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The prototypical polymer of intrinsic microporosity, PIM-1, was synthesized with branched topology, then acid-
hydrolyzed to introduce carboxylic acid functional groups (cPIM-1). Self-standing membranes and thin film
nanocomposite (TFN) membranes were fabricated from PIM-1, cPIM-1, and Ni- or Co-MOF-74 nanoparticles
(NPs), with a particular focus on TFNs for industrial viability. TFN membranes on polyacrylonitrile support were
fabricated utilizing the following methods: (i) conventional blending; (ii) a grafting reaction between the hy-
droxyl group in the MOF-74 NPs and fluoro-groups of the chain-ends during PIM-1 synthesis; and (iii) an in-situ
cross-linking reaction between the carboxylic acid groups in cPIM-1 and the metal ions of MOF-74 synthesized
in-situ. Both conventional blending and grafting of PIM-1 with MOF-74 showed significant increase in permeance
in TFN membranes. A grafted PIM-1 TFN membrane produced a CO; permeance of 9600 GPU, which is roughly
170 % higher than a pristine PIM-1 thin film composite (TFC) membrane, while also improving the selectivity.
After 28 days of aging, a blended TFN membrane based on PIM-1 showed a CO, permeance of 1000 GPU and
selectivities of 20.0 and 20.5 for CO2/Ng and CO5/CHy, respectively. Crosslinked cPIM-1 TFNs showed significant
improvement in ideal selectivity from 65 in cPIM-1 to over 90 for CO2/Ng, with permeance almost unchanged
after crosslinking with Ni-MOF-74. However, small differences in the polyacrylonitrile support can result in
significant changes in gas separation behavior. In mixed gas conditions, crosslinked cPIM-1/Co-MOF-74 pro-
duced an impressive 1842 GPU and COy/Nj, selectivity of 33. These results fall within the performance range that
is suitable for post-combustion carbon capture.

1. Introduction

Cost-effective gas separation technologies for carbon capture are
essential to minimize the effects of global warming. Excessive use of
fossil fuels, to fulfil increasing demands as the world’s population con-
tinues to grow, is the principal driver of rising global emissions [1-4].
Membranes are among the emerging technologies to overcome some of
the challenges posed by conventional separation methods, offering low

* Corresponding author.
E-mail address: peter.budd@manchester.ac.uk (P.M. Budd).

https://doi.org/10.1016/j.memsci.2024.123388

energy consumption, scalability, compactness, and simplicity of opera-
tion. In particular, polymeric membranes are attractive because of their
low cost and ease of production [5,6].

Polymers of Intrinsic Microporosity (PIMs) are a class of microporous
materials with pore sizes <2 nm that were first reported by Budd et al. in
2004 [7]. These polymers benefit from a rigid and contorted backbone,
and thus inefficient packing, resulting in high free volume. The proto-
typical PIM, referred to as PIM-1, is solution-processable in commercial
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solvents such as chloroform and tetrahydrofuran (THF), and can be
formed into self-standing membranes [8]. PIM-1 membranes exhibit
high gas permeability and reasonable selectivity for industrial gas sep-
aration, especially for post-combustion (CO2/N3) processes [9]. Poly-
meric membranes, in general, suffer from a trade-off in permeability and
selectivity, where an increase in permeability is usually associated with
a decrease in selectivity and vice versa. This relationship is illustrated by
the Robeson upper bound, which was first introduced in 1991 [10]. The
main issues with membranes based on glassy polymers, such as PIMs, are
physical aging and plasticization. Recent work by Yu et al. [11] showed
that hydrolysis of PIM-1 to introduce carboxylic acid groups (cPIM-1)
could retard aging, however, CO; induced plasticization is still a chal-
lenge that needs to be addressed. One approach is through the addition
of filler particles to the polymer phase to fabricate mixed matrix mem-
branes (MMMs) [12]. Fillers used in MMMs include metal-organic
frameworks (MOFs) [13] and covalent organic frameworks [14], to
benefit from their molecular sieving properties [15]. Recent work by Pu
et al. [16] has shown that the correct fabrication of MMMs with PIM-1
can mitigate CO, induced plasticization.

MOFs are crystalline, porous materials constructed from metal
clusters and organic linkers. They have potential for applications in gas
separation and storage, adsorption, electrocatalysis and drug delivery
systems, due to their high surface area and high porosity [17,18]. MOFs
are structurally versatile and can be tuned for specific applications by
adjusting the pore size, functionality, and thermal stability [19,20]. In
gas separation, MOF-74 has attracted special attention due to its high
CO uptake and surface area, with excellent thermal and chemical sta-
bility. Mg-MOF-74 has attracted particular interest because it exhibits
high CO; uptake and adsorption capacity. Other metal centres, such Ni,
Co and Zn, have also been investigated for other applications [21-23].
Typically, conventional micron-sized MOF-74 is synthesized through a
solvothermal synthesis route [24].

The incorporation of MOFs or other fillers in MMMs can enhance
molecular transport and boost the separation performance [25,26], and
can also help slow physical aging of polymeric membranes [27]. How-
ever, the majority of current MMMs are still below the targeted per-
meance and selectivity ranges introduced by Merkel et al. [28], who
suggested that the optimum range for industrial post-combustion CO5
separation is a CO, permeance of more than 1000 GPU and CO2/Ny
selectivity greater than 20. Challenges encountered in the fabrication of
MMMs include poor interactions between polymer and filler, leading to
rigidification, interfacial voids or clogged pores, and the agglomeration
of filler particles, which results in an uneven distribution across the
membrane [29]. Therefore, highly selective gas separation depends
largely on the compatibility between the two phases [30].

The majority of work on MMMs, and membranes in general, has been
carried out on membranes with thicknesses in the range of tens of
micrometres, which is unrealistic for industrial application due to the
low fluxes that are achieved. Recent research has focused on thin film
composite (TFC) membranes, with a thin (a few micrometres or less)
selective layer on a porous support [11,25,31,32]. If filler materials are
to be introduced, they need to be synthesized in the low nanoscale
range, in order to fabricate thin film nanocomposite (TFN) membranes.
TFC and TFN membranes provide numerous advantages, including high
gas permeance and selectivity for CO2/N3 and CO5/CH4 from the thin
active layer, with increased mechanical strength and durability pro-
vided by the porous support. TFCs are cost-effective, requiring only
minimal amounts of material, and can be easily designed and scaled to
fit different modular configurations for industrial applications.

Recent studies of MMMs have utilized chemical crosslinking and
functional groups to enhance the dispersion and interfacial interactions,
and thus overall performance of these membranes [33-35]. Lee et al.
[15] crosslinked 6FDA-DAM with UiO-66 chemically for C3Hg/C3Hg
separation, giving enhanced interfacial compatibility between the two
phases. These crosslinked MMMs also showed improved selectivity, as
well as enhanced plasticization resistance at high pressure compared to
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neat polymer [15]. However, one concern with crosslinking is the
change in transport and structural activity of the associated MOF [36]. A
recent study by Lee et al. [37] presented a different fabrication strategy
by utilizing cPIM-1 as a ligand to coordinate with different metals to
form polymer-MOF MMMs, resulting in enhanced compatibility,
dispersion and performance.

The aim of the present work was to compare different approaches for
combining PIMs with MOFs, both as self-standing MMMs and as
industrially more relevant TFN membranes. For the polymer phase,
branched versions of PIM-1 and its hydrolyzed derivative cPIM-1 were
employed. The MOFs used were Ni-MOF-74 and Co-MOF-74. The first
approach involved conventional blending of pre-formed polymer and
MOF. The second approach, grafting [38], involved covalently bonding
polymer chains to the MOF particles by polymerization of the polymer in
the presence of the MOF NPs, so that end groups (-F) of the polymer link
to the reactive group of MOF-74 (-OH). The third approach was cross-
linking, which involved covalently bonding a reactive side group
(-COOH) on the polymer with the metal nodes (Ni or Co) of MOF-74 to
create a crosslinked structure. For TFN membranes, three different
polyacrylonitrile (PAN) supports were employed in this work, high-
lighting the influence of the support on membrane performance. Pure
and mixed gas permeation measurements were carried out with Ny, CHy,
and COs. The fabricated TFC and TFN membranes in this work provide
high permeance and good selectivity, with mechanical strength pro-
vided by the PAN porous support. In particular, the crosslinked TFN
membranes with MOF NPs showed high potential for limiting the effect
of plasticization in PIM-1 and cPIM-1 in mixed gas conditions.

