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Experimental

Synthesis of NH2-MIL-53(Al): Following to the protocol reported earlier,'” 1.5 g 2-aminoterepththalic acid (8.28 mmol,
Sigma Aldrich, 99 %) and 1.97 g AICI;-6H,O (8. 43 mmol , Si g ma Adisdoivéddnha, mixtGre @mtainthg
18 mL deionized water and 2 mL N,N-dimethylformamide (DMF, Sigma Aldrich, >99.9%). The solution was transferred to a
Teflon-lined autoclave and heated at 423 K for 5 h. The resulting yellow solution were filtered under vacuum to recover the
powder and washed with acetone 3 times. Subsequently, the powders were thoroughly activated in DMF at 423 K and
methanol at 343 K for 15 h. The activated powders were washed with acetone and dried at 393 K.

Synthesis of ZIF-94(Zn): A solution of 0.4392 g Zn(CH3COO),PH,O (2 mmol, Sigma Aldrich) in 20 mL methanol and one of
0.4404 g 4-methyl-5-imidazolecarboxaldehyde (almelm, 4 mmol, Maybridge) in 50 mL THF (Fisher Chemical) were prepared. After
the reactant was completely dissolved in both mixtures, the first solution was poured slowly into the second solution. The final mixture
was continuously stirred for 60 min at room temperature and the powder was collected by centrifugation and washed with methanol
three times. The obtained product was dried at room temperature.

Synthesis of PIM-1: In a two-necked round bottom flask the exact stoichiometric amounts of bis-catechol (3.4 g, Sigma Aldrich)
and 2,3,5,6-tetrafluoroterephthalonitrile (2 g, Sigma Aldrich) were added under dry nitrogen atmosphere, then dry dimethylformamide
(DMF, 20 mL per gram of bis-catechol) was added to mix with the reactants. The mixture was heated at 65 °C, until the two starting
materials were completely dissolved, then dry potassium carbonate (11.05 g, Sigma Aldrich) was added and the mixture was kept
under stirring for 96 h. The solution was quenched with water (150 mL per gram of catechol) and the resulting precipitate were
collected by filtration and washed repeatedly with water and acetone. The solid was dissolved in CHCIl; or THF (15 mL per gram of
solid), filtered through cotton wool and poured into a flask containing a mixture of acetone/methanol (2/1, vol./vol.), 40 mL per gram of
polymer). The collected yellow solid was dried under vacuum overnight. Typically, the precipitation procedure is repeated twice. The
molecular weight and polydispersity of synthesized PIM-1 is 300 kg/mol and 110 kg/mol, respectively.
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Characterizations

TEM analysis was carried out in JEOL JEM-2010 microscope operated at 200 keV. An X-ray OXFORD detector, INCA energy
TEM 100 model for microanalysis (EDS) and a bottom-mounted GATAN ORIUS SC600 imaging camera are installed on the machine.
Micrograph acquisition was performed with GATAN Digital Micrograph 1.80.70 software. To prepare the samples for imaging, a few
drops of MOF dispersed in ethanol was applied on a carbon-coated copper grid and then it was placed on specimen. To calculate the
average particle size using TEM images, around 50 particles were selected and measured by Image J software.

Focused lon Beam-Scanning Electron Microscopy (FIB-SEM) was performed in the Dual Beam Strata 235 microscope (FEI)
and an AURI GA Compact (Zeiss) micr os ctoigkress)was dppositdd erctteiswfacedf hi n | ayer
speci men using the gas injection system. The Ga ion beamm30 kV &
SEM micrographs of the milled cross-sections were recorded with a Secondary Electron Detector in the SEM operated at 5 kV. To
get the cross section images of the membranes, some samples were immersed and fractured in liquid nitrogen and gold-coated prior
to scanning and placed on the sample holder.

Atomic force microscopy (AFM) was performed with a Veeco Multimode Nanoscope 3A microscope operating in tapping mode.
Prior to recording the membrane samples were placed onto a mica wafer substrate.

