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ARTICLE INFO ABSTRACT

Editor: Zhaoxiang Zhong This study presents a sustainable microwave-assisted synthesis, based on the use of acetone and a water/acetic
acid mixture instead of typical harmful DMF, to fabricate Zr-metal-organic frameworks (MOFs) UiO-66 and
MOF-808 as fillers in a PIM-1 matrix for gas separation application. The mixed matrix membranes (MMMs) were
prepared with varying loadings (2.5-10 wt%) of MOFs. The physicochemical properties (‘H NMR, FTIR, XRD, N
adsorption, TGA and SEM) of the resulting PIM-1, MOFs and MMMs were analyzed. The CO,/CH4 separation
performance and membrane aging characteristics of the MMMs were evaluated. The incorporation of MOF fillers
significantly improved CO2 permeability and COy/CHjy selectivity, attributed to their CO2-philicity and narrow
pore size (UiO-66 ~ 0.6 nm and MOF-808 ~ 1.8 nm). The MMMs with higher filler loadings (7.5 and 10 wt%)
exhibited the most favorable separation performance. Due to the better crystallinity and textural properties,
MOF-808 produced the best separation results at 10 wt% filler loading (a CO2/CH4 separation selectivity of 16.2
at 9090 Barrer of CO, permeability). Aging led to a decrease in CO;, permeability but a slight increase in COy/
CHy selectivity for all MMMs. Overall, the study highlights the potential of PIM-1,/UiO-66 and PIM-1/MOF-808
MMMs as efficient materials for (CO2/CHy) separation comparing with the pristine PIM-1.
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CO,/CH4 separation

processes [3-6]. These advantages include high productivity, scalabil-
ity, processability, and a small footprint, making it an attractive option
for CO; separation [1,2]. As a result, there is a high require for mem-
brane materials that demonstrate extreme selectivity, to minimize

1. Introduction

The existence of carbon dioxide (CO3) is widespread, frequently seen
in natural gas, biogas, and produced when burning fossil fuels or con-

verting coal [1]. Regarding methane (CH4) gas streams, it is essential to
remove CO, for improving their quality and performance, particularly
for biogas production prior to injecting into distribution systems [1,2].
This is crucial to prevent a decrease in the energy value, corrosion and
harmful effects on the compression and transportation characteristic of
the gas. Therefore, the efficient and cost-effective separation of COs is
extremely required [1,2]. Various traditional industrialized techniques
such as cryogenic, absorption, adsorption and membrane separation
have been employed for CO; capture and separation [3-6]. Among these
methods, the separation technology based on membranes has been
practically applied and offers several advantages over other traditional
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methane losses, and high permeability, to reduce manufacturing costs
and physical footprint [7-9].

Mixed matrix membranes (MMMs) offer a promising prospect to
merge the best features of polymeric organic materials, which are easily
processable, with the outstanding transport performing of certain fillers
[10,11]. The primary goal of developing these innovative materials is to
create membranes with superior permeability and selectivity for gas
separation applications that exceed the so-called Robeson-upper bound
line [4,5,12]. In general, the combination of inorganic nano-fillers into a
polymer structure can alter permeability either by enabling a molecular
sieving, changing solubility or generating a barrier effect or disordering
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of the polymer chains [13,14]. However, the fabrication of MMMs faces
a significant challenge in achieving proper dispersibility of inorganic
nano-fillers in the polymer architecture. The existence of fillers in high
concentrations leads to diminish the gas separation performing and
membrane mechanical stability [15,16]. Moreover, poor separation
selectivity is a potential issue in MMMs when the nano-filler and poly-
mer are incompatible, creating networks at their interface that alllow
gas transport through low selective Knudsen diffusion [17,18].

Polymers of intrinsic microporosity (PIMs) have attracted a great
attention due to their good gas transfer characteristics, particularly
highly permeability and reasonable selectivity. The inter-connectivity of
micro-cavities and the spiro-bisindane moiety, which creates consider-
able steric hindrance, contributes to a high fractional free volume (FFV)
and rigidity in the polymer chains [19-21]. PIM-1 is the most studied
microporous polymer among the PIMs due to its easily solubility,
excellent physio-chemical and thermal stability and excellent properties
for CO5/CH4 separation with selectivity in the ca. 12-18 range. Addi-
tionally, PIM-1 exhibits a remarkable adsorption capability for smaller
molecules and is useful for catalysis application [21-23]. The selection
process for both polymer and filler components holds paramount
importance as it influences the morphology and overall efficacy of
MMMs in gas separation [11,15]. By selecting the appropriate combi-
nation of polymer and filler, it is possible to produce advanced mem-
branes with an exceptional gas separation performance [15].

