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ABSTRACT

Conventional CO separation in the petrochemical industry via cryogenic distillation or amine-
based absorber-stripper units is energy intensive and environmentally unfriendly. Membrane-
based gas separation technology, on the other hand, has contributed significantly to the
development of energy-efficient systems for e.g. natural gas purification. The implementation of
commercial polymeric membranes in gas separation processes is restricted by their permeability-
selectivity trade-off and by their insufficient thermal and chemical stability. Herein, we present the

fabrication of Matrimid®-based membrane loaded with a breathing metal-organic framework



(MOF) (NH2-MIL-53(Al)) which is capable of separating binary CO2/CH4 gas mixtures with high
selectivities without sacrificing much of its CO2 permeabilities. NH2-MIL-53(Al) crystals were
embedded in a polyimide (P1) matrix and the mixed—matrix membranes (MMMSs) were treated at
elevated temperatures (up to 350 °C) in air to trigger PI crosslinking and to create PI-MOF bonds
at the interface to effectively seal the grain boundary. Most importantly, the MOF transitions from
its narrow-pore form to the large-pore form during this treatment, allows the PI chains to partly
penetrate the pores and crosslink with the amino functions at the pore mouth of the NH2-MIL-
53(Al) and stabilizes the open-pore form of NH2-MIL-53(Al). This crosslinked MMM, with MOF
pore entrances made more selective by the anchored Pl-chains, achieves outstanding CO2/CHa
selectivities. This approach provides significant advancement towards the design of selective
MMMs with enhanced thermal and chemical stabilities which could also be applicable for other
potential applications, such as separation of hydrocarbons (olefin/paraffin or isomers),

pervaporation and solvent resistant nanofiltration.

Introduction

Purification of natural gas, also known as natural gas sweetening, is the largest industrial
separation involving removal of CO, from CHa4.1® Many natural gas wells contain significant
amounts of CO», which have to be removed prior to delivery to pipelines to minimise corrosion
and to increase calorific value.! Raw biogas generated from biomass and organic wastes contains
primarily of 55-65% of methane and 35-45% of CO>. Biogas upgrading to achieve biomethane
with concentration above 90% similar to the natural gas standard is of economic importance. Both

types of gas upgrading can very well be performed with membrane technology.



Among the membranes developed for gas treatment, only polymeric membranes have been
commercialized so far.%’ An important search is still ongoing for membranes with higher
selectivity without permeance loss, together with enhanced thermal and chemical stability.’
Currently, the typical CO2/CH4 selectivity in industrial separations is limited due to the
permeability-selectivity trade-off for polymeric membranes, as reflected in the Robeson upper-
bound.®° Another major challenge of polymer membranes for gas separation is related to their
susceptibility to plasticization at high CO. partial pressures when polymer membranes encounter
an undesirable loss in separation power. CO> then excessively swells the polymer and eases the
permeation of CHa, thus reducing selectivities.® Membrane crosslinking is one of the best ways to

handle this plasticization.-1?

Mixed-matrix membranes (MMMs) composing of homogeneously dispersed fillers in a
polymeric matrix aim to combine the advantageous of polymer processibility and the superior
separation properties of the porous fillers.**° Metal-organic frameworks (MOFs) have attracted
considerable attention owing to their tailorable functionality, tunable pore size and breathing
effects.?2?! Breathing of MOFs refers to a structural transition, involving the reversible opening or
contraction of pores.?22 MIL-53 is one of the best representatives of such “breathing” MOFs.?* It
is constructed from MO4(OH) octahedra (M= Fe®*, Cr¥*, AP* or Ga®") and terephthalate (BDC)
linkers, exhibiting the unique transition of large-pore (Ip, 8.5 A x 8.5 A) to narrow-pore (np, 2.6
A x 13.6 A) form by inducing a unit cell volume change upon the inclusion of guest molecules
(e.g. water, CO2 and xylene) or external stimuli (e.g. pressure and heat).?*?® As-synthesized MIL-
53 consists of trapped unreacted BDC molecules in the pores and gives the Ip configuration. These
BDC species can be evacuated upon heating at 320 °C, resulting in an open-pore framework. The

open-pore framework will absorb water molecules upon cooling to room temperature to give the