2. Experimental
2.1. Materials

5,5,6,6-Tetrahydroxy-3,3,3',3-tetramethyl-1,1"-spirobisindane

(TTSBI, 97 %) was purchased from Alfa Aesar and underwent purifica-
tion prior to its use in the synthesis of PIM-1, following the procedure
described below. Tetrafluoroterephthalonitrile (TFTPN, >99 %) was
purchased from Fluorochem. Anhydrous potassium carbonate (K2CO3)
was purchased from Fisher Scientific Ltd., ground to a fine powder and
dried in a vacuum oven before usage. Nickel acetate tetrahydrate (Ni
(CH3CO00),-4H20, 99 %), cobalt acetate tetrahydrate (Co
(CH3C00),-4H50, 99 %) and 2,5-dihydroxyterephthalic acid (H4DHTP,
97 %) were purchased from Alfa Aesar and used as received. N,N-
Dimethylformamide (DMF) was purchased from Fisher Scientific. N,N-
dimethylacetamide (DMAc, 99.8 %), toluene (>99.7 %), chloroform
stabilized in amylene (HPLC, >99.8 %), chloroform stabilized in ethanol
for GPC analysis (>99.8 %), tetrahydrofuran (THF, >99.8 %), methanol
(>99.8 %), anhydrous 1,4-dioxane (99.8 %), ethyl acetate (GC, >99.5
%), hexane (HPLC, >97 %) and CDCl3 were purchased from Sigma-
Aldrich. Sepro PA350 polyacrylonitrile (PA350) ultrafiltration mem-
brane support was provided by Prof. Ingo Pinnau, KAUST and R&DC,
Saudi Aramco. UF 010104-1501 batch of polyacrylonitrile support was
purchased from Solsep (The Netherlands). Solecta support was kindly
provided from R&DC, Saudi Aramco. For the purification of TTSBI
monomer, 40 g was placed in a three-neck round-bottom flask (3 L)
equipped with a nitrogen flow inlet and reflux condenser. Ethyl acetate
(667 mL) was added to the flask, and the solution was refluxed at 90 °C.
The mixture was allowed to reflux until the dissolution of the monomer
was complete. Hexane (667 mL) was added to the flask and allowed to
stir for an additional 10 min. The flask was subsequently removed,
allowed to cool to room temperature, and placed in an ice bath for 3 h.
Finally, the product was filtered and placed in a vacuum for 24 h to dry
for use in PIM-1 synthesis.

2.2. Synthesis and purification of PIM-1

Three different PIM-1 samples were synthesized using a modified
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version of the high temperature method [39]. The reaction scheme is
shown in Fig. S1. TTSBI (17.02 g, 0.05 mol), TFTPN (10.00 g, 0.05 mol)
and K5COs3 (20.73 g, 0.150 mol) were placed into a 500 mL three-neck
round bottom flask. A solvent mixture of DMAc (120 mL) and toluene
(60 mL) was added to the flask, which equates to 20 % excess solvent
mixture compared to the conventional high temperature method [40,
41]. The initial use of extra solvent at the start slows down the tem-
perature ramping rate, resulting in PIM-1 with increased branching
compared to conventional methods. The flask was then placed on a
DrySyn heating block (Asynt, UK) over a hot plate magnetic stirrer (IKA,
UK). The flask was connected to a nitrogen flow, an RZR mechanical
stirrer (with digital rpm, torque, and time readings), and a condenser.
The mixture was heated to 160 °C while monitoring the temperature
profile. Mechanical stirring was set at 250 rpm and adjusted throughout
the reaction, depending on the change in viscosity of the solution
mixture. Additional amounts of DMAc (20 mL) and toluene (10 mL)
were added to reduce the overall viscosity of the solution at 27 and 36
min. The reaction was stopped after 45 min and quenched with excess of
methanol.

The recovered polymer was collected by a sintered glass filter. For
polymer purification, the collected product was first re-dissolved in
chloroform (at a concentration of 5 g per 120 mL) until completely
dissolved. The dissolved polymer was then re-precipitated slowly into
methanol, and then collected via filtration once again. PIM-1 was then
refluxed in deionized water overnight (16 h) and collected by vacuum
filtration. The polymer was immersed in a minimal amount of 1,4-
dioxane for 15 min, then washed with excess amounts of acetone and
methanol. The polymer was left overnight in methanol to remove all
traces of other solvents. Finally, the filtered polymer was dried in a
vacuum oven at 120 °C for a few days.

2.3. Synthesis and purification of acid hydrolyzed PIM-1 (cPIM-1)

Acid hydrolysis was carried out on B-PIM-1b and B-PIM-1c based on
a method published by the Smith group [42]. The reaction scheme is
shown in Fig. S2. In this scaled up method, 2.4 g of PIM-1, 144 mL of
de-ionised water, 144 mL of sulfuric acid and 48 mL of glacial acetic acid
were added to a 1 L round-bottom flask. The flask was placed in a
DrySyn heating block on top of a hot plate magnetic stirrer with a water
condenser attached to the flask. The reaction was left to stir at 160 °C for
6 h, 12 h or 24 h, depending on the desired conversion. The reaction was
then stopped, cooled down to room temperature, and diluted in 4 L of
deionized water. The carboxylic acid-functionalized PIM-1 (cPIM-1) was
collected through vacuum filtration. The product was then refluxed in
slightly acidic (with a few drops of sulfuric acid) deionized water for 16
h. The final modified product was collected by a sintered glass filter
funnel via vacuum filtration and dried in a vacuum oven overnight
before use.

2.4. Synthesis and purification of M-MOF-74 (M = Ni or Co)
nanoparticles

M-MOF-74 (M = Ni or Co) was synthesized based on a method
published by Diaz-Garcia et al. [24]. The reaction scheme is shown in
Fig. S3. A solution of 2,5-dihydroxyterephthalic acid (0.200 g, 1.00
mmol) dissolved in DMF (5.00 g) was added dropwise to a solution of
metal (Ni or Co) acetate tetrahydrate (2.60 mmol) in DMF (5.00 g) in a
50 mL round bottom flask. The addition of the organic linker resulted in
immediate formation of M-MOF-74. The reaction was allowed to pro-
ceed for 20 h, and the product was collected by centrifugation. The
collected MOF-74 nanoparticles were purified by washing and
immersing in methanol (20 mL) three times over a period of six days to
completely remove DMF from the final product. The final product was
stored in a vacuum oven for 2 days at 120 °C.
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2.5. Grafting of M-MOF-74 (M = Ni or Co) with PIM-1

A grafting reaction was carried out during PIM-1 polymerization in
the presence of pre-synthesized Ni or Co-MOF-74 nanoparticles. The
proposed grafting mechanism is shown in Fig. 1. TTSBI (1.702 g, 5.000
mmol), TFTPN (1.00 g, 5.00 mmol) and potassium carbonate (2.073 g,
15.0 mmol) were placed into a 100 mL three-neck round bottom flask
along with Ni-MOF-74 or Co-MOF-74 (0.23 g, 10 % w/w). A mixture of
12 mL of DMAc and 6 mL of toluene was added to the round bottom
flask. The flask was placed in a DrySyn aluminum heating block on a hot
plate. The three-neck flask was connected to a nitrogen flow, mechanical
stirrer, and condenser. The reaction mixture was heated from room
temperature to 160 °C, with mechanical stirring initially set at 200 rpm.
The stirring rate was raised to a maximum of 350 rpm throughout the
reaction, as the viscosity of the mixture increased. The hot viscous re-
action mixture was quenched into methanol after 45 min, precipitating
as threads of green/yellowish colored product. The product was purified
following the procedure described above for PIM-1. The yield was
calculated to be 95 % and 94 % for PIM-1/Ni- and Co-MOF-74,
respectively.

