 56.9+£5.1 56.4+1.2 35.8+1.0

NH2-MIL-53@P1
15 100+3 1.8+0.1 66.5+4.2 55.8+1.0 36.9+0.4
5 84.0£1.8 1.2+0.1 52.6x4.4 67.3x0.7 42.2+0.5

NH2-MIL-101@P1
10 114£2 1.7£0.2  70.9+4.1 68.0£2.0 41.6*+1.8
P2 0 169+3 4.5+0.3 134+1 38.0+£1.8  30.2+1.8
NH2-MIL-53@P2 10 1754 5.0+£0.2 137+£2 347+£2.1  27.240.9
NH2-MIL-101@P2 10 19145 5.1+0.4 15145 37.6£1.5  29.6+1.2
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Table 3. CO2/CH4 and H2/CHa4 separation data for selected MOF based MMM s reported in literature.

Operating conditions

MOF | KOO Polymer : e | R | et | | o |
70 Analysis °C] AP [bar]
IRMOF-1 20 Matrimid® | Single gas | 50 7 A [41] 38.8 29.2 115 86.4
[Cu2(PF6)(NO3)(4,4 )
*_bby)s]-2PFs2H20 5 PSF Single gas 35 1 B [42] - - 9.8 200
30 PDMS Cl 2900 3.7 - -
HKUST-1 5 PSF i i i C2 [43] 7.7 21.5 11.3 32
10 .. . DI 7.8 31.9 16.9 69.2
CU-BPY-HFS 30 Matrimid® Single gas 35 2.7 D2 [31] 104 275 203 539
MOF-5 30 Matrimid® Single gas 35 2 E [32] 20.2 44.7 53.8 120
CuTPA 15 PVAC Single gas | 35 4'5é0(')12)f°r F oo pn| 33 404 i i
ZIF-8 50 Matrimid® | Single gas | 35 2.7 G [44] 4.7 125 18.1 472
ZIF-90 15 6FDA/DAM | Single gas 25 2 H [14] 800 26.6 - -
NH>-MIL-53(Al) 25 PSF Mixture (1:1)] -10 10 I [15] 2.4 117 - -
ZIF-8 16 PSF Mixture (1:1)| 35 2 J [45] 12.1 19.8 39.8 117.8
ZIF-8 30 PEES Single gas - - K [46] 50 20.8 91 37.9
[Cus(BTC):] _ 0.65* 33.0 - -
.. Mixture
ZIF-8 30 Matrimid® (35:65) 35 5 - [47] | 0.68% 31.5 - -
MIL-53(Al) ' 0.71% 32.0 - -
Ui0-66 25 6FDA/ODA | Single gas | 35 10 L1 7 204 46.1 - -
NH>-MOF-199 25 L2 26.6 59.6
NH>-MIL-53(Al) 32 6FDA/ODA | Single gas | 35 10 M [16] 14.6 78 - -
Pl 71 Vfgi 70.9 41.6 114 63.0
NH2-MIL-101(Al) 10 Single gas 35 3 Thi
P2 72 Woi 150 29.6 191 37.6

* Pcoz units GPU.
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FIGURE CAPTIONS

Figure 1. Monomers used for the copolyimide synthesis.

Figure 2. XRD patterns of as—synthesized NH2-MIL-53(Al) and NH2-MIL-101(Al).
Simulated NH2-MIL-53(Al) and NH2-MIL-101(Cr) has been added for comparison. The
XRD patterns were simulated using the software Mercury from the lattice parameters
obtained from the Cambridge Structural Database.

Figure 3. SEM images of a) as—synthesized NH2-MIL-53(Al), b) as—synthesized NHo-
MIL-101(Al), ¢) 10 wt.% NH2-MIL-53(Al)@P1, d) 10 wt.% NH2-MIL-101(A)@P1, e)
10 wt.% NH2-MIL-53(Al)@P2 and f) 10 wt.% NH2-MIL-101(AD)@P2.

Figure 4. FTIR spectra during activation process for a) NH2-MIL-53(Al). b) NH2-MIL-
101(Al).

Figure 5. Characterization of activated NH2-MIL-53(Al) and NH2-MIL-101(Al): a)
TGA and DTG, b) N2 adsorption/desorption isotherms at 77 K (solid symbols =
adsorption; empty symbols = desorption).

Figure 6. DTG curves for MMMs: a) Polymer P1. b) Polymer P2.

Figure 7. ATR-FTIR spectra between 1850 and 1000 cm™' for a) NH2-MIL-53(Al), P1
and 5, 10 and 15 wt.% NH2-MIL-53(Al)@P1 MMMs and b) NH2-MIL-101(Al), P1 and
5 and 10 wt.% NH2-MIL-101(Al)@P1 MMMs.

Figure 8. FITR spectra between 3800 and 3200 cm™ for a) NH2-MIL-53(Al) and 15
wt.% NH2-MIL-53(Al)@P1 MMM subtracted the polymer P1 and b) NH2-MIL-101(Al)
and 10 wt.% NH2-MIL-101(Al)@P1 MMM subtracted the polymer P1.

Figure 9. CO: permeability and CO2/CH4 ideal selectivity at 35 °C and 3 bar as a
function of MOF loading.

Figure 10. Hz permeability and H2/CHa4 ideal selectivity at 35 °C and 3 bar as a function

of MOF loading.
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Figure 11. Robeson plot containing the MOF-MMMs reported in the literature (table 2)

and the results obtained in this work: a) CO2/CH4 b) H2/CHa.

23



FIGURE 1

o FiC CF, 0
_ s
HzN NHy
o] o]

4,4’-(Hexafluoroisopropylidene)diphthalic dianhydride 4,4’-Diaminodiphenyl sulfide

(6FDA) (4,4’ -SDA)
0 ﬂ 0
5
Q M o HaN NH;
0 0
3,3’,4,4’-Diphenylsulfonetetracarboxylic dianydride 2,3,5,6-tetramethyl-1,4phenylene
(DSDA) diamine (4MPD)

24



Intensity [a.u.]

FIGURE 2

NH,-MIL101(Al)
A&M Simulated MIL101(Cr)

NH,-MIL53(Al)

l Simulated MIL53(Al)

Ak

20 [°]

5 10 15 20 25 30 35 40

25



FIGURE 3
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FIGURE 5
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FIGURE 6
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FIGURE 8
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FIGURE 9
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FIGURE 11
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