np configuration. The absorbed water molecules interact with the hydroxyl groups of the inorganic
cluster through strong H-bonding. The breathing MIL-53(Al) is known for its unusually high
adsorptive selectivity for CO2 over CH4 via the quadrupolar interaction of CO2 with the corner-
sharing hydroxyl groups of the MIL-53 pore wall.?® A similar topology but with amine-
functionalization could be synthesized by replacing the terephthalic acid with ~ 2-
aminoterephthalic acid.>32 NH2-MIL-53(Al) has diamond shaped channels with a pore diameter
of 7.5 x 7.5 A and with amino groups that point inwards to the pore.®? Unlike many amino-
functionalized materials, NH2-MIL-53(Al) does not form a chemical bond between CO> molecules
and the NH. groups. Instead, the amino functions regulate the breathing behaviour, resulting in
superior separation factor for CO, over CH4.?® The interaction of the decorated amino functions
with the aluminium-occupied oxygen octahedra in the framework structure stabilizes the NH»-
MIL-53(Al) np form via hydrogen bonding. As a result, the energy losses associated with the
structural perturbations upon formation of the np structure is reduced, and thus contributing
towards the enhanced local flexibility of the inorganic trans-corner-sharing [AlOs] chains. This
synergistic effect leads to NH2-MIL-53(Al) structure with greater structural stability in its np form.
The stable np starting form allows it to effectively pack CO2 molecules while exclusively hindering
the adsorption of other molecules with larger kinetic diameter such as CHa. Moreover, the presence
of structural amino and hydroxyl functional groups in MIL-53 also play an important role to

enhance the host-guest interaction with CO, contributing to a high CO2/CHa selectivity.?®

Excellent selectivities have been recently reported using CuBDC nanosheets® or ZIF-8%
as MOF fillers in MMMs for CO2/CH4 separations. NH>-MIL-53 as a powder possessed high
selectivity in CO2/CHa4 separation, but failed to reach the 2008 Robeson upper bound for CO2/CH4

in MMM separations, especially due to low selectivities. Probably, this is mainly due to polymer-



MOF interstitial defects and the too open pore configuration of the MOF in the membranes. The
results highlight the challenge to regulate the MOF breathing behaviour to enable their use in
selective membrane gas separations.®>* Recently, we reported an in-situ thermally induced
amorphization of ZIF-8 in a Pl matrix. The thermal treatment simultaneously enhances MOF-PI
interactions via oxidative crosslinking to effectively seal the interfacial voids/grain boundaries.
This new hybrid crosslinked membrane showed enhanced chemical and thermal stabilities,
together with very high CO,/CHs mixed gas selectivities.®” In present work, the remarkable
breathing effect of NH2-MIL-53(Al) MOF is exploited by maintaining the Ip structure, regardless
guest molecule, pressure or temperature, via controlled thermal treatment of the MOF at 350 °C
while embedded in the polymer matrix. During this treatment, the Pl membrane matrix is
crosslinked. Simultaneously, the polymer chains are penetrated into the Ip pores, where they link
covalently to the amino functions decorated on the pore walls of NH2-MIL-53(Al). Upon cooling,
the MOF retains the Ip form, while the region around the pore mouth gets densified and became
more selective. The Ip structure of NH2-MIL-53(Al) anchored with polymer chains at the pore
mouth shows remarkable selectivity in CO2/CHs separation, while retaining the membrane

permeabilities.

Experimental Methods

Materials

Commercially available polyimide (PI, Matrimid 5218) was kindly provided by Huntsman and
used after drying at 110 °C overnight. For NH2-MIL-53(Al) synthesis, the linker source 2-
aminoterephthalic acid (NH2BDC, HoNCgHs-1,4-(CO2H)2, 99+%) and the Al source aluminum

nitrate nonahydrate (AI(NO3)3.9H20, 98.5+%) were obtained from ChemLab and Acros Organics,



respectively, and used without further treatment. The solvents used in the solvent exchange and
membrane preparation were dimethylformamide (99+%), chloroform (99.8%), and methanol

(99.8%), purchased from Acros Organics.

Synthesis of NH2-MIL-53(Al)

The synthesis of NH2-MIL-53(Al) was achieved by dissolving NH2BDC (2 g) and Al(NO3)3.9H20
(2 g) in distilled water (400 mL). The solution was stirred at 100 °C for 6 hours. Upon cooling, the
MOF particles were separated by centrifugation and washed using DMF, methanol and
chloroform, respectively. Following the final centrifugation step, the remaining MOF sludge was
re-distributed in CHCI3 and stored in wet form. The synthesis of NH2-MIL-53(Al) nanoparticles
was carried out by dissolving Al(NO3)3-9H20 (0.7602 g) in 7.50 ml of distilled water and NH.BDC
(0.5601 g) in 22.50 ml of DMF.*® After mixing the two solutions and stirring for 1 h, the final
solution was transferred into a 100 ml stainless steel autoclave, followed by inducing reaction at
150 °C for 24 h. Upon cooling, the synthesized MOF particles were separated by centrifugation
and washed with DMF, methanol and chloroform, respectively. After the final centrifugation step,

the collected MOF sludge was re-distributed in CHCI3 and stored in wet form.