Metal-organic frameworks-MOFs are a novel group of nano-porous
materials that are constructed by linking metal-clusters with organic
units [24] giving rise to porosity with a specific size and shape [25]. Due
to their crystallinity, microporosity and specific interaction with mole-
cules like CO2, MOFs can lead as filler in a polymer matrix to achieving
improvements in the solubility and/or diffusivity of the targeted gas
molecules, as well as mitigating the effects of physical aging or
enhancing plasticization resistance [26]. Compared to inorganic fillers,
MOFs have good compatibility with polymers owing to its organic na-
ture and a greater pore volume at a lower density [27,28]. MOFs can be
tailored to have pre-defined cage dimensions and functionalized ligands,
which can increase their affinity for both the phase of organic polymer
and transported gases. This supports MOFs as an appealing option for
separation applications [14,29]. It is estimated that MOF fillers will
further enhance the performance of the PIM-MMMs [18,30,31].

As compared to other fillers, Zr-based MOFs, when embedded in
MMM, exhibit some of the most noteworthy CO,/CH4 permeability and
selectivity [32]. This exceptional performance can be ascribed to the
electrostatic potential and acid-base Lewis’s interactions existing at the
Zr-MOF carboxylate type ligands, which possess a significant affinity for
CO2 quadrupole moment when compared to CHy4 [33,34]. Moreover,
COs has a higher diffusivity than CH4 owing to the CO, small kinetic
diameter (0.33 nm) comparing to that of CH4 (0.38 nm), and the latter is
steric hindered by the Zr-MOFs microporous structure [14]. The COz/
CH,4 separation efficiency of PIM-1/MOF MMM is significantly influ-
enced by how MOFs are incorporated into the polymer architecture,
depending on various factors such as their particle size [35] and shape
[36], MOFs structure and surface modifications [37,38], MOF loading
and the conditions of membrane synthesis, including temperature and
method [29,34,39-41].

The UiO-66 and MOF-808 are types of Zr-based MOFs currently
being explored for gas separation and capture [11,42-45]. These MOFs
are created by using carboxylate-type linkers and Zr clusters to form
highly porous frameworks. One of their notable advantages is the ability
to incorporate different linkers to tailor the interaction between the
MOFs and the polymer matrix, which is an important factor affecting the
gas transport properties of MMMs. Several studies have examined the
transport properties of various isoreticular-UiO-66-based MMMs and
found that their CO5 permeability and selectivity can be improved by
incorporating various kinds of isoreticular UiO-66 in the corresponding
MMMs [42]. For instance, the existence of -NH; groups in UiO-66-NH;
resulted in a reduced CO5 permeability and a little rising in CO2/CHy
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selectivity [11,42-44]. Computational studies have also shown that
modifying the functional groups of UiO-66 ligands can enhance the CO2/
CH4 adsorption selectivity [44].

The addition of MOF fillers to membrane materials greatly enhanced
the ability of CO, to pass through and be selectively separated. This
improvement is mainly due to the porous structure of the created MOFs,
which makes it easier for CO3 to move through. Additionally, the active
functional groups in the MOF ligands, particularly the carboxylate
groups based on zirconium, make the MOF particles attract CO2 more
strongly and also have a good fit with the PIM-1 polymer. These in-
teractions between the polymer and filler materials create more paths
for CO; to travel through the membranes, ultimately leading to better
selectivity in separating CO5 from other gases.

Microwave-assisted synthesis of MOFs offers several notable ad-
vantages. Firstly, it provides a rapid heating rate, enabling significantly
reduced synthesis times, sometimes taking only a few seconds. This
characteristic enhances energy efficiency, leading to substantial re-
ductions in energy consumption. Secondly, the synthetic process can be
easily controlled upon deactivation of the microwave power. Lastly, this
method is environmentally friendly, resulting in substantial reductions
in pollution generation [46]. In this study, a sustainable method using
microwave-assisted synthesis was employed to obtain UiO-66 and MOF-
808 by replacing in turn N,N-dimethylformamide (DMF) with an
acetone and water-based reaction mixture and performing the synthesis
at relatively low temperatures. The physico-chemical characteristics of
the resulting Zr-MOFs were analyzed, and the most promising materials
were selected for incorporation into a PIM-1 matrix at varying loadings
up to 10 wt%. The resulting PIM-1/MOF MMMs were evaluated for their
COy/CH4 separation performance and membrane aging at 35 °C, as well
as other relevant properties. The main novelty of this study lies in the
demonstration of the feasibility of synthesizing two different Zr-based
MOFs, namely MOF-808 and UiO-66, using an environmentally
microwave-assisted method with acetone as solvent instead of typical
harmful DMF. These synthesized MOF share a common chemistry
characterized by Zr-based carboxylate ligands but differ significantly in
terms of their pore sizes, with UiO-66 possessing pores of approximately
0.6 nm and MOF-808 exhibiting larger pores of around 1.8 nm.
Furthermore, this research indicates the potential of MMMs composed of
PIM-1/Ui0O-66 and PIM-1/MOF-808 as highly efficient materials for the
separation of mixed (CO,/CH,4) gases when compared to pristine PIM-1.