2.6. Crosslinking of cPIM-1 by in-situ synthesis of Ni/Co-MOF-74 NPs

The proposed reaction scheme for crosslinking is shown in Fig. 2. For
crosslinking of self-standing membranes in the solid state, cPIM-1
membrane (0.303 g, 0.602 mmol) was placed in a large glass Petri
dish. Nickel or cobalt acetate tetrahydrate (3 mg, 0.012 mmol) was
dissolved in 3 mL of methanol. This equates to 8 mol % of metal salt per
carboxylic acid group in cPIM-1 present in the mass of the film (exper-
iments with higher mol % were also carried out). The metal solution was
then added to the Petri dish, and left to react for 30 min. Then, 2,5-dihy-
droxyterephthalic acid (1 mg, 0.005 mmol) was dissolved in methanol,
and added to the Petri dish. The crosslinking reaction was allowed to
carry on for 24 h, and then the clear methanol supernatant was removed.
A change of colour in the crosslinked membrane was observed, from
brown to green for nickel and to almost red for cobalt-based membrane.
The membrane was then washed three times with methanol to remove
any unreacted materials. The final film was left in a Ny cabinet over-
night, and then 24 h in vacuum oven at 120 °C to remove any traces of
solvents. To confirm crosslinking, the film was washed with THF two
times, where no cPIM-1 leaching was observed (the film was completely
insoluble, and no significant visual change in structure of film was
observed).

For thin film fabrication, cPIM-1-60% (0.400 g, 0.808 mmol) was
dissolved in THF (10 mL) in a 50 mL round bottom flask. Nickel or cobalt
acetate tetrahydrate (3.5 mg, 0.014 mmol) was dissolved in 1 mL of
methanol and then slowly added to the cPIM-1 solution, resulting in the
formation of a suspension. This equated to about 3 mol % of metal salt
per carboxylic acid group of cPIM-1 present in the mass of the film.
Then, 2,5-dihydroxyterephthalic acid (1 mg, 0.005 mmol) was dissolved
in methanol and added dropwise to the solution. The reaction was then
left to stir at room temperature overnight. The solution went back to
visually looking like a homogenous solution the next day, which was
suitable for the TFC membrane kiss-coating method. The solution was
then used as a coating solution on PAN support following the procedure
described below.

2.7. Membrane fabrication

2.7.1. Self-standing membranes

Solutions of PIM-1 and cPIM-1 were prepared by dissolving 0.15 g of
the polymer in 5 mL of chloroform and THF, respectively. The solution was
filtered through glass wool to remove any impurities, then cast on a PTFE
Petri dish. The Petri dish was covered with a glass dish and placed in a Ny
cabinet for 3 days at room temperature to allow the solvent to evaporate.
The self-standing membrane was placed in a vacuum oven for 24 h at
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Fig. 1. Proposed grafting mechanism for PIM-1 with M-MOF-74 (M = Ni or Co) nanoparticles in DMAc/toluene (2:1) solvent system.

HO. + /H\ M 40
OH o

H,DHTP

Metal acetate tetrahydrate
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24h @RT

In-situ crosslinked cPIM-1/M-MOF-74 (M=Ni or Co) nanoparticles

Fig. 2. Proposed in-situ crosslinking mechanism for cPIM-1 with M-MOF-74 (M = Ni or Co) nanoparticles.

120 °C to completely remove all traces of solvents. The film thicknesses
were measured using a micrometer (Mitutoyo, Japan). Self-standing
membranes of PIM-1 and MOF-74 blends were prepared by dissolving
0.20 g of PIM-1 in 5 mL chloroform, then 5 % w/w of MOF-74 was added to
the solution, followed by mechanical stirring and ultrasonication bath
(Branson 2510MTH, USA) for 6 h. Self-standing membranes of grafted
samples were prepared by simply dissolving 0.20 g of the materialsin 5 mL
of chloroform, followed by casting as described above.

2.7.2. Thin film composite and nanocomposite membranes

TFC and TFN membranes were prepared using a kiss-coating method
on PAN supports from different suppliers [40,43]. The coating solutions
of PIM-1 and cPIM-1 samples were prepared at concentrations of 3 %
and 4 % w/v in chloroform and THF, respectively. The coating solutions
of PIM-1 and MOF-74 blends were prepared by dissolving 0.3 g of PIM-1
in 10 mL chloroform, then 5 % w/w of MOF-74 was added to the solu-
tion, followed by mechanical stirring and ultrasonication bath for 6 h.
Grafted samples were prepared by dissolving 0.3 g of PIM-1/Ni or
Co-MOF-74 in 10 mL of chloroform. PAN support was cut toa 4 cm x 9
cm size suitable for the roller-coater wheel used in the laboratory. The
support sheets were sealed with aluminium tape on all edges to prevent
contact of the polymer solution with the back of the support. A

programmable DC power supply motor (RS-3005P, RS PRO, UK) was
used for coating, set at 15 V and a current of 0.15 A. The support came
into contact with the casting solution for one full rotation (about 4 s).
Relative height between coating solution, roller wheel, and coating
volume during kiss-coating were kept consistent across all samples for
reproducible results. The resulting membranes were kept in a nitrogen
cabinet for 24 h, then tested for their performance.

2.8. Gas permeation measurements

2.8.1. Single gas testing

Single gas permeation measurements for all fabricated membranes
were performed using pure Ny, CH4 and CO; by the standard variable
volume method [44,45]. Samples were mounted and cut into a suitable
size for the permeation cell (active membrane area of 2.84 cmz). The
upstream gauge pressure was maintained at 2.5 atm and room temper-
ature, while the downstream permeate was kept at atmospheric pres-
sure. The samples were conditioned for 5 min for TFC and TFN
membranes, and for 20 min for self-standing membranes. Upon condi-
tioning, gas permeation measurements were performed for 15 min, and
time is recorded for a specified volume of gas through the membrane.
Three different membranes were tested for each type of sample and the
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average is reported. The gas permeance for all membranes was calcu-
lated using equation (1):
Q x 10°

K=_°""7 1
APa —pv) W

where K is the permeance in GPU, where 1 GPU = 107% cm? (STP) cm 2
s~! emHg ! = 3.348 x 10 ' mol m 2 s~ Pa~l. Qs the volume at STP
of the gas permeated in cm®, ¢ is the permeation time in seconds, A is the
active membrane area in cm?, p, and py, are the pressures (in cmHg) from
the upstream and permeate sides, respectively. Membrane permeability
can be calculated using equation (2):

P=Kx1 2

where P is the permeability in Barrer, where 1 Barrer = 1071% em3(STP)
cmem 25! emHg ! =3.348 x 10 1® mol m m2s~! Pa!, and l is the
thickness of the membrane in micrometres. Membrane ideal selectivity
is calculated as the ratios of permeances or permeabilities, as expressed
by equation (3):

PC02
P, €))

Aco,/x =

where a is the ideal selectivity, Pco, is the permeability of CO3 and Py is
the permeability of Ny or CHa.

2.8.2. Mixed gas testing

Mixed gas measurements for cPIM-1 and crosslinked cPIM-1 with Ni-
and Co-MOF-74 were performed with binary mixtures of 50 % CO5/50
% Ng and 50 % CO2/50 % CHy4 at 50 SCCM with feed pressure set to
around 2.5 bar at room temperature and the permeate side pressure set
to approximately 1.07 bar. The permeate was analyzed with an auto-
mated gas chromatograph (GC, Agilent Technologies 490) equipped
with 10 m PoraPLOT U (PPU) heated Column, with a thermal conduc-
tivity detector (TCD) for CO,, CHy4, and Ny detection. Mixed gas per-
meance was calculated using the standard variable method using
equation (4):

Qy x 10°

Ki -
tA(paXx — PvYy)

(€3]

where K; is the permeance of CO2, CH4 or N3 in GPU, while x is the mole
fraction on the feed side and y is the mole fraction on the permeate side.
Q, t, A, p, and py, are defined above. Mixed gas selectivity is calculated as
the ratio of permeances.

2.9. Characterization Techniques

Gel permeation chromatography was utilized to measure number-
average molar mass (M,), weight-average molar mass (M), and dis-
persity (P) of PIM-1. Samples were prepared at a concentration of 1 mg
ml~! in chloroform (stabilized in ethanol). The samples were then
examined using a triple detector Viscotek VE2001 system (Malvern
Panalytical, UK) at a flow rate of 1 mL min ' at 30 °C and an injection
volume of 100 pL through two PL mixed-B columns. The data were
collected by OmniSec software.

Proton Nuclear Magnetic Resonance (1H NMR) was recorded using a
Bruker Avance II 500 MHz instrument. PIM-1 and cPIM-1 polymers were
dissolved in CDCl3 and DMSO-dg, respectively, at concentrations of 20
mg mL L.