Fabrication of PI-NH2-MIL-53(Al) MMMs

MMMs with 20, 30 and 40 wt% MOF loadings were fabricated. MOF mixture was weighed to
provide the MOF content to achieve the desired MOF loading and the Matrimid® that was dried
overnight at 110 °C was added and dissolved to this mixture. A polymer concentration of 7 wt%
was kept to achieve a moderately viscous solution that still allows membrane casting, but would
prevent MOF precipitation upon casting. The membrane mixture was stirred until the polymer was

fully dissolved. Proving the effectiveness of membrane preparation starting from a MOF sludge,



extra mixing step with e.g. ultrasonication was not needed in order to achieve excellent MOF
particle distribution. The MOF loading of membranes was calculated as given in the following
equation:

wt
Loading (wt.%) = 100 = MOF

Wihyor + tholymcr

where, wimor and Wipaymer are amount of MOF and polymer, respectively. Petri dishes specifically
designed for membrane casting were used to ensure uniform membrane thickness. The petri dishes
consist of glass rings attached to flat glass surfaces. Upon casting, the membrane solution was left
to dry overnight at room temperature in inert N2 atmosphere. The inert N2 atmosphere prevented
contact with the humidity in air. The vitrified membranes were peeled off carefully from the petri
dish and annealed in ovens. Glass supports were used to sandwich membranes and to prevent
curving. The oven was gradually heated, starting from room temperature to 100 °C (above the
boiling point of CHCIs), 160 °C (slightly exceeding the boiling point of DMF), 250 °C (between
the boiling point of DMF, and the Tg of Matrimid®) or 350 °C (above the Tg of Matrimid®). Each
heating step was designed to increase the temperature by 1°C/min with 50 °C increments. The
oven remained isothermal for 2 hours at each increment. The membranes were kept at the final
temperature for 24 hours, and subsequently removed after the oven was allowed to cool down to
room temperature naturally. Immediate quenching was avoided as it is known to cause void
formation between the polymer and the filler as a result of the differences in the thermal expansion
coefficients. The polymer-MOF attachment was preserved by allowing the MMMs to cool down
naturally.

Characterization of MMMs

Attenuated total reflectance Fourier transform infrared spectroscopy (ATR-FTIR) was carried out

in air using a Varian 620 FT-IR imaging microscope with a Germanium crystal. FTIR spectra were



collected over a wavelength range from 400 to 4000 cm™! with a spectral resolution of 4 cm™! and
64 scans. Cross-sectional SEM imaging of the membrane was taken using a JEOL JSM-1060LV
scanning electron microscope (SEM). If a membrane was sufficiently flexible, it was freeze-
fractured. The membranes that were already too brittle were broken in liquid N2. The samples were
sputtered with Au/Pd for three cycles of 20 seconds in order to prevent charge build-up. Charge
build-up during SEM analysis happens as a result of the non-conductive nature of the polymers,
X-ray diffraction (XRD) patterns were obtained by using a Stoe-HT X-ray diffractometer, with
CuKa radiation, A=1.54 A at room temperature. The mechanical strength of the membrane samples
were tested at room temperature using a Universal Testsystem (UTS) with 0.0001 mm position
resolution and load cells up to 200 N. A TA Instruments DSC Q2000 using Al hermetic closed
pans and in N2 atmosphere was used for differential scanning calorimetry (DSC) measurements.
The samples were first stabilised at 20 °C for 10 minutes, then heated to 370 °C at 10 °C/minute.
After 5 minutes, the samples were cooled to 20 °C at 10 °C/minute and re-heated to 370 °C as
described. The thermogravimetric behaviour of samples was analysed with TA Instruments TGA-
Q500. The temperature was increased from room temperature to 100 °C at 5 °C/min, maintained
at this temperature for 10 minutes, then heated to 160 °C at 2 °C/min, maintained at this
temperature for 10 minutes, and finally to 500 °C at 10 °C/min .The ambient atmosphere (N2 or
0>, is appropriately reported in the results section. The membrane samples were prepared for TEM
by gluing the sample on a support to fit the holder of the microtome. It was not necessary to embed
the samples in epoxy resin, as the samples consisted of polymeric membrane, The samples were
then sliced with a 100 nm thickness using a Leica UC7 ultramicrotome equipped with a histo
diamond knife. Selected area electron diffraction (SAED) patterns, high resolution TEM

(HRTEM) and high angle annular dark field scanning TEM (HAADF-STEM) images were



acquired using a FEI Osiris microscope, operated at 200 kV. Energy dispersive X-ray spectroscopy
(EDX) maps were acquired using a ChemiSTEM system, the data was analysed using the Bruker

ESPRIT software.