2. Experimental
2.1. Materials

For synthesizing UiO-66, benzene-dicarboxylic acid (BDC) (Aldrich,
98.0%), ZrCl4 (Aldrich, 98.0%) and acetone (Cicarelli, 99.0%) as solvent
were utilized. Additionally, the synthesis of MOF-808 involved using
benzene tricarboxylic acid (BTC) (Aldrich, 95.0%), ZrCls (Aldrich,
98.0%), with glacial acetic acid and deionized water as solvents. All the
chemical reagents were utilized without any additional purification.
PIM-1 was synthesized using reagent grade chemicals including potas-
sium carbonate anhydrous (K2COs3), methanol (MeOH), N-methyl-pyr-
rolidone (NMP), chloroform (CHCls), and toluene, from Sigma-Aldrich
with a purity greater than 99%. Tetrafluoroterephthalonitrile (TFTPN)
and tetramethyl-1,1'-spirobiindane-5,5,6,6-tetraol (TTSBI) were ac-
quired from Sigma-Aldrich; the first one was purified by recrystalliza-
tion in MeOH, while the later was refined by sublimation at (150 °C).

2.2. Methodology

2.2.1. Synthesis of polymer PIM-1 and MOFs UiO-66 and MOF-808
PIM-1 (MW =~ 74 kDa, polydispersity index (PDI) = 1.85, as deter-
mined by GPC-MALS) was synthesized using a previous protocol
[14,20,47]. In the synthesis process, TFTPN and TTSBI (both at 0.01
mol) were combined with anhydrous K2CO3 (0.03 mol), NMP (20 mL),
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Fig. 1. (a) Top: UiO-66 formation units. Down: Simulated unit cell from CCDC file 733458 using Diamond 3.2 software. (b) Top: MOF-808 formation units. Down:
MOF-808 unit cell simulated from CCDC file 1002672 using the free software Vesta.

and toluene (10 mL) in a nitrogen-protected three-necked flask with
continuous stirring. The mixture was refluxed at 160 °C for 4 h, yielding
a thick solution that was then precipitated using MeOH. The resulting
polymer was dried, redissolved in CHCl3, re-precipitated with MeOH,
and finally dried overnight at 80 °C.

To synthesize UiO-66, a DMF-free protocol was utilized [48] and the
reaction was performed out under microwave heating process that were
previously optimized [49]. The procedure involved mixing (BDC and
ZrCly) with acetone under magnetic stirring for 25 min to produce a
homogeneous mixture of 70 mL with a molar ratio of BDC:ZrCl4:acetone
= 1:1:1622. The mixture was then treated under stirring for 6 h at 80 °C
in an autoclave using a Milestone flexiWAVE microwave oven (220 V,
50 Hz). For the synthesis of MOF-808 [50], a similar procedure was used
by replacing the carboxylate ligand (BDC with BTC), the mixture of
reagents (BTC and ZrCly) and solvents was homogenized using magnetic
stirring. The molar ratio of BTC:ZrCl4:acetic acid:water was maintained
at 0.333:1:44:138, as well as the solvent volume of 20 mL (see the
supplementary information for additional details).

2.2.2. Membrane fabrication

PIM-1/Ui0O-66 and PIM-1/MOF-808 MMMs with 2.5-10 wt% MOF
crystals were prepared as follows: first, PIM-1 was solubilized in CHCl3.
Next, MOF dispersions were created by sonication of UiO-66 and MOF-
808 in CHClI; using an ultrasonic bath for 1 h. The solution of PIM-1 and
MOF dispersion were mixed and stirred for 3 h more. Finally, the sus-
pensions were cast into Petri glass dishes allowing 3 days for completing
the evaporation of solvent at ambient temperature. Before membrane
testing (bare PIM-1 and MMMs), the membranes after drying were
immersed for 30 min in methanol, dried overnight in oven under vac-
uum at 60 °C and stored in a dark place at ambient temperature.

2.2.3. PIM-1, MOFs and membrane characterization

A Bruker Avance III 400 spectrometer (Bruker, Billerica, MA, USA)
operating at 400 MHz proton frequency and 25 °C was used to conduct
'H NMR with CDCl; as an internal reference. Gel permeation chroma-
tography (GPC) combined with multi angle light scattering (MALS)
detection was conducted to analyze the PIM-1 molecular weight. The
Bruker Vertex 70 FTIR spectrometer, which included a DTGS detector
and a Golden Gate diamond ATR accessory, was used to carry out

Fourier transform infrared spectroscopy (FTIR). Using a Mettler Toledo
TGA/STDA 851e, thermogravimetric analyses (TGA) and differential
thermogravimetry (DTA) were conducted.