Elemental (C, H & N) analysis was performed using a Thermo Flash
2000 CHN&S analyzer (Thermo Scientific, The Netherlands). Metal anal-
ysis for Ni and Co was conducted by inductively coupled plasma atomic
emission spectroscopy (ICP-AES) iCAP 6300 Duo (Thermo Scientific).

Thermogravimetric analysis (TGA) was analyzed by a PerkinElmer
TGA/DSC 8000 system. The sample was heated from room temperature
to 600 °C at a rate of 10 °C min~! under N, atmosphere. These results
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were used to determine the conversion of -CN to -COOH in PIM-1
hydrolysis.

Powder X-ray diffraction (PXRD) was utilized using a Philips X’ pert X-
ray diffractometer (40 kV and 30 mA) to analyze the synthesized MOF
nanoparticles, grafted and crosslinked samples. The samples were ground
to a fine powder form, then placed on the XRD measurement plate. Each
measurement was performed at 26 from 3 to 40° at a speed of 1° min "
The data were collected by X’pert Philips Highscore Plus. Mercury soft-
ware was utilized to compare experimental results with CSD database for
micro-sized MOF-74 of nickel and cobalt. An estimation of particle size
was calculated from PXRD peak broadening using the Scherrer equation.
This is important here due to aggregation and agglomeration of nano-
particles in general, and particularly observed in Ni and Co-based MOF-
74 [24]. The Scherrer equation is defined by equation (5):

e KA
" Pcosd

)

where 7 is the mean size of the crystalline domains, which may be
smaller or equal to the particle size. K is a constant with a factor of 0.9, A
is the x-ray wavelength, g is the line broadening at half the maximum
intensity and 6 is the Bragg angle.

Dynamic light scattering (DLS) was utilized to analyze particle sizes
of polymers and MOF-74 samples in different solvents, chloroform, THF,
and methanol. The dispersed solutions were measured at a concentra-
tion of 50 ppm at 25 °C using a Malvern Zetasizer Nano ZS instrument.

Fourier Transform Infrared Spectroscopy (FTIR) was carried out
using a Vertex 70 FTIR instrument at 128 scans and a resolution of 4
cm L. Each sample was ground to a fine powder for the analysis. Data
were analyzed using OPUS software.

FEI Quanta 250 ESEM (equipped with SE, BSE and EDS detectors)
was utilized to obtain morphological information about MOFs and
polymer samples. The samples were ground and scattered over carbon
tabs, mounted over the aluminum disc, and analyzed using secondary
detector (SE) morphological information. For cross-sectional imaging,
samples were cryo-snapped in liquid nitrogen for 15 s after being sub-
merged in DI water for 15 s causing the membrane to fracture easily for a
clear image. Using a Pd/Au Quorum Sputter (UK), 5 nm of Au:Pd (80:20)
nanoparticles were coated to the membranes, which were then allowed
to dry for 3 h. The images were generated by a Secondary Electron de-
tector and analyzed using ImageJ® software. Energy dispersive X-ray
spectroscopy (EDS) was carried out on crosslinked samples to confirm
the incorporation of MOF-74 into the TFN membranes. Samples were
analyzed using Aztec software.

For high-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) imaging, a FEI Talos F200A analytical
electron microscope (AEM) was employed, operated at 200 kV. This
setup was equipped with a Schottky field-emission gun (X-FEG) oper-
ating at an extraction voltage of 4.5 kV, a monochromator (energy
spread 0.25 eV) and an FEI Super-X 4-detector energy dispersive X-ray
(EDX) system. Membrane samples were first embedded in EpoThin 2
epoxy resin for 48 h. After curing, the resin block was trimmed into a
pyramid-like shape using a glass knife on a Leica EM UC7 ultramicro-
tome, exposing the cross-section of the membrane. Ultrathin sections
were then cut with a diamond knife set at a 6° angle, with the cutting
speed adjusted to 1 mm/s. The sections were mounted on carbon 300
mesh copper grids for imaging.

3. Results and discussion
3.1. Synthesis and characterization of PIM-1 and cPIM-1

Three samples of PIM-1 with varying degrees of branching (Table 1)
were synthesized and characterized for this work. Previous studies by Yu

et al. [11] showed that a reduction in temperature in the early stages of
polymerization could favour mono-substituted polymerization rather
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Table 1
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Polymerization conditions and characterization results for PIM-1 samples: Polymerization temperature, yield, branching, weight-average molar mass (M,,), number-

average molar mass (M,,), dispersity (P) and intrinsic viscosity ([51).

PIM-1 sample Temperature Set/avg. (°C) Yield (%) Branching (%) M,, (kg mol™) M, (kg mol™!) D 7] (cm® g’l)
B-PIM-1a 160/125 92 6.8 186 118 1.6 46.0
B-PIM-1b 160/121 88 6.1 118 66.5 1.8 32.2
B-PIM-1c 160/131 95 7.9 152 69.7 2.2 41.8

than disubstituted polymerization, leading to branched structures. This
was achieved here by marginally adjusting the polymerization temper-
ature profile (Fig. S4), by adding 20 % extra solvent at the beginning of
the reaction and at later stages during the synthesis (upon observation of
a slight change in viscosity) [40,41]. The reaction was stopped once the
viscosity increased significantly. The main evidence of branching comes
from the 'H NMR spectrum in the aromatic region. An example of a
branched sample is shown in Fig. S5. PIM-1 exhibits two main aromatic
resonances at 6.74 and 6.35 ppm (a and b), while minor peaks at 6.60
and 6.18 ppm (c and d) are associated with branched structures [41].
The degree of branching as a percentage of all PIM-1 residues was
calculated using Lorentz fitting based on a method published elsewhere
[41]. Lorentz fitting and branching calculations are included in the SI
(Figs. S10-S12 and Table S1). PIM-1 was hydrolyzed to cPIM-1 to
change the polymer functionality from —-CN to —COOH, which gives
membranes with higher ideal selectivity [11,42]. Upon hydrolysis of
PIM-1 for 24 h, a peak in 'H NMR was observed at 13.8 ppm, which is
associated with the carboxylic acid proton in cPIM-1, as shown in
Fig. 5. 'H NMR spectra of PIM-1 and cPIM-1 used in this study are
included in the Supplementary Information (SI), Figs. S6-S9.
Multi-detector gel permeation chromatography (GPC) analysis of the
PIM-1 samples (Table 1) indicated weight-average molar masses (My,)
ranging from 118 to 186 kg mol ! and dispersities (P = M,,/M,) ranging
from 1.6 to 2.2. B-PIM-1a, B-PIM-1b and B-PIM-1c have branching per-
centages of 6.8 %, 6.1 % and 7.9 %, respectively. Branching can have a
significant impact on gas separation performance and physical aging, thus
it is important to utilize branched PIM-1 in MMM fabrication for optimum
performance. cPIM-1 was not analyzed by GPC due to possible interactions
with the GPC columns. However, dynamic light scattering (DLS) analysis
was carried out to provide comparison between the hydrodynamic
diameter before and after hydrolysis. Number distributions of hydrody-
namic size from DLS (Fig. S13) indicate a slight shift to larger size on
conversion from PIM-1 to cPIM-1. There was no evidence to indicate
degradation or aggregation of the cPIM-1 samples in DLS analysis.
Elemental analysis (Table S2) was utilized to calculate the percentage
conversion of —-CN to —COOH on hydrolysis of PIM-1, which is important
for film durability, performance and physical aging. Three hydrolyzed
samples with 25 %, 60 % and 69 % conversion were utilized in this study
for self-standing thick films, TFC and TFN membranes. FT-IR spectra of
PIM-1 and cPIM-1b-60% are shown in Fig. S14. A sharp stretch at 2240
em™! for the nitrile (-CN) group is clearly present in the PIM-1 spectrum.
After acid hydrolysis, the nitrile stretch diminishes, due to conversion
from -CN to ~COOH. Another noticeable difference is the rise in the
carbonyl (-C=0) peak at 1721 cm ™! in the hydrolyzed PIM-1 sample.