Gas Separation

The membranes were tested for gas separation performance using binary gas mixtures. The gas
separation system is a custom-built, high-throughput gas separation system (HTGS), described in
detail in ref. 32. The membranes were tested at 35 °C and 10 bar cross-membrane pressure
difference using a CO2/CH4 mixture of 50-50% vol. composition. The gas composition at the
permeate side was determined using gas chromatography (GC). The membranes were first flushed
with the gas mixture overnight to reach steady-state. Steady-state was confirmed by comparing
consecutive GC measurements to yield the same result. Once steady-state was confirmed, three
more measurements were carried out on the gas accumulated on the permeate side. The average of
these three measurements was reported as a data point. Every data point was obtained from
averaging the data collected from two membranes prepared from the same batch and two coupons
from each membrane. The reported data for every coupon was calculated as an average of three
measurements for both permeability and selectivity after steady state was reached. The MMM
coupon has a surface area of 2.24 cm? and the active permeation area is 1.54 cm?. The
permeabilities were measured at steady-state using a constant-volume variable-pressure
permeation system. The overall permeability (Po) and the relative permeability of CO2 (Pco2) were

calculated using equations as follows, respectively.®

b aVl
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where, a represents the pressure increase rate in the permeate side with respect to time, V is the
volume of the permeate side, | is the membrane thickness, A is the membrane surface area, R is
the ideal gas constant, T is the permeation temperature, and AP is the cross-membrane pressure

difference.

¥co,

Peo, =Po %o
2

where, P, refers to the overall permeability, ycoz and Xco2 denote the CO2 content at the permeate

and feed sides, respectively.®

Results and Discussion

MMMs with various NH2-MIL-53(Al) loadings (20, 30 and 40 wt%) were prepared. The
as-synthesized NH>-MIL-53(Al) filler has a particle size ranges between 300 to 600 nm according
to SEM imaging (Figure S1). MMMs with different NH2-MIL-53(Al) loadings (20-40 wt%) were
prepared and thermally treated at 100, 160, 250 or 350 °C in air for periods up to 24h. The well-
controlled thermal treatment at 350 °C in air induced a significant change in membrane colour, as
shown in Figure 1A. The Pl membrane turned from yellow to dark-brown at 350 °C, whereas the
MMM s started to darken at lower temperatures already. The changes of color of the membranes
from yellow to dark brown upon heat treatment at 350 °C maybe due to physicochemical changes
(e.g. formation of charge transfer complexes) in the membrane during the heating. Similar
observation has also been noted for other polymer membranes such as PIM-1%° and poly(ether-
block-amide) copolymer*® membranes upon heat treatment. According to TGA (Figures 1B and
S2), bulk NH2-MIL-53(Al) starts to decompose at 200 °C. The presence of the surrounding PI-
matrix significantly improved the thermal stability of the NH>-MIL-53(Al) up to >400 °C, in line

with other systems.®” A significant weight loss before 120 °C as noted for the MMMs treated at
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250 and 350 °C is due to the water formation as a result of the chain termination reaction.*!
Solubility tests after 2 days of immersion in chloroform (Figure S3) showed that the membranes
treated at 160 °C were completely soluble, whereas the MMMs treated at higher temperatures had

become insoluble in chloroform, showing a high gel content above 90% after 2 days (Figure S3),

confirming the enhanced chemical stability.
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Figure 1. Solubility, Thermal, Chemical and Structural Properties of Thermally Treated MMMs.
A) The change in colour of the (i) unfilled Matrimid® membranes and MMMs with different MOF
loading (ii) 20 wt%, (iii) 30 wt% and (iv) 40 wt% with increasing treatment temperature. B) TGA
profiles, C) FTIR spectra and D) XRD patterns of MMMs with 40 wt% NH2-MIL-53(Al) loading

treated at different temperatures in comparison to bulk NH2-MIL-53(Al). Enlarged versions of
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ATR-FTIR spectra marked with characteristic peaks assigned to thermo-oxidative crosslinking of

Matrimid® and MMM s treated at different temperatures are provided in Figure S4.