XRD patterns of MOF and the mixed matrix membranes were obtained in a Bruker-D8 Advance diffractometer using Co-K U
radiation (a= 1.78897A, 40 KV, 30 mA). The 2d range (5-60°) was scanned using a step size of 0.02° and a scan speed of 0.2 s per
step in a continuous scanning mode.

CO; and N, adsorption isotherms of MOFs and membranes were recorded in a Tristar [l 3020 (Micromeritics) setup at 273 and
77 K. Prior to the measurements, the samples were degassed at 423 K under vacuum overnight.

Mechanical stability of the membrane samples were tested on a TA-Instruments DMA Q800 micro tensile tester. Samples of
about 35x8x0.035 mm were tested in the tensile clamp setup with
strains were used to calculate Young modulus, yield strength, tensile strength and ductility. The Young modulus was evaluated as the
slope between 0.5 and 1% strain. Yield strength is defined as strength at which the sample start to deform plastically while tensile
strength and ductility are the strength and strain at the point that sample was fractured.

ATR-IR spectra of the MOFs powder and membrane samples were acquired by NICOLET IS50-FT-IR (smart-Itx). The samples
were placed on TR ID7/ITX AR coated diamond crystal (Product code: 869-168800). The resolution of the machine was 0.5 cm™ in
the range of 4000-400cm™.

Gas permeation experiments: The separation of CO, and N2 mixtures at 298 K was conducted in a home-made setup described
elsewhere M. The membrane samples (area: 3.14 cm?) were cut from the casted films and mounted in a flange between two Viton®
O-rings. A macroporous stainless steel disc (316L, 20 um nominal pore size) was used as support. To control the temperature, the
permeation module was placed inside an oven. A flow mixture (133 mL-min™, STP) of CO, (15 mol.%) and N (85 mol.%) was
applied as feed and helium (5 mL-min™*, STP) as a sweep gas. The feed pressure was adjusted to 2 bar (absolute pressure) using a
back-pressure controller at the retentate side while the permeate side was kept at atmospheric pressure (1 bar absolute pressure) for
all measurements. To reach the steady state, all the permeation results of the membranes were recorded after stabilization overnight.
An online gas chromatograph (Interscience Compact GC) equipped with a packed Carboxen® 1010 PLOT (30 m x 0.32 mm) column
and TCD detector was used to analyse the permeate stream.

Gas separation performance was defined by two terms: the separation factor (U, or selectivity) and the gas permeability (P).
The permeability for the component i (P;) was calculated as follows (Equation 1):

v — Equation (1)
where F; denotes the molar flow rate of compound i, U is the thickness of the membrane, qppis the partial pressure difference of i

across the membrane, and A is the membrane area. Although the Sl unit for the permeability is mol-s™*-m-m2.Pa™, gas permeabilities
are reported in Barrer, where 1 Barrer = 3.35 x 10™® mol-s *:m-m2-Pa™.

The separation factor or mixed gas selectivity (U) of CO, over N, was defined as the ratio of their permeability and can be
expressed as follows:

| — Equation (2)