3.2. Synthesis and characterization of M-MOF-74 (M = Ni or Co)

Ni- and Co-MOF-74 NPs were synthesized at room temperature based
on a method published by Diaz-Garcia et al. [24]. Powder XRD patterns of
Ni- and Co-MOF-74 NPs are shown in Fig. S15. For comparison purposes,
simulated micron-sized Ni-MOF-74 from the Cambridge Structural
Database is included. Two main peaks for Ni-MOF-74 at around 26 6.84°
and 11.84° can be detected. Broadening of major peaks in the synthesized
samples serves as the primary evidence for the formation of MOF-74
nanocrystals in comparison to the simulated MOF-74 materials synthe-
sized by solvothermal methods. Ni-MOF-74 shows more severe broad-
ening compared to Co-MOF-74, which may indicate a smaller crystallite

size. Estimation of crystallite sizes of Ni- and Co-MOF-74 through powder
XRD peak broadening can be achieved using the Scherrer equation. From
the obtained spectra, the crystallite sizes were calculated to be 2.4 nm and
3.5 nm for Ni-MOF-74 and Co-MOF-74, respectively.

Scanning electron microscopy (SEM) was utilized to measure the par-
ticle size and examine the morphology. Fig. S16 shows SEM images of the
synthesized Ni and Co-MOF-74 samples after activation at 120 °C in a
vacuum oven to remove any guest molecules. The average sizes of the
nanoparticles of Ni-MOF-74 (Fig. S16a) and Co-MOF-74 (Fig. S16¢) were
measured to be 52 nm and 82 nm, respectively. Further SEM images are
included in the SI (Fig. S17), which show agglomerates of MOF NPs.
Vigorous magnetic stirring and ultrasonication were used during TFN
membrane fabrication to minimize agglomeration, to obtain membranes
with good dispersion of MOF. In DLS (Fig. S18) Ni- and Co-MOF-74
exhibited similar intensity and number distributions of particle size. The
number-average hydrodynamic diameters of Ni-MOF-74 and Co-MOF-74
were determined to be 192 and 254 nm, respectively. This is mainly due to
the agglomeration of the M-MOF-74 particles. Nanoscale MOF materials
are especially prone to agglomeration [46]. These findings are in good
agreement with literature findings [24]. Thermogravimetric analysis
(TGA) profiles of Ni- and Co-MOF-74 (Fig. S19) show large losses of weight
(20 %) from 50 to 150 °C, attributed to the removal of trapped DMF,
CH3OH, and possibly moisture [47]. From 300 to 600 °C, a second loss of
weight of 37 % and 39 % is observed for Ni- and Co-MOF-74, respectively.
This is attributed to the decomposition or collapse of the MOF-74 struc-
ture. Synthesized samples showed greater thermal stability than those
reported by Diaz-Garcia et al. [24], which may be attributed to the dif-
ference in characterization conditions by TGA or purity of the sample. In
general, TGA results are in fair agreement with literature values for the
synthesized M-MOF-74 [24,48]. These results provide good evidence
along with XRD analysis to confirm that these are MOF-74 nanocrystals.
Quantitative analysis of the TGA results is provided in Table S3.

3.3. Fabrication and characterization of mixed matrix and TFN
membranes

Self-standing MMMs and thin film nanocomposite membranes were
fabricated via three different approaches. The first approach involved
conventional blending of B-PIM-1a solution with Ni- and Co-MOF-74
NPs, with vigorous stirring and ultrasonication for 6 h to minimize
agglomeration and enhance dispersion of MOF-74 NPs. Initial studies
via this approach on self-standing MMMs of PIM-1 (60-80 pm) with 5 wt
% loading of M-MOF-74 (M = Ni or Co) exhibited limited robustness and
durability. As the loading of MOF-74 NPs increased, the membranes
became increasingly brittle, posing challenges for gas permeation
measurements. Consequently, alternative approaches for incorporating
the filler phase into the polymer matrix were explored. The second
approach involved grafting MOF-74 NPs during polymerization of PIM-1
via hydroxyl groups in MOF-74 with fluorine atoms in PIM-1. The
grafted MMMs were prepared in chloroform with stirring and ultra-
sonication. Grafted samples from PIM-1 showed enhancement in dura-
bility and dispersion of NPs compared to blended samples. The third
approach involved crosslinking the hydrolyzed version of PIM-1 through
the reactive carboxylic acid group with the metal acetate (Ni or Co).

As cast self-standing MOF-containing membranes (Fig. S20) with
grafted PIM-1, and crosslinked samples with cPIM-1b, displayed more
equally dispersed color compared to those obtained by conventional
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blending methods. The in-situ crosslinked membranes were insoluble in
THF and dimensionally stable after immersion, which is an indication of
crosslinking. Change of color was also observed (Fig. S21) from dark
brown to light green and pale red for cPIM-1/Ni-MOF-74 and cPIM-1/
Co-MOF-74, respectively. Crosslinked self-standing membranes
became more brittle as a result of crosslinking, in comparison with
pristine PIM-1 or cPIM-1, posing challenges in pure gas permeation
measurements. To minimize brittleness caused by hydrolysis, cPIM-1b
with a low degree of hydrolysis (25 %) was used for self-standing
membranes. Elemental analysis of grafted and crosslinked self-
standing MMMs utilized in gas permeation experiments are presented
in Table S4. Elemental analysis shows presence of both Ni and Co in the
grafted membranes, which is most likely due to the presence of MOF-74
in the samples. However, higher amounts of Ni or Co in the grafted
samples had been expected due to the higher initial loadings of MOF,
which suggests some losses during purification of grafted polymer. The
presence of both Ni and Co was also confirmed in crosslinked samples.
The detected amounts of both Ni and Co closely align with the expected
values in the self-standing crosslinked MMMs.

In TFN membrane fabrication, in general, challenges of brittleness
and durability were minimized due to the mechanical strength provided
by the PAN support, compared to self-standing MMMs. In the first and
second approaches, solutions for fabricating TFN membranes were
prepared using the same methodology as used for self-standing mem-
branes. In the first approach, B-PIM-1a was utilized in blends coated on
PAN support from Sepro PA350 and Solsep UF 010104-1501 (Solsep
UF). For the second approach, grafted samples were also coated on both
Sepro PA350 and Solsep UF. The third approach used cPIM-1b and cPIM-
1c with 60 % and 69 % hydrolysis degree for ideal gas and mixed gas
studies, respectively. This was primarily to achieve high permeance and

(a)
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selectivity as shown by Yu et al. [11]. Physical aging behavior can be
optimized by the degree of hydrolysis, with more highly hydrolyzed
PIM-1 aging more slowly due to increased hydrogen bonding. These
samples were coated onto Sepro PA350 and Solecta PAN supports. The
corresponding crosslinking reaction with the hydrolyzed PIM-1 was
performed in solution through the introduction of metal acetate and
organic linker, followed by coating the resulting solution on PAN sup-
port. The fabricated TFN membranes prepared from 4 % cPIM-1 primed
with 3 mol% of metal acetate per carboxylic acid group unit on the
cPIM-1 were found to be partially soluble (leaching was observed in TFN
when immersed) in THF, while TFN membranes made from 4 % cPIM-1
and 12 mol% of M-MOF-74 were found to be insoluble in THF and no
colour leaching was observed (Fig. S22). This was an indication of
crosslinking in the TFN membrane. Visual evidence of crosslinking of
cPIM-1b-60% with the metal acetate and organic linker in membranes
immersed in THF is shown in Fig. S22. Crosslinking at levels of metal
acetate equal or higher than 20 mol% per carboxylic acid unit in cPIM-1
was not advantageous as stronger interactions caused the formation of
solid precipitate in coating solutions. It is also worth noting that when
the metal node, (M(OAc)3)-4H50, is introduced alone, gel-like material
is formed at higher mol%.