The improved thermal and chemical stabilities of the MMMs confirmed the expected oxidative PI-
crosslinking.®” In order to confirm this phenomenon and to provide insight into the interactions
between the polymer and the embedded MOF, the MMMs were characterized by ATR-FTIR
(Figures 1C and S4). Oxidative crosslinking of Matrimid® occurs through the C-H groups is
confirmed according to the observed reduction in intensity of the characteristic bands
corresponding to the aliphatic C-H stretching (2954, 2921 and 2860 cm™) (Figure S4). The
thermally-induced oxidative crosslinking of the polymer due to the combination of radical sites on

adjacent chains has been previously discribed in detail .3’

BT oo
w2

Pore structure of MIL 53
Cmss Imked polyimide chains w\th the pore

R structure of NH,-MIL-53 yiéw along the pore

Scheme 1. Schematic showing the mechanism of chemical crosslinking of polyimide polymer
chains with the amino functions at the pore entrance of NH2>-MIL-53(Al) upon thermal treatment

at 350 °C in air.
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The bands at 1774 and 1716 cm™! are assigned to the symmetric and asymmetric stretching
of the C=0 groups of the polymer imide (Figure S4).#? The 1365 cm™" absorption band is attributed
to the C—N stretching of the imide five-membered ring of the polyimide membrane. The
crosslinking of amino functions (NH2-MIL-53) with the polymer chains at the pore mouth is
confirmed via the appearance of the amide signals at 1538 cm™ which is attributed to N—H bending
and the disappearance of the two bands at 3352 and 3482 cm™! related to the symmetric and
asymmetric vibrations of NH groups of NH2-MIL-53(Al), respectively.*?4® Also, the transverse
stretching of C—-N—C at 1084 cm™! which characterizes the presence of the imide groups were also
found to decrease. However, the intensity of these absorption bands are not significant mainly due
to the relatively low concentration of formed amide groups between the MOF particles and
polymer matrix at the interface as only the terminal amino functions at the outer surface of the
MOFs will take part for this specific crosslinking reaction. Similar observations of polyimide-
MOF interaction has also been reported.*>*® The crosslinking process is initiated by the attack of
the imide functional groups of Matrimid® at the amino groups of the bridging terephthalates,**
most probably occurs at the pore mouth. (Scheme 1). The Pl-bulk crosslinking and the reduced
chain mobility at the MOF-polymer interface were directly reflected in the Tg of the membranes,*
where an increase in the Tg values from 318 to 326, 328 and 337 °C were noted with 20, 30 and
40 wt% loading, respectively. Similarly, the tensile strength of the membranes was also induced

as the crosslinking temperature increases, as shown in the Table S1 and Figure S5.

XRD patterns of the MMMs (Figures 1D and S6-S9) reveal that the structure of MIL-53
was preserved, despite a sign of crystallinity loss, after treatment at 350 °C. It was noted from the
TG analyses that the MMMs treated at high temperatures (250 and 350 °C) exhibit an enhanced

thermal stability up to 400 °C, whereas the MMMSs annealed at lower temperatures (160 and 100
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°C) start to decompose at 200 °C. Similar thermal behaviour was observed for bulk NH2-MIL-
53(Al). The results suggest that the thermal cross-linking significantly enhanced the thermal
stability of the NH2-MIL-53(Al) embedded in the polymer matrix. NH2>-MIL-53(Al) is a flexible
MOF.%4647 The removal of the trapped molecules triggers the direct structural change from either
the np form (np guest such as H20) or the Ip form (Ip guest such as DMF and terephthalic acid) to
the empty Ip form upon activation above 100 °C. This material transforms to the np phase after
cooling under ambient conditions due to adsorption of water molecules. Adsorption of CO> could
also induce the transition from the Ip to the np form. However, for the case of NH2-MIL-53(Al) in
its hydrated form, CO> adsorption at low pressures only produces minor structural changes due to
stronger hydrogen-bonds interaction in the framework structure.?>4’ Only at higher partial pressure
above 10 bar, the np form will expand to its Ip form.*” This observation was further confirmed by
XRD (Figure 1D), showing exclusively the np configuration for bulk NH2>-MIL-53(Al) and the
MMMs treated at low temperature (100 and 160 °C). Interestingly, the embedded NH2-MIL-
53(Al) in the polymer matrix showed the Ip form after heating the MMM above 160 °C.*0
Although such transition normally occurs in presence of penetrants, such as DMF* or CO2,%! in
the MOF pores, the FTIR (Figures 1C and S4) and TGA results (Figures 1B and S2) however,
confirm the absence of any adsorbed species. The lack of FTIR signals in the 1673-1690 cm™
range, assigned to the amide group of the DMF, indeed indicates that the MOF was well-washed
and solvent exchanged with methanol and chloroform. Moreover, the TGA curves do not exhibit
any observable weight loss around the boiling point of DMF (153 °C). The np form of NH>-MIL-
53(Al) is energetically preferred over the Ip form. Hence, the np form should prevail again after
cooling down. The expanded MOF framework in the MMMs is however retained, as evidenced by

the XRD patterns. Such observation can be ascribed to the (at least partial) penetration and