To analyze the membrane and MOF crystallinity, X-ray diffraction
(XRD) was performed using a Panalytical Empyrean equipment with
CuKa radiation (A = 0.154 nm), scanning between 5° to 40° (2-theta) at a
rate of 0.03°-s~1. Micromeritics Tristar 3000 was used to record the N
isotherms at —196 °C. The specific surface area (SSA) of the porous
materials was calculated using the Brunauer-Emmett-Teller (BET)
method. Scanning electron microscope (SEM) images were achieved for
the membranes using a FEI Inspect F50 model operating at 10 kV. The
membrane thickness was measured at 5-6 different positions along the
membrane using micrometer scale, the measured thickness value was
around 100-200 um, (see the supplementary information for additional
details).

2.2.4. Gas permeation measurements

The used set-up for the CO»/CH4 mixture separation is as follows
[29]: a membrane circle was cut and put in a design module composed of
dual stainless steel parts and a 316LSS macro-porous disc support with a
pore-size (20 pm). The membranes, which had an area of 2.12 cmz, were
clamped inside the permeation module by Viton o-rings. The tempera-
ture of the membrane was regulated at 35 °C by placing the module of
permeation in an oven (Memmert). Gas separation was performed by
feeding a 50/50 ¢m3(STP)-min ! COy/CH4 mixture at 3 bar. The
membrane permeate side was purged at atmospheric pressure (ca. 1 bar)
with 2 cm3(STP) min~! of He. All these gas streams were regulated by
mass-flow controllers -(Alicat). An Agilent 990 micro-gas chromato-
graph continuously evaluated the CO, and CH4 concentrations in the
permeate stream. After reaching steady state (after ca. 3 h), CO3 and CHy
permeabilities were recorded in Barrer 101°  cm3(STP)
em-cm~ 2.5 L.emHg 1), as the flux divided by the membrane area and
partial pressure and multiplied by the thickness of the membrane. The
CO2/CHjy selectivity was determined as the corresponding permeabil-
ities ratio. The formulas used to calculate the permeability (Eq.1) and
selectivity (Eq.2) are as follows [51,52]:

P Fluxy,s (cm®(STP)-cm™2-s~1)-Thickness (cm)
o AP, (cmHg)

gas

@
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Fig. 2. XRD patterns of: (a) PIM-1 (powder), UiO-66 and PIM-1/UiO-66 MMMs, (b) PIM-1 (powder), MOF-808 and PIM-1/MOF-808 MMMs, (c) PIM-1 pristine
membrane, and (d, e) UiO-66 and MOF-808 with their simulated patterns from their corresponding crystallographic data (CCDC files 733458 and 1002672).

conducted on the aged membranes without any methanol treatment. To
(2) ensure accurate results and errors, each membrane was measured five
times before and after the aging period.

Pcox
o=

Pcry

To investigate the influence of physical aging on membrane perfor-
mance, the membranes have been stored for 45 days in a dried desic-
cator to prevent moisture. Afterward, gas permeation tests were
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Fig. 3. N isotherms at -196 °C for PIM-1 and MOFs UiO-66 and MOF-808 with
the corresponding BET specific surface areas.

3. Results and discussion
3.1. Preparation and characterization of MOFs and MMMs

Fig. la represents the formation units of UiO-66 and the corre-
sponding simulated unit cell. UiO-66 is fabricated of a group of 6 Zr-
atoms linked to oxygen atoms and hydroxyl groups. These units are
linked together by BDC moities forming the unit cell. Multiple unit cells
connect to create the unique three-dimensional structure of UiO-66. In
meanwhile Fig. 1b shows the formation units of MOF-808 and its
simulated unit cell. MOF-808 also has the same metal cluster than UiO-
66, consisting of ZrgO4(OH)4. This cluster is connected by BTC ligands
and the monoprotic modulator to form the unit cell. Like UiO-66, mul-
tiple unit cells join together to form the distinct three-dimensional
arrangement of MOF-808. Crystallographic pore sizes of UiO-66 and
MOF-808 are 0.6 nm [53] and 1.8 nm [54], respectively.