Powder XRD of PIM-1, cPIM-1, M-MOF-74 (M = Ni or Co), grafted
and crosslinked self-standing membranes are presented in Fig. 3. PIM-1
exhibits three peaks at 13.1°, 18.0° and 23.2°, whereas cPIM-1 exhibits
three similar peaks but slightly shifted to the right at 13.7°, 18.5° and
23.4°. These peaks are attributed to spacings between loosely packed
chains, micropores within the polymer and aromatic interactions,
respectively [49]. By contrast, M-MOF-74 (M = Ni or Co) nanoparticles
show two characteristic peaks at around 6.8° and 11.8° for Ni particles,
and 7.2° and 11.7° for Co particles. In grafting, MOF-74 peaks are not
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Fig. 3. Normalized PXRD spectra from self-standing membranes of (a) PIM-1, Ni-MOF-74 and grafted PIM-1/Ni-MOF-74 (10 %), (b) PIM-1, Co-MOF-74 and grafted
PIM-1/Co-MOF-74 (10 %), (c¢) cPIM-1, Ni-MOF-74, crosslinked cPIM-1/Ni-MOF-74 (3 mol%), (d) cPIM-1, Co-MOF-74, crosslinked cPIM-1/Co-MOF-74 (3 mol%).
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detected, which is possibly due to the broadening and high intensity of
XRD peaks from non-crystalline PIM-1 overlapping MOF-74 XRD peaks.
Additionally, the second and third polymer peaks in both Fig. 3a and b
have shifted slightly to the right with increased broadness of the peaks,
as well as a decrease in the intensity. The shift might be attributed to
interactions between the polymer and MOF NPs drawing the polymer
chains closer to each other [49]. The broadening and decrease in in-
tensity may be due to the impact of nanocrystalline MOF in the sample
[50]. In crosslinked samples (Fig. 3c and d), a more significant shift to
the right for the three peaks in cPIM-1, along with slight decrease in
intensity, was observed. This may be an indication of a stronger inter-
action between the polymer chains with the carboxylic acid group and
MOF-74 (-OH) via hydrogen bonding. Additional peaks also appeared at
6.8° for Ni-based crosslinked samples, which closely matches the XRD
pattern of the nanoMOF-74 peak. The second peak may be obscured by
the presence of cPIM-1. In crosslinked Co-based samples, a peak appears
at 4.7° that does not match the expected patterns for either the polymer
or the MOF. This may be attributed to a secondary phase or may be a
result of crosslinking between the cPIM-1 and metal acetate in the
sample. XRD spectra with higher loading of MOF-74 in both grafted and
crosslinked samples are presented in Fig. S23. These results confirm the
presence of the MOF-74 phase in samples prepared using both grafting
and crosslinking methods.

Fig. 4 shows the thermal decomposition profiles of PIM-1, cPIM-1,
MOF-74 and grafted and crosslinked self-standing MMMs. Results for
individual polymers (PIM-1 and cPIM-1) and M-MOF-74 (Ni or Co)

(a)
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mostly agree with literature [24,27]. The PIM-1 sample was thermally
stable up to 530 °C, where the first weight loss occurs due to polymer
backbone decomposition in the range of 530 °C-550 °C. Below 75 °C,
grafted samples showed an initial loss of 8 %, possibly due to trapped
methanol within the MOF structure, as MOF-74 NPs were introduced at
the start of the polymerization. At 480 °C, a small weight loss of 4 % was
observed due to the collapse of MOF within the grafted sample. cPIM-1
showed two stages of significant weight loss due to carboxylic acid
group and polymer backbone decomposition. Crosslinked cPIM-1 (20
mol%) showed three significant weight losses. The samples showed an
initial loss of weight similar to that of MOF-74, but no major weight loss
until around 420 °C, possibly attributed to MOF-74 structure collapse.
Initial weight losses in crosslinked MMMs may be attributed to evapo-
ration of volatile compounds, moisture and DMF trapped in MOF-74
structures, similar to neat MOF-74. Crosslinked cPIM-1 (3 mol%)
showed only two major weight losses, as expected for a lower amount of
MOF-74.

FT-IR spectra of PIM-1, cPIM-1, MOF-74 and grafted and crosslinked
self-standing MMM are presented in Fig. 5. Changes in intensity of -OH
absorption in MOF-74 can be attributed to the MOF, water, and meth-
anol. Upon grafting, a slight increase in —OH absorption is observed for
both grafted samples. Magnified FT-IR spectra showing changes in ~-OH
stretching are included in Fig. S24. However, both grafted PIM-1/Ni-
and Co-MOF-74 did not produce significant shifts or changes, possibly
due to overlapping peaks, low amount of MOF compared to polymer
phase and possible losses of MOF-74 during purification of the polymer.
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Fig. 4. TGA analysis of (a) PIM-1, Ni-MOF-74 and grafted PIM-1/Ni-MOF-74 (10 %), (b) PIM-1, Co-MOF-74 and grafted PIM-1/Co-MOF-74 (10 %), (c) cPIM-1, Ni-
MOF-74, crosslinked ¢cPIM-1/Ni-MOF-74 (3 mol%) and crosslinked ¢cPIM-1/Ni-MOF-74 (20 mol%), (d) cPIM-1, Co-MOF-74, crosslinked ¢cPIM-1/Co-MOF-74 (3 mol%)
and crosslinked cPIM-1/Co-MOF-74 (20 mol%).
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Fig. 5. FT-IR spectra of (a) PIM-1, Ni-MOF-74 and grafted PIM-1/Ni-MOF-74 (10 %), (b) PIM-1, Co-MOF-74 and grafted PIM-1/Co-MOF-74 (10 %), (c) cPIM-1, Ni-
MOF-74, crosslinked cPIM-1/Ni-MOF-74 (3 mol%) and crosslinked cPIM-1/Ni-MOF-74 (20 mol%), (d) cPIM-1, Co-MOF-74, crosslinked cPIM-1/Co-MOF-74 (3 mol%)

and crosslinked cPIM-1/Co-MOF-74 (20 mol%).

FT-IR spectra of crosslinking between cPIM-1 and M-MOF-74 (M =
Ni or Co) are presented in Fig. 5¢ and d. FT-IR was carried out on
crosslinked samples at two different crosslinking degrees to show dif-
ferences. There is a clear difference between cPIM-1 and crosslinked
cPIM-1/M-MOF-74 (3 mol%). However, the difference is small due to
the small content of MOF-74 in the sample. On the other hand, cross-
linked cPIM-1/M-MOF-74 (20 mol%) shows a significant increase in
transmittance in the —OH stretch, attributed to the presence of MOF
phase. Another observation is that the carboxylic acid (—C=0) stretch
at 1710 ecm™! decreases upon crosslinking of cPIM-1. Changes in the
alkyl groups at 2950 cm™! (~CHs, ~CHy-) of cPIM-1 are also observed.
This suggests that crosslinking between the cPIM-1 and M-MOF-74 has
occurred.

SEM of PIM-1 and cPIM-1 powder, cPIM-1, in-situ crosslinked cPIM-
1/Ni-MOF-74 and Co-MOF-74 self-standing MMMs at different mol%
concentration are included in the SI, Figs. S25-S30. The membranes
were washed a few times with methanol and THF to make sure that any
unattached MOF was removed before SEM analysis. Clear differences
can be seen between cPIM-1 and crosslinked Ni-based samples, where
Ni-MOF-74 nanoparticles can be seen on top of the crosslinked cPIM-1
membrane (Fig. S27). Ni-MOF-74 seems to create big agglomerates on
the surface from fused smaller nanoparticles. Fig. S28 shows the cross-
section of crosslinked cPIM-1-25%/Co-MOF-74 (8 mol% per carbox-
ylic acid group in polymer). Co-MOF-74 nanoparticles can also be seen
in the cross-section and seem to be dispersed well across the membrane,
but with different morphology to that on the surface. EDS of cPIM-1/Ni-

and Co-MOF-74 (8 mol%) self-standing membrane are presented in
Figs. S31 and S32, respectively.

For TFN membranes, surface and cross-sectional analysis by SEM for
a crosslinked cPIM-1/Ni-MOF-74 (3 mol%) TFN membrane are pre-
sented in Fig. 6. For surface analysis, EDS mapping of Ni confirms an
even distribution across the TFN membrane surface. The selective layer
is highlighted with a red box in Fig. 6¢c. EDS mapping also confirmed the
Ni to be evenly distributed across the cross-section. cPIM-1/Co-MOF-74
(3 mol%) TFN membrane SEM and EDS analysis is shown in Fig. 7. The
Co was confirmed to be evenly distributed across the selective layer.
Fig. 7c shows cross-sectional SEM images of the fabricated TFN mem-
branes for mixed permeation testing. SEM images suggest that the se-
lective layer is between 1.1 pm-2.2 pm in thickness with no evidence of
penetration of the polymer into the PAN layer. Additional SEM images of
B-cPIM-1/M-MOF-74 (3 mol%) TEN are included in Fig. S33. Figs. S34
and S35 present cross-sectional TEM analysis of blended, grafted and
crosslinked TFN membranes, along with respective EDS analysis to show
the dispersion of MOF NPs. Grafted TFN showed better overall disper-
sion compared to blended samples, which can be seen in TEM images for
Ni-MOF-74-based TFN in Figs. S34a and S34b. Notably, Fig. S36 high-
lights the difference between blending and grafting in PIM-1 with Co-
MOF-74 samples, where there is clearer contrast between irregular
aggregated nanoparticles in the cross-section of the TFN blended sam-
ples compared to more even distribution of nanoparticles in the grafted
TFN sample.
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Fig. 6. SEM of crosslinked cPIM-1/Ni-MOF-74 (3 mol%) TFN showing (a) surface of TFN membrane, (b) EDS mapping of Ni, (c) cross-section of TFN membrane (red
rectangle indicates area of selective layer mapped in (d) and (e), (d) cross-section EDS mapping of C, and (e) cross-section EDS mapping of Ni. (For interpretation of
the references to color in this figure legend, the reader is referred to the Web version of this article.)