14



chemical fixation of the PI chains in the NH2-MIL-53(Al) pores. As proven above, covalent
bonding between the polymer and the amino functions on the pore walls takes place at these high
temperatures, thus leaving no possibility for the MOF-structure to relax again upon cooling.
Penetration of polymer chains into the Ip pore can be characterized by the glass transition
temperature (Tg).%? For the 40 wt% NH2-MIL-53(Al) loaded MMM treated at 100 °C, in which
the NH2-MIL-53(Al) has the np form, the measured Tg was 318 °C. For the 40 wt% NH>-MIL-
53(Al) loaded MMM treated at 350 °C, in which the NH2-MIL-53(Al) has an Ip form, the measured
Tg was 337 °C. A significant 19 °C increase in Tg temperature is indicative for polymer
penetration into the open pore structure of NH2-MIL-53(Al). A similar observation has also been
reported for the penetration of polymer chains into the open pore structure of MIL-53% and
mesoporous ZSM-5° loaded Matrimid membranes. Direct evidence of polymer chain penetration
into the pore structure of UiO-66 embedded in the polymer matrix has also been confirmed by

solid-state NMR studies®* and molecular simulations.®®

Figure S10 shows the cross-sectional SEM images of unfilled PI membranes and MMMs
with 20, 30 and 40 wt% loading. The unfilled Pl membranes do not show observable change in
morphology with increasing treatment temperature. For MMMs, the NH2-MIL-53(Al) (light
regions) and polymer (dark regions) can be clearly identified by the contrast between the two
nanostructure phases. With the present MIL-53-Matrimid® system, the polymer and the MOF
create a perfectly homogeneous MMM even at high MOF loading. When the MMMs were
thermally treated at 350 °C, thus surpassing the Tg of Matrimid® (305 °C) under controlled heating
and cooling, the polymer chains are expected to adhere much better to the surface of the MOF
particles, considering the chemical nature of the MOF linker which shows many possibilities for

physico-chemical interactions with the PI chain (e.g. n-stacking and H-bonding).%%>
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Interfacial voids at grain boundaries in MMMs are detrimental to membrane selectivity.
They are created by poor polymer-filler interactions and are frequently encountered in MMM,
especially at high loadings.>® A combination of high angle annular dark field scanning transmission
electron microscopy (HAADF-STEM), selected area electron diffraction (SAED) and energy

dispersive X-ray (EDX) analysis was performed in order to provide insight into the

(10-1)
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Figure 2. Advanced TEM characterization of MMM with 40 wt% NH2-MIL-53(Al) Loading. A)

SAED pattern recorded along [131] zone axis from NH2-MIL-53(Al) nanoparticle. B) HRTEM
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micrograph and corresponding FFT pattern from a similar particle as in (A). C and D) HAADF-

STEM image displaying the morphology of NH2-MIL-53(Al) particles embedded in a MMM.

compatibility of the MOF with the Pl as well as the crystallinity of the embedded NH2-MIL-53(Al).
The results confirm that the crystallinity of the incorporated NH>-MIL-53(Al) is preserved (Fig.
2A). Since the structure and morphology of the fillers change quickly under electron beam
irradiation, a low dose electron beam was selected to record reliable diffraction data. Figure 2B
displays an HRTEM micrograph acquired from a similar particle along the [001] zone axis. The
measured d-values and diffraction angles from the SAED pattern are in strong agreement with the
known orthorhombic Ip form structure model (space group: Imma), in full agreement with the
XRD results (Figure 1D) and as reported elsewhere.>® An overview of HAADF-STEM images
depicting the morphology of the particles embedded inside the MMM is presented in Fig. 2C and
2D. The TEM images (Figures 2C and 2D) reveal excellent compatibility at the filler-P1 interface.
The blue arrows indicate a dark contrast at the interface between the particles and the MMM,
mainly due to cutting artefacts during the sample preparation. The chemical distribution of the
individual Al and O elements visualized by EDX mapping (Figures S10B and S10C) was acquired
from the red highlighted region in Figure S11A, confirming the presence of incorporated NH2-

MIL-53(Al) in the polymer matrix.