The PIM-1 structure was confirmed by analyzing its 'H NMR and
GPC spectra, which are presented in Fig. S1. The PIM-1 pristine and PIM-
1/MMMs were subjected to FTIR spectroscopy (Fig. S2) to investigate
the connections between MOFs (UiO-66 and MOF-808) and PIM-1. Fig. 2
depicts the PIM-1 amorphous structure via the XRD diffractogram. The
two broad peaks at 13.4° and 18.0° indicate chain-to-chain distances of
0.49 nm and 0.65 nm, respectively. These distances are related to the
packing efficiency of polymer chains with a ladder and microporous
architecture in PIM-1 [14,22,47]. Besides, the XRD diffractograms for
UiO-66 and MOF-808 are presented in Fig. 2d and Fig. 2e, respectively.
The diffraction pattern of UiO-66 displays main indexed peaks at 7.4°,
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8.5° and 25.7°, which associated to the crystalline planes (111), (200)
and (600), respectively, consistent with the previously published liter-
ature [11,55,56]. Similarly, the significant intensities of MOF-808 were
identified, as displayed in Fig. 2b. These main signals are located at 8.4°,
8.7°,10.1° and 11.0°, and correspond to the crystalline planes (311),
(222), (400) and (331), respectively, in agreement with the published
studies [55,57]. Furthermore, the XRD structures of UiO-66 and MOF-
808 exhibit patterns, depicted in Fig. 2d and Fig. 2e, respectively, that
have been simulated based on their crystallographic data (respective
CCDC files 733458 and 1002672). These simulated patterns are
consistent with the data previously published [11,55-57]. Additionally,
the XRD diffractograms for PIM-1,/Ui0O-66 and PIM-1/MOF-808 MMMs
are displayed in Fig. 2a and Fig. 2b, respectively. These patterns,
showing the weak signals of PIM-1, suggest that the MMM s retained the
same chain-to-chain distances of 0.49 nm and 0.65 nm as in the bare
polymer, demonstrating no important changes in the polymeric struc-
ture after incorporating UiO-66 or MOF-808 crystals. However, new
peaks corresponding to UiO-66 and MOF-808 are observed in the dif-
fractograms, evidencing the successful incorporation of these MOFs into
the MMMs without apparent loss of crystallinity.

Furthermore, gas-sorption analysis was conducted to assess the
structural rigidity and microporosity of evacuated MOFs. The obtained
nitrogen adsorption and desorption isotherms, presented in Fig. 3,
closely resembled the reported isotherms for these MOFs
[29,48,50,58-60], providing strong evidence for their microporous na-
ture and their capacity to adsorb and desorb N gas. According to Fig. 3
and Table S1. PIM-1 has a highly BET SSA (728 m%g™!) indicating its
microporous properties as reported in the literature [61-63]. The
combination of a type I and IV isotherm in PIM-1 implies the existence of
micro and mesopores. Moreover, the prominent hysteresis observed
indicates that PIM-1 contains mesopores that can only be accessed
through the micropores, suggesting a regulated entrance mechanism
[14,64]. Both PIM-1 and MOFs have small pore sizes and high BET SSA
values, typical of nanoporous materials [65]. However, it is notified that
MOF-808 has a BET SSA (738 m%g~!) as high as that of PIM-1, while
Ui0-66 has a modest value of such parameter (318 mz-g’l). The ob-
tained BET SSA values for the microwave synthesized MOFs are lower
than the expected values for these materials (ca. 900-1000 m2~g’1)
[11,55], but the obtained values for synthesized MOFs are in agreement
with the previous reports in acetone-based synthesis for UiO-66 [56,66].
During the microwave-assisted synthesis, a negative thermal expansion
can occur, making a thermal-induced deterioration of MOF porous
structure [56]. These variations in textural properties can significantly
impact on the permeating gas characteristic of MMMs containing PIM-1
and these MOFs [67]. Thus, gas transport through PIM-1 with different
pore volumes, pore sizes, and BET SSA values for MOF crystals can differ
significantly owing to the variations in the structure of PIM-1 micro-
porous network [63,65,68].

Furthermore, the TGA curves were achieved in air to evaluate the

Fig. 4. SEM images for: (a) PIM-1 pristine membrane, (b) UiO-66 crystals, and (c) MOF-808 crystals.
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Fig. 5. SEM images for: (a) PIM-1/Ui0-66 (7.5 wt%), (b) PIM-1,/Ui0-66 (10 wt%), (c) PIM-1/MOF-808 (7.5 wt%) and (d) PIM-1/MOF-808 (10 wt%). The UiO-66
and MOF-808 particles are marked with red circles. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

thermal stability of pristine PIM-1 and PIM-1/MOF MMMs (see Fig. S3a
and Fig. S3b in supplementary information with additional discussion).
Also, as shown in Fig. S3c (supplementary information), a DTA analysis
was conducted and the obtained data are aligned with the TGA findings,
providing deeper insights into the thermal properties on our materials.

Fig. 4a-c displays the results corresponding to the SEM analysis
carried out on PIM-1 and the MOF particles. The images provide insight
into the surface morphology (the microporous character evidenced from
the Ny isotherm) of the PIM-1 matrix, similar to that reported in previous
works [14,22], and the particle size of the synthesized MOFs crystals. It
was evident that, as powders, UiO-66 nanoparticles exhibited agglom-
eration, whereas MOF-808 showed a more uniform dispersion. Also, the
particle sizes range approximately from 50 to 200 nm for UiO-66 and
from 100 to 300 nm for MOF-808 (see Fig. S4 in Supplementary
information).