3.4. Single gas permeability of self-standing mixed matrix membranes

The CO3, Ny and CH4 permeation data for all fabricated self-standing
membranes are included in Table S5 with aging data from day 1 to day
30. The majority of the fabricated self-standing MMMs were highly
brittle and difficult to cut to a suitable size for the permeation cell. This
was clearly seen with aged membranes as well as with cPIM-1 samples
with high hydrolysis degree. cPIM-1b with low conversion (25 %) was
used to minimize the brittleness of the MMMs in crosslinked samples.
PIM-1-based grafted samples were more durable and easier to test in
comparison, which was attributed to a more even dispersion of MOF-74
NPs. The CO,/N> data are shown in a Robeson plot in Fig. 8 for PIM-1-
based and cPIM-1-based samples. Initial testing of PIM-1a samples has
shown comparable results to those obtained in literature [11,51]. with a
permeability of 7600 Barrer and a selectivity of 12.1. Physical blends of
PIM-1a polymers with Ni-MOF-74 showed an improvement in perme-
ability for PIM-1/Ni-MOF-74 (5 %), with CO, permeability of more than
10,000 Barrer, while also maintaining selectivity. Although Ni-based
MMMs maintained higher permeability values after 30 days of aging,
nonetheless a 30 % decrease in Ni MMMSs was observed from 10,000 to
7000 Barrer, compared to only 13 % decrease in CO, permeability in
pristine PIM-1. MMMs of PIM-1/Co-MOF-74 were difficult to test due to
brittleness of the membranes.

In grafted samples, gas permeation results showed enhanced
permeability for Ni samples, with slight improvement in selectivity from
12.1 to 13.3. Grafted Co-based MMMs produced similar permeability,
but with enhanced selectivity from 12.1 to 15.2. However, grafted
MMMs aged faster compared to pristine PIM-1 samples. It is worth
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noting that CO,/CHy selectivities for both grafted Ni- and Co-based
MMMs were noticeably higher for fresh and aged membranes
compared to neat PIM-1 samples. The CO3/Ny and CO,/CHy gas sepa-
ration performances for cPIM-1b (25 %) showed reduction in CO,
permeability associated with a significant increase in selectivity,
compared to PIM-1.

Crosslinked cPIM-1/Ni-MOF-74 MMMs showed a slight increase in
permeability with significantly lower selectivity. However, upon aging,
the selectivity increased to 22.3 (similar level to neat cPIM-1-25 %) and
permeability was maintained, which is not the case with cPIM-1-25%,
whose permeability decreased by 27 %. On the other hand, membranes
of crosslinked cPIM-1 with Co-MOF-74 produced significantly improved
gas permeability and CO3/N2 and CO,/CH4 ideal selectivity compared
to neat cPIM-1-25%, exceeding the 2008 Robeson upper bound. Based
on that, efforts were made to increase the content of Co-MOF-74 from 8
mol% to 16 mol% per carboxylic acid unit in cPIM-1-25%. The self-
standing membranes produced were even more brittle compared to
highly hydrolyzed cPIM-1 samples (cPIM-1-60%). The gas permeation
results produced higher permeability than neat cPIM-1, and significant
improvement in selectivity from 17.1 in cPIM-1-25% to 47 in crosslinked
cPIM-1-25%/Co-MOF-74 (16 mol%), exceeding current 2019 Robeson
upper bounds. Aged samples showed a slight drop in permeability
associated with boost in selectivity in both COy/Ny and COy/CHjs.
Further testing of aging was not possible due to the brittleness of these
crosslinked self-standing membranes.



M. Alshurafa et al.

Journal of Membrane Science 713 (2025) 123388

e
0.5 pm

Fig. 7. SEM of crosslinked cPIM-1/Co-MOF-74 (3 mol%) TFN showing (a) surface of TFN membrane, (b) EDS mapping of Co, (c) cross-section of TFN membrane (red
rectangle indicates area of selective layer mapped in (d) and (e), (d) cross-section EDS mapping of C, and (e) cross-section EDS mapping of Co.
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Fig. 8. Plot of ideal CO,/N; selectivity vs. COy permeability, with Robeson
[52] 2008 and Jansen/McKeown [53] 2019 upper bounds, showing data on day
1 and day 30 for self-standing films prepared from pristine PIM-1, PIM-1/Ni--
MOF-74 (5 %) blend, grafted PIM-1/Ni-MOF-74 (10 %), grafted
PIM-1/Co-MOF-74 (10 %), hydrolyzed PIM-1 (25 %), crosslinked
Co-MOF-74/cPIM-1 (8 % by mol per carboxylic acid group) and crosslinked
Co-MOF-74/cPIM-1 (16 % by mol). The arrows indicate membrane aging trends
from day 1 to day 30.
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3.5. Single gas permeance of thin film composite and thin film
nanocomposite membranes

The CO4, N3 and CH4 permeation data for all fabricated TFC and TFN
membranes are included in Table S6 with aging from day 1 to day 28.
Initial studies on TFN membranes prepared from PIM-1a and M-MOF-74
(M = Ni or Co) using conventional physical blending were done on Sepro
PA350 and SolSep UF support materials (Fig. 9a and b). These TFN
membranes were prepared from 3 % w/v PIM-1 with 5 % w/w of Ni- or
Co-MOF-74 nanoparticles. PIM-1/Ni- and Co-MOF-74 (5 %) TFN mem-
branes showed significant increases in permeance, with 152 % and 112
% increase for Ni-based and Co-based TFNs, respectively, compared to
neat PIM-1 TFC membranes. However, no significant changes in CO5/N>
selectivity were observed by blending Ni- and Co-MOF-74 in this
manner. These results may suggest the formation of interfacial voids
between the polymer and MOF matrices. In addition, physical aging
showed a slightly faster aging rate, 88 % permeance decrease for Ni-
based samples, compared with 82 % permeance decrease for PIM-1
TFC membranes. On the other hand, aged TFN membranes of Ni- and
Co-MOF-74 showed higher permeance with similar selectivity compared
to PIM-1 TFC membrane at the same time of aging. A noticeable dif-
ference in the separation performance was observed upon the change of
support from Sepro PA350 to SolSep UF, both composed of poly-
acrylonitrile. Slightly lower permeance and selectivity with faster
physical aging for TFNs of PIM-1 with Ni- and Co-MOF-74 was generally
observed when using the SolSep support. This might be due to the pore
size in UF 010104-1501 (55 nm), which is slightly larger than in PA350
(35 nm), which allowed penetration of polymer solution into the sup-
port, leading to reduction in permeance. Another factor is the impact of
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Fig. 9. Dependence on aging time of gas permeation data for TFCs and TFNs on Sepro PA350, SolSep UF and Solecta supports showing (a) CO, permeance for
samples prepared via conventional blending between 3 % w/v PIM-1 and MOF-74 (5 % w/w), (b) ideal CO./N selectivity for conventional blending 3 % w/v PIM-1
and MOF-74 (5 % w/w), (c) CO, permeance for samples prepared via 3 % w/v PIM-1 and grafting with MOF-74 (10 % w/w), (d) ideal CO5/N, selectivity for samples
prepared via 3 % w/v PIM-1 and grafting with MOF-74 (10 % w/w), (e) CO, permeance for samples prepared via 4 % w/v cPIM-1 and MOF-74 (3 mol%) in-situ
crosslinking and (f) ideal CO,/N; selectivity for samples prepared via 4 % w/v cPIM-1 and MOF-74 (3 mol%) in-situ crosslinking.

casting solvent on the porosity of the UF 010104 support compared to
PA350, as shown previously by Yu et al. [11].