Figure 3 and Table S2 show the mixed-gas permselectivity as a function of the heat
treatment temperature for unfilled Matrimid® and MMMs with different loadings. The CO2/CH4
selectivity increases with increasing filler loadings. Especially at the maximal loading (40 wt%),

a high CO./CHys selectivity of 153 was achieved without sacrificing much CO, permeability. To
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investigate the accessibility of the MMM by the permeating gas, single CO2 adsorption isotherms

were measured of the MMMs with 40 wt% MOF loading treated at different temperatures (Figure

S12). The isotherms revealed that the composite membranes are accessible to CO,. However, it

should be noted that the accessibility of MMMs to CO; adsorption is reduced particularly upon
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Matrimid® and B-D) MMMs with 20, 30 and 40 wt% NH2-MIL-53(Al) loading treated at
increasing annealing temperature. E) The Robeson plot of 1991 and 2008 compared with the
results from literature (orange squares), and results obtained from this work (blue: 100 °C; green:
250 °C and purple: 350 °C). A detailed comparison of all MOF loaded MMMs results with all

MOF-loaded MMM together with the measurement conditions is presented in Table S2.

thermal treatment at 350 °C mainly due to densification of the composite membranes as a result
of polymer-polymer and polymer-filler crosslinking, in full agreement with the gas separation
results. It should be mentioned that the unfilled Matrimid® membranes treated at 100 °C only show
a CO2/CHs4 selectivity of 22 under similar conditions (Table S2). The results suggest that a
relatively high filler loading is required in order to maximally gain from the effect of incorporating
MOF crystals in the PI matrix. In most other cases,®* selectivities start to drop significantly at these
higher loading due to creation of defects, proving again the excellent MOF-PI interactions realized
here. In order to study whether the enhanced selectivity achieved from the crosslinked MMMs was
due to surface effects, NH>-MIL-53(Al) nanoparticles having an average particle size of 50 nm
(Fig. S13) were synthesized according to the recipe reported by Wu et al.? MMMs with 10 wt%
loading of NH2-MIL-53(Al) nanoparticles were prepared and treated at 350 °C. Gas separation
results showed that the MMMs incorporated with NH2-MIL-53(Al) nanoparticles did not show
improvements in CO2/CHa selectivity. In contrast, CO2/CHs selectivity decreased and CO:
permeability increased (Table S2). It is likely that the smaller particles tend to agglomerate and
create interfacial gaps/voids when dispersed into the polymer matrix, resulting in non-selective
gas transport pathways, despite efforts to better disperse the non-dried NH2-MIL-53(Al)

nanoparticles via sonication prior to MMM preparation. SEM imaging of the NH2-MIL-53(Al)
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nanoparticle loaded MMM cross-section is shown in Fig. S14. Agglomerations and interfacial gaps
are observed throughout the MMM. These results suggest that the particle size of the fillers does
play a crucial role in its dispersion in the polymer. Large agglomeration of the particles within the
polymer interact poorly with the polymer, resulting in non-selective defects. Similar issue has also
been encountered and reported for MMM loaded with nanosized MOF-74,% ZIF-8%" and NH.-
MIL-53.%8 For example, the preparation of MMMSs based on polybenzimidazole (PBI) and ZIF-
8 nanoparticles of different average sizes (50, 70 and 150 nm) has been documented.®” According
to the gas separation results, both permeability and selectivity of the MMMs were dramatically
reduced as the filler size decreased, due to the higher degree of nanoparticle agglomeration owing
to their higher external surface area. Similarly, particles agglomeration has also been reported on
the top layer of MMMs prepared from 100 nm-sized NH.-MIL 53(Al) filler even at low filler
loading (10 wt%).% Therefore, in some cases (depending on MOF type), agglomeration of MOF
filler in the polymer matrix could not be avoided despite nanosized MOF fillers are used for the

fabrication of MOF-based MMMs.