Furthermore, the SEM images shown in Fig. 5 provide insight into
the structure of PIM-1/MOF MMMs with the highest loaded percentages
(7.5 and 10 wt%). As observed in Fig. 5a-d, the images reveal that the
fillers (Ui0-66 and MOF-808) dispersed in the PIM-1 matrix exhibit
similar average sizes to those observed in the corresponding powders
(Fig. 4 and Fig. S4). Furthermore, the SEM analysis indicates that the

formation of agglomerates of MOF nanoparticles is less prominent in the
PIM-1/MOF-808 MMMs in comparison with the PIM-1/UiO-66 MMMs.
This suggests a more homogeneous dispersion of MOF-808 within the
bulk of the PIM-1/MOF-808 MMMs. The SEM images suggest favorable
interactions between PIM-1 and MOF-808, with no visible defects or
significant particle agglomerates [14,18,69]. The better interaction of
MOF-808 may be due to its chemistry that presents more functional
groups (BTC vs. BDC) and also to its larger pore size, both of which
might promote the interaction with the polymer chains. Consequently,
the PIM-1/MOF-808 MMMs exhibit the best dispersion of MOF and ul-
timately will demonstrate (see next section) superior CO5/CHy4 perme-
ability and selectivity compared to the PIM-1,/Ui0-66 (10 wt%) MMMs,
which exhibit partial agglomeration of UiO-66 particles across the PIM-1
pristine membrane. These findings emphasize the importance of
achieving a homogeneous dispersion of MOFs within PIM-1/MOF
MMMs to achieve high gas perm-selectivity. Furthermore, SEM-EDS
analysis was performed to gather additional details about the samples.
Fig. S5 and Fig. S6 exhibit the elemental composition of UiO-66 in PIM-
1/Ui0-66 (10 wt%) and MOF-808 in PIM-1/MOF-808 (10 wt%),
respectively. The zirconium (Zr) mapping indicates a uniform distribu-
tion of MOF particles within the surface of PIM-1/MOF MMMs,
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MOF-808 MMMs.

confirming a successful interaction between PIM-1 and the MOFs, but is
not able to detect the mentioned UiO-66 agglomeration.

Furthermore, the mechanical strength of the synthesized membranes
was assessed through a manual stretch test to evaluate their resistance
and durability, this manual assessment indicated that the membrane
exhibited favorable mechanical properties and strength (see Fig. S7 in
the supplementary information for additional details).

3.2. The separation performance for mixed gases

The CO4 permeabilities and CO5/CHy4 selectivities of pristine PIM-1
and PIM-1/MOF MMMs are depicted in Table S2 and Figs. 6 and 7.
The incorporation of MOF materials (UiO-66 and MOF-808) at varying
loadings (2.5-10 wt%) had a noticeable influence on the performance of

CO,/CH4 separation for PIM-1/MOF MMMs. Prior to aging, the inclu-
sion of MOF particles in PIM-1 resulted in an improvement in the CO5
permeability, increasing from approximately 7535 Barrer to a range of
7842-8995 Barrer for PIM-1/Ui0-66 MMMs and to a range of
8052-9090 Barrer for PIM-1/MOF-808 MMMs. CO, permeabilities are
higher when using MOF-808 as compared to UiO-66, in line with the
larger porosity of the former. Additionally, the selectivity showed a rise
from 8.1 to 12.5 for PIM-1/UiO-66 MMMs and from 8.1 to 16.2 for PIM-
1/MOF-808, respectively, which can be attributed to the positive impact
of incorporating UiO-66 and MOF-808 particles within the PIM-1 ma-
trix, in agreement with the previous studies indicating that the porous
property of the MOF nano-fillers improves gas permeability by facili-
tating the rate of gas diffusion [18,70,71].

Moreover, the results in Table S2 and Figs. 6 and 7 demonstrate the
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contrasting effects of incorporating MOF particles within the PIM-1
matrix membrane on the permeabilities of CO; and CH4. CO2 and CHy
kinetic diameters are 0.33 nm and 0.38 nm, respectively, favoring the
selective transport of the former. Moreover, this is enhanced through the
microporous structure of the MOFs with pore sizes of ca. 0.6 and 1.8 nm
for UiO-66 and MOF-808, respectively [43,55,56,59,72]. Indeed, it was
observed that CO, molecules exhibited greater permeability through the
PIM-1/MOF MMMs compared to CH4 molecules. This phenomenon can
also be attributed to the electrostatic interaction between the CO,
quadrupole moment and the MOFs interaction sites [14,73,74], which
enhances COy permeability without showing specific interaction with
CHy. This is in line with the CO»-philicity of both MOFs, with respective
CO,, adsorption capacities of 1.1 (25 °C, 100 kPa; 0.2 mmol-g~* for CHy4
in the same conditions) and 1.3 mrnol-g’1 (25 °C, 100 kPa) for UiO-66
[75] and MOF-808 [76], respectively, contribute to enhance the CO5
solubility in the MMMs. This improves the CO,/CHy4 separation selec-
tivity, in line with previous observations in other PIM-1/MOF MMMs
[14,73,74].