Results for TFN membranes with grafted fillers are shown in Fig. 9¢c
and d. Grafted PIM-1/Ni-MOF-74 on PA350 produced significant initial
permeance improvement to 9600 GPU, highest across all fabricated TFN
membranes, with improved CO5/Nj selectivity from 12 to 16, compared
to a neat PIM-1 sample. However, a significant drop in permeance and
selectivity was observed after 28 days of aging. With UF 010104-1501
support, reduced initial permeance was noted compared to PA350.
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However, slower aging was observed with higher selectivity, with
similar trend to self-standing MMMs.

cPIM-1b-60% and crosslinked cPIM-1b/M-MOF-74 samples are
shown in Fig. 9e and f cPIM-1-60% coated on PA350 showed high ideal
selectivity (66 for CO2/N2) and comparable permeance to that of PIM-1.
However, a drop in aged cPIM-1b-60% permeance and selectivity was
observed after 28 days; similar results for this hydrolysis conversion
range were previously reported by Yu et al. [11]. Crosslinked
cPIM-1b-60%,/M-MOF-74 (3 mol%) showed significantly increased ideal
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CO4/Nj, selectivities of 92 and 85 for Ni and Co-based samples, respec-
tively. Similar behavior was also observed for ideal CO,/CHj selectivity,
which increased from 36 to 50. Aging behavior was similar to that of
neat cPIM-1-60%, which could indicate that M-MOF-74 can boost gas
separation performance significantly, but aging will solely depend on
the polymer phase. Therefore, cPIM-1 with higher conversion might
help to retain performance on aging, while benefiting from the MOF-74
in enhancing permeance and selectivity. Another set of experiments was
carried out on a different support (Solecta) to study how it would affect
the performance compared to PA350. The results show a significant drop
in permeance and selectivity for both neat cPIM-1 and crosslinked
MMMs, which indicates that choice of support plays a significant role in
thin film fabrication. Although Solecta support has been shown in our
laboratory to perform well with PIM-1 samples, it didn’t work so well
with cPIM-1. This might be because of possible interaction between the
support and polymeric materials on the surface of the support. Another
possibility is the change of solvent from chloroform to THF partially
deforming and blocking the finger-like pores in the PAN support, leading
to reduced permeance and selectivity. The performance of TFN mem-
branes for CO2/CHy4 are included in the SI (Fig. S37).

Fig. 10 Summarizes ideal CO,/N3 selectivity vs CO, permeance of all
fabricated TFN membranes on PA350 support, compared to the indus-
trially favorable region for post-combustion carbon capture, introduced
by Merkel et al. [28]. Ideal gas separation performance for some of the
fabricated TFN membranes fall in the targeted region. The introduction
of M-MOF-74 gives a significant increase in permeance in all PIM-1
based samples, with slight positive change in selectivity, especially for
grafted B-PIM-1a/Ni-MOF-74 (10 %). cPIM-1 based TFN membranes are
shown to maintain permeance with significant increase in ideal selec-
tivity for fresh membranes, which is still higher than cPIM-1 after aging.
Ideal gas selectivities may differ significantly from mixed gas results due
to plasticization, as seen with cPIM-1 TFC membranes [11]. However,
research has shown that addition of fillers like MOFs could limit the
movement of polymers chains thus overcoming COs plasticization [54].

B B-PIM-1a
® B-PIM-1a/Ni-MOF-74 (5%) blend
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Fig. 10. Plot of ideal CO,/N, selectivity vs. CO, permeance showing perfor-
mance of TFN membranes prepared from PIM-1 and cPIM-1 by conventional
blending, in-situ grafting and crosslinking, compared against the favored range
for post-combustion carbon capture suggested by Merkel et al. [28] (shaded
region). All samples were coated on Sepro PA350 support apart from grafted
PIM-1/Ni-MOF-74 and Co-MOF-74, which were coated on SolSep UF
010104-1501 support. Arrows indicate physical aging of TFN membranes from
day 1 to day 28. Solid lines are for PIM-1 based samples, while dashed lines are
for cPIM-1 based samples.
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Table 2

Mixed gas separation performance of TFC membranes on PA350 support of B-
cPIM-1, crosslinked B-cPIM-1/Ni-MOF-74 (3 mol%) and crosslinked B-cPIM-1/
Co-MOF-74 (3 mol%) from 50 %/50 % CO»/N, feed.

Membrane Configuration Permeance and Selectivity

Selective layer Thickness Aging Ny CO, (GPU) CO,/N,
(pm) (days) (GPU)
B-cPIM-1c 1.1 1 49+31 1014 + 287 24+9
38 21+14 387 +£70 23+12
Crosslinked cPIM- 1.8 1 31+10 982 +191 32+5
1c/Ni-MOF-74 38 22+7 598 + 49 308
3 mol%)
Crosslinked cPIM- 2.2 1 59+10 1842 + 668 33+7
1c/Co-MOF-74 38 24+6 525491 23+2

3 mol%)

3.6. Mixed gas permeance of thin film composite and thin film
nanocomposite membranes

cPIM-1, like other glassy polymers, is susceptible to plasticization
effects by highly sorbing gases such as CO,, leading to reduced selec-
tivity. Recent work by Yu et al. [11] showed that cPIM-1 under mixed
gas conditions (90 % N3/10 % COy) produced lower permeance
(700-1000 GPU) and lower CO3/N; selectivity (13-19) compared to
ideal gas separation performance (1000-1900 GPU and CO,/Ns of
36-86). TFNs of cPIM-1c, and cPIM-lc crosslinked with Ni- and
Co-MOF-74 were assessed using a mixed gas separation system
measuring CO2/N5y and COy/CHy selectivities from a 50 %/50 % feed
composition. Table 2 summarizes the results obtained for CO3/Nj
mixture for fresh and aged membranes. Permeance and selectivity were
both reduced compared to ideal gas conditions. cPIM-1 TFC produced a
permeance of 1014 GPU and a COy/N; selectivity of 25. Crosslinked
cPIM-1/Ni-MOF-74 TFNs showed similar permeance and higher selec-
tivity than the parent cPIM-1. Overall, these crosslinked
cPIM-1/Ni-MOF-74 TFNs produced the highest permeance and selec-
tivity upon aging in mixed gas conditions, compared to neat cPIM-1 and
Co-based TFN, which may indicate some plasticization resistance upon
crosslinking. The performance of aged TFN membranes were also tested
with a CO2/CH4 mixture with 50 %/50 % composition and results are
included in the SI (Table S7).

4. Conclusions

Multiple fabrication routes to produce mixed matrix and TFN
membranes were investigated to enhance interfacial interaction, opti-
mize membrane performance, and mitigate aging and plasticization ef-
fects. Conventional blending of PIM-1 samples with M-MOF-74 (M = Ni
or Co) gave TFN membranes with improved gas separation performance
compared to neat PIM-1 TFC membranes. An aged TFN membrane of
PIM-1 blended with Ni-MOF-74 showed a permeance of 1000 GPU and
selectivities of 20.0 and 20.5 for CO2/N2 and CO2/CHy, respectively.

Grafting enhanced the interfacial interaction between the two
matrices to give more durable self-standing films. A fresh TFN mem-
brane of grafted PIM-1/Ni-MOF-74 gave high permeance, reaching 9600
GPU with CO,/Ny ideal selectivity of 16.

Crosslinking showed significantly improved permeability and selec-
tivity, exceeding the current 2019 upper bound for pure gas permeation
in self-standing membranes of ¢cPIM-1 crosslinked with Co-MOF-74. On
PA350 support, crosslinked cPIM-1 TFN membranes showed significant
increase in ideal selectivity, increasing from 66 to 92 and 85 CO2/Nj for
Ni- and Co-based MOFs, respectively. In this study, selection of support
materials proved to be significant for gas separation performance,
especially long-term physical aging. Mixed gas performance on Ni and
Co-based crosslinked samples produced COy permeances of 980 GPU
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and 1840 GPU, respectively, and CO,/Ny selectivities of 32 and 33,
respectively. Further studies of support interactions with these polymers
need to be conducted to obtain maximum performance and improve
resistance to physical aging and plasticization effects.
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