The pore dimensions of NH2-MIL-53(Al) (7.5 A) are far larger than the kinetic diameters
of CO; (3.3 A) and CH4 (3.8 A),3 which is contradicting the outstanding selectivities achieved for
the highly loaded MMMs.%® The selectivity increase thus has to be fully ascribed to the partial
blockage of the pore mouths by the penetrated polymer chains and the densified matrix around
it.3658 NH2-MIL-53 crystals were reported to transform to two main possible conformations that
can be distinguished: the Ip and np forms when activated at different temperature,® which is in
full agreement with our XRD data as presented in Figure 1D. Accordingly to our results (Figure
1D), Ip form is obtained when the NH2-MIL-53(Al) loaded MMMs were treated at 250 and 350

°C, whereas the np form is obtained when the NH>-MIL-53(Al) loaded MMMs were treated at 100
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and 160 °C. From the gas separation point of view, gas transport would have been enhanced with
NH2-MIL-53(Al) in its Ip form in the MMM but the selectivity would have decreased. While in its
np form NH2-MIL-53(Al) would serve as a selective molecular sieve to give high CO2/CHs
selectivity. At the same time CO, permeability would decrease. In this work, we demonstrate that
the penetration of the polymer chains into the pores of NH2>-MIL-53(Al) could maintain its Ip
configuration. Coupled with the simultaneous polymer-polymer crosslinking in the bulk of the
membrane, a network that is sufficiently dense to hinder the permeation of CHj is thus formed as
illustrated by the very limited sacrifices in CO. permeability that accompany this exceptional
improvement in selectivity, contrasting earlier work with comparable systems.®” This very modest
reduction in CO2 permeability is possible thanks to the fact that only MOF pore entrances were

crosslinked by the polymer chains, thus retaining the Ip form.

A major drawback for membrane-based gas separations is the loss in selectivity that is
often encountered as a result of excessive polymer mobility due to interaction with CO. at high
feed pressure. The crosslinked MMM with 40 wt% MOF loading was therefore evaluated for its
plasticization resistance at high feed pressure (40 bar). The gas separation measurement performed
at 40 bar confirmed that the crosslinked MMM could retain its high CO2/CHjs selectivity (Table
S3). It is also important to mention that early research in this field has reported about the issue of
embrittlement in MOF-loaded MMMs when MOF loading increases.®® The MMMs will become
brittle when the filler loading increases to > 30 wt%. At a very high filler loadings (60 wt%), the
MMMs were not selective for CO2/CH4 separation.”® However, according to the measured
mechanical properties of our MMMs treated at different temperatures (100-350 °C), the tensile
strength of the MMMs with 40 wt% loading increases from 24.5 to 32.7 MPa with increasing

temperature from 100 to 350 °C as shown in Table S1 and Figure S5 which can be explained from
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the observed membrane densification as a result of crosslinking. Although the MMMs with 40
wt% loading showed a sign of brittleness in comparison to the unfilled polyimide membranes, the
fabricated MMMs with 40 wt% MOF loading and thermally treated at 350 °C could still survive
at pressure up to 10 bar and gave promising CO2/CHj selectivity (Figure 4D).

The position of a polymer's gas permeability data relative to the Roberson upper bound is
used as the universal performance indicator for assessing its potential for the separation of CO>
from CHa, as depicted in Figure 3E.° Figure 3E and Table S2 show the CO2/CHjs selectivities and
CO; permeabilities for the presented MMMs compared to other NH2-MIL-53(Al) loaded MMMs
obtained from literature. The MMM treated at 350 °C with 40 wt% loading achieved the highest
mixed-gas CO2/CHys selectivity of 153 with a CO2 permeability of 5.8 Barrer (purple circles), and
hit the 2008 upper-bound, clearly outperforming the unfilled Matrimid® membranes (blue
diamonds) and earlier reported NH>-MIL-53(Al) loaded MMMs (orange squares). These
crosslinked MMMs also reached the state-of-the-art separation performances of MMMs based on

commercially available polymers embedding other MOF-types (Table S3).1°

Conclusions

In summary, NH2-MIL-53(Al) loaded MMMs with excellent MOF dispersion and polymer-MOF
adhesion were prepared. As a result of thermal treatment at 350 °C, the physiochemical properties
e.g. solubility, density, glass transition temperature and mechanical strength of the thermally
treated MMMs were enhanced. Treatment of the MMMs at high temperatures induced thermo-
oxidative crosslinking of the Pl matrix, as well as the covalent bonding between the polymer and
the NH> groups at the MOF pore mouth. During the thermal treatment, the MOF underwent a
configurational transition from its np to Ip form, which allowed the polymer chains to partially

penetrate and crosslink to the amine groups at the entrance of the MOF pores. The anchoring of
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the Pl-chains forced the MOF to retain its Ip form. As a result, very high mixed gas CO2/CHs
selectivities were thus realized without sacrifying too much permeability. These crosslinked
MMMs show exciting potential for purification of biogas and natural gas, but also for use in liquid

and other gas phase separations.
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