When evaluating the performance of gas separation for MMMs with
various loading percentages of both MOFs (2.5-10 wt%), it is noticeable
that the permeability gradually improves as the filler content increases
(see Fig. 6a and Fig. 6b). This improvement is likely a consequence of the
favorable diffusion pathway facilitated by pores present within the
MOFs or at the interface between the MOF and the polymer matrix
[11,14,35]. Moreover, as the loading percentage of MOF increases, there
is a slight improvement in the CO,/CH4 selectivity (see Fig. 6a and
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Fig. 6b). Particularly noteworthy is the observation that incorporating
Zr-based MOFs into the polymer matrix improves permeability and
slightly selectivity [11,14,45]. This enhancement can be linked to the
active functional groups present in the MOF ligands, which, besides the
abovementioned CO.-philic character, promote a stronger affinity be-
tween the MOF particles and PIM-1 [11,14,45]. Also, Fig. 7 illustrates
that the MMMs with MOF loadings ranging from 5 to 10 wt% exhibit the
most favorable separation performance, surpassing that of bare PIM-1
and even slightly exceeding the upper-bound Robeson line (2008)
[5,12,77]. In terms of both CO, permeability (9090 Barrer) and COy/
CH,4 separation selectivity (16.2), the best result was achieved with the
10 wt% PIM-1/MOF-808.

The physical aging characteristics of the tested membranes, encom-
passing bare PIM-1 and MMMs, were also evaluated. Following a
duration of 45 days of aging (storing at room temperature in absence of
light), a decline in CO2 permeability and a slight enhance in CO,/CHy4
selectivity were observed for all the MMMs (see Table S2 and Fig. 6).
Previous research has highlighted that PIM-1, known for its high FFV,
experiences physical aging, leading to a notable decrease in perme-
ability over time along with a minor enhancement in selectivity
[78-81]. This aging phenomenon is commonly observed in PIM-type
polymers [82], where the polymer architecture gradually undergo
local orientation/arrangement towards a pseudo-equilibrium state. This
local orientation/arrangement results in a considerable reduction in
FFV, thereby leading to a decline in membrane permeability with slight
increase in selectivity [78-82]. Upon comparing the performance of the
MMMs before and after aging, a consistent decline in permeability and
an enhance in selectivity, following the upper-bounds, were observed.
The upper-bound slope is only controlled by the kinetic diameter of
diffused gas, and any variations along the slope demonstrate variations
in diffusivity [3,4]. It is worthy notable that the aging primarily affects
the properties of PIM-1 [14,18] as well as those of the PIM-1/MOFs
MMMs undergoes significant aging processes in agreement with previ-
ous studies [83-85]. In any event, the aging in terms of CO5 permeability
decrease seems to follow this trend: PIM-1 (12% decrease) < PIM-1/
Ui0-66 MMMs (7-14 % decrease, with a remarkable low value of 7%
decrease at the 10 wt% loading) < PIM-1/MOF-808 MMMs (15-18 %
decrease). This is compensated with a general increase in COy/CH4
selectivity following this trend: PIM-1/MOF-808 MMMs (4-23 % in-
crease, the highest increase value of 23% being at the lowest loading of
2.5%) > PIM-1/Ui0-66 MMMs (-3-15 % increase) > PIM-1 (11%
decrease).

By comparing the performance of PIM-1/UiO-66 and PIM-1/MOF-
808 MMM, it is evident that all the MMMs demonstrated improved
permeability and selectivity in comparison to the neat PIM-1, both
before and after aging. However, PIM-1/MOF-808 MMMs demonstrated
a higher level of separation performance compared to PIM-1/UiO-66
MMM, particularly at the higher filler loadings of 7.5 and 10 wt%.
Contrary to the expected due to the narrower porosity of UiO-66, the
higher enhancement achieved with MOF-808 as compared to the bare
polymer can be attributed to the better dispersibility and higher BET SSA
of MOF-808 crystals in comparison to UiO-66 crystals. Indeed, the
synthesis method for UiO-66 based on acetone instead of typical DMF
produced a low BET SSA material. As mentioned before, the transport of
gases through PIM-1, with varying pore volumes, pore sizes, and BET
SSA values for the MOF crystals, can differ significantly due to the
structural differences in PIM-1's microporous network [63,65]. These
variations play a crucial role in the improved performance observed in
the PIM-1/MOF-808 MMMs. Additionally, the findings reveal a signifi-
cant decline in COy/CHy4 selectivity for PIM-1/UiO-66 MMMs at the
highest tested loading (10 wt%). This phenomenon was observed in
other PIM-1/MOF MMM as well. This can be demonstrated by the fact
that the interactions between the polymer and filler materials create
more twists and turns in the gas diffusion pathways, known as tortuos-
ity. These interactions counterbalance the increased flexibility of the
polymer chains, leading to an improved selectivity [18,70,71] up to a
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Fig. 8. CO, permeability for single and mixed gases before and after aging (45 days) for: (a) PIM-1 pristine and PIM-1,/UiO-66 MMMs (7.5 and 10%); (b) PIM-1 and