Where Pco2 and Py, represent the permeability of CO, and N, respectively.
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Figures
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Figure S1. TEM images and particle size distribution of NH,-MIL-53(Al) (a, b) and ZIF-94(Zn) (c, d).
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Figure S2. Cross-section SEM images of PIM-1 (a), PIMAT (b), NH2-MIL-53(Al)/PIM-1 (c), ZIF-94(Zn)/PIM-1 (d), NH>-MIL-
53(Al/PIMAT (e), and ZIF-94(Zn)/PIMAT (f). The samples were prepared via freeze-fracturing of the membrane samples.
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Figure S3. Cross-section FIB-SEM images of ZIF-94(Zn)/PIM-1 (a), ZIF-94(Zn)/PIMAT (b), NH,-MIL-53(Al)/PIM-1 (c), and NHz-MIL-
53(Al)/PIMAT (d).
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Figure S4. Experimental N, adsorption (solid symbols) and desorption (open symbols) isotherms of PIM-1 and PIMAT membranes at
77 K.
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Figure S5. Experimental CO, adsorption (solid symbols) and desorption (open symbols) isotherms of ZIF-94(Zn) and membranes at
273 K. The MOF particle loading in PIMAT is 25 wt. %. The Matrimid® loading in PIM-1 is 9.1 wt.%. The calculated isotherm is
gained from a linear combination of the isotherms of ZIF-94(Zn) and PIMAT based on their mass contribution.
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Figure S6. The XRD patterns of the ZIF-94(Zn), neat PIMAT membrane and MMMs. The simulated XRD pattern of ZIF-94(Zn) is
shown for reference.®
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Figure S7. ATR-FTIR spectra between 600 and 1900 cm™ of a) NHx-MIL-53(Al), PIM-1, PIMAT and MMMs and b) ZIF-94, PIM-1,
PIMAT and the MMMs.

Table S1. Improvement in CO./N, separation performance of reported MOF-based mixed matrix membranes relative to the neat
membrane and comparison with this study.

MOF POLYMER  Filler Wt.%) P(bar) T(°C) PFPCQ)P® { C 6&/N,)°|Ref
Uio-66 PEBAX 2-20 3 25 1.95 1.41 &l
NH,-UiO-66 PIM-1 9.1 1 25 1.33 1.2 4
NH-UiO-66 Matrimid 23 1 RT 3 1.32 5]
ZIF7 PEBAX 34 375 25 1.54 2.85 (6]
ZIF8 PVGg-POEM 30 B 35 9.8 1.14 Y
ZIF8 [omim][Tf2N] 6 20 25 2.51 3.43 (8]
CoZIF108 Psf 0.037 1 25 17 1.57 ]
MIL-101(Cr)  SPEEK 40 1 25 2.84 4 ol
Cu(BTC)2 Matrimid 30 10 35 1.65 1.27 (]
SIFSK8-Zn XLPEO 10 1 25 1.32 1.9 [12]
HKUSTL 6FDADurene 10 2 25 1.41 1.17 (3]
NH-MIL-53(Al) PIM/Matrimid 25 2 25 1.1 1.47 This study

2PF is the permeability factor and is defined as MMM Permeability to the neat membrane permeability ratio.
P SF is the selectivity factor and is defined as MMblectivity to the neat membrane selectivity ratio.

Table S2. CO,/N; permeation performance of Matrimid® and PIM-1 blends at 2 bar feed pressure and 298 K.

Membrane Pcoo/Barrer Py/Barrer h cozmz
9.1 wt.% Matrimid in PIM-1 2220 90 25
20 wt.% Matrimid in PIM-1 2751 113 20
40 wt.% Matrimid in PIM-1 2412 168 14
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Figure S8. Stress versus strain curve of PIM-1, PIMAT, NH.-MIL-53(Al)/PIMAT, ZIF-94/PIMAT and NH-MIL-53(Al)/PIM-1

Table S3. Mechanical properties of PIM-1, PIMAT neat and MMMs.

membranes.

Membranes Young modulus Yield strength Tensile strength Ductility
(GPa) (MPa) (MPa) (%)
PIM-1 1.28 18.78 51.62 9.50
PIMAT 1.06 22.70 48.48 11.80
NH-MIL-53(Al)/PIMAT 1.69 15.85 24.51 2.00
NH-MIL-53(Al)/PIM1  0.67 6.35 16.50 3.50
ZIF94/PIMAT 1.64 11.96 22.30 1.50

Figure S9. CO; and N gas separation performance of the fresh (grey symbols and bars) and 3 months aged membranes (blue
symbols and bars) (CO; and N; (15/85 vol.%) mixture was used as feed at 298 K and 2 bar absolute).