PIM-1/MOF-808 MMMs (7.5 and 10%).

certain level of MOF in the polymer. In fact, the non-uniform dispersion
of MOF crystals results in a decline in FFV, impeding the efficiency of
polymer chain disruption [14,18]. Therefore, the accumulation of UiO-
66 within the PIM-1 matrix subsequently reduces the selectivity in PIM-
1/Ui0-66 (10 wt%), suggesting the 7.5 wt% loading as the optimum
one. In contrast, this phenomenon was not observed in PIM-1/MOF-808
(10 wt%) MMMs, possibly due to the better MOF-PIM-1 interaction,
reducing to some extension the mobility of the polymer architecture,
and also to the homogeneous dispersion of MOF-808 (10 wt%) within
the PIM-1. Besides being favored by the aging in terms of COy/CHy
selectivity, these MOF-808 based MMMs exhibited the best separation
performance in comparison to the pristine PIM-1 and the other MMMs
based on Ui0-66, amply surpassing the upper-bound line determined by
Robeson (2008), as depicted in Fig. 7.

Furthermore, the single gas permeabilities of CO, and CH4 were
performed for the pristine PIM-1, PIM-1,/UiO-66 (7.5 and 10 wt%), and
PIM-1/MOF-808 MMMs (7.5 and 10 wt%), respectively, and the ob-
tained results are compiled in Table S3 (Supplementary information)
and Fig. 8 (permeabilities) and Fig. 9 (selectivities). Notably, mixed
gases show higher CO, permeability and (CO2/CHy4) selectivity
compared to single gases [67,86-88]. This phenomenon is attributed to
the microporous nature of PIM-1 membranes, allowing selective sorp-
tion and diffusion of gases based on their molecular size and polarity. In
mixed gas environments, competition among gases with distinct prop-
erties occurs within the micropores, enhancing selectivity as the more
permeable gas preferentially occupies these spaces, hindering less
permeable gases [67,86-88]. Furthermore, interactions between
different gas molecules in mixed gases lead to synergistic effects,
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resulting in increased overall permeability and selectivity compared to
single gas scenarios. Overall, this study highlights the high potential of
PIM-1/MOF MMMs as highly efficient materials for both mixed and
single CO,/CHj4 separation.

4. Conclusion

This study demonstrates the successful utilization of the sustainable
microwave-assisted synthesis technique to fabricate MOFs UiO-66 and
MOF-808 as fillers within a PIM-1 matrix for gas membrane separation.
The resulting mixed matrix membranes (MMMs) exhibited notable en-
hancements in CO, permeability and CO,/CHj selectivity in comparison
to the PIM-1 pristine membrane. The improved performance can be

10

associated to the porous nature of the two COs-philic MOFs, which
facilitated enhanced gas diffusivity within the membranes. Higher
loading of fillers resulted in even more favorable separation perfor-
mance/efficiency, surpassing the Robeson upper-bound line (2008).
Although aging of the MMMs led to a decline in CO5 permeability, there
was a remarkable increase in CO5/CH4 selectivity across all membranes.
Despite these changes, the MMMs continued to outperform the pristine
polymer membrane. Overall, this study highlights the high potential of
PIM-1/MOF MMMs as highly efficient materials for mixed CO2/CHy4
separation. The synthesis of nanosized MOFs UiO-66 and MOF-808
(with better result for MOF-808 in terms of crystallinity and BET SSA)
and successful incorporation into PIM-1 yielded significant enhance-
ments in COy permeability and selectivity within the MMMs.
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Summarizing the separation results with the two involved MOFs, the
MOF-808 MMM, besides being favored by the 45 days aging in terms of
increased CO,/CHy selectivity (up to 23% at 2.5 wt% filler loading),
depicted the best separation performance in comparison to the pristine
PIM-1 and the UiO-66 MMMs with a highest CO2/CHj selectivity of 16.2
at a COy permeability of 9090 Barrer at 10 wt% filler loading. These
findings support an effective insight into the effects of MOF loading and
aging on membrane performance, paving the way for further optimi-
zation and exploration of these MMMs in the field of sustainable gas
separation technologies.
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