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rix membranes with indium-based
2D and 3D MOFs as fillers and polysulfone for CO2/
CH4 mixed gas separation†

Aditya Jonnalagedda and Bhanu Vardhan Reddy Kuncharam *

To address the limitations of polymeric membranes, mixed matrix membranes for CO2 separation from

biogas mixtures (CO2 and CH4) have been investigated utilizing various fillers. In this study, we

investigated novel MMMs using 3D and 2D indium-based MOFs, MIL-68(In)–NH2 and In(aip)2, in

a polysulfone polymer matrix. To confirm synthesis, both fillers were subjected to XRD and FTIR analysis,

as well as FESEM characterization to assess their 2D and 3D structures. BET analysis revealed the pore

size of MOFs. MMMs were characterized using XRD, FTIR, FESEM, and DSC to determine various

membrane characteristics. MMMs were tested with CO2 : CH4 of 60 : 40 vol% to mimic the biogas

mixture, and the CO2 permeability of 144 Barrer and 79.2 Barrer was obtained for 20 wt% In(aip)2/PSF

membrane and 15 wt% MIL-68(In)–NH2/PSF membrane. The highest CO2/CH4 selectivities of 19.8 and

24.4 were obtained for 15 wt% MIL-68(In)–NH2/PSF MMM and 10 wt% In(aip)2/PSF MMM, respectively.

The gas permeation findings of this study were compared with existing literature and long-term stability

analysis was done to assess the performance of membranes for commercial standards.
1 Introduction

CO2 (carbon dioxide) emissions have become one of the major
causes of global warming, and studies have shown that
a decrease in CO2 emissions can stabilize the earth's surface
temperature on multi-century timescales.1 The main reason for
the increase in CO2 emission is due to the accelerated use of
fossil fuels to satisfy the energy demand.2 To suppress the use of
fossil fuels and to satisfy the increasing energy demand, alter-
native energy sources that are renewable, sustainable, and
environmentally friendly need to be explored. Biogas is one of
the energy sources obtained by anaerobic digestion of biomass
and can be utilized in internal combustion engines as feed.3

Biogas composition majorly consists of 60% of CH4

(methane), 40% of CO2, and trace amounts of N2 (nitrogen),
H2O (water vapour) and H2S (hydrogen sulphide).4 To enhance
the quality of biogas and meet the pipeline specication for the
transport of biogas, purication methods such as absorption,
adsorption (Pressure Swing Adsorption – PSA), cryogenic sepa-
ration, and membrane separation are required for the removal
of CO2. Separation techniques such as absorption, PSA, and
cryogenic separation incur high solvent, high pressure, and
high-power costs (due to the low-temperature process),
a Institute of Technology & Science, Pilani

-mail: bhanu.vardhan@pilani.bits-pilani.

tion (ESI) available. See DOI:

07
respectively, which leads to high capital andmaintenance costs.
On the other hand, due to its rapid advancement, membrane
technology can offer cost-effective and energy-efficient separa-
tion methods.5,6 In the membrane separation technique, inor-
ganic and polymeric membranes are employed for the
separation of CO2/CH4 (ref. 7) but have limitations of high
fabrication cost (for inorganic membranes) despite the high
separation performance of CO2/CH4 (ref. 8) and low selectivity
and plasticization (for polymeric membranes).9 Mixed matrix
membranes (MMMs), a combination of polymeric and inor-
ganic membranes, are introduced to overcome the above-
mentioned limitations. In MMMs, many factors need to be
addressed, such as novel llers in polymer and their interac-
tion, polymer rigidication at the ller–polymer interface, and
ller agglomerations at higher loadings.7 To overcome the
mentioned hurdles, two dimensional (2D) and three-
dimensional (3D) llers have amine (–NH2) groups to decrease
the ller agglomeration and to improve the ller–polymer
interface traditional llers such as metal organic frameworks
(MOFs), covalent organic frameworks (COFs), zeolites, silica,
etc., come under the 3D llers category, and 2D llers include
graphene oxide (GO), MoS2, MXene, 2D-MOFs, and COFs.10

MOFs can be both 2D and 3D depending on the synthesis
method, linker, and many other factors. MOFs are metal ions
bonded with organic ligands, where there are many sub-classes
such as Zeolite Imidazolate Frameworks (ZIFs), MILs (Materials
Institute Lavoisier), University of Oslo (UiOs) etc., MILs-based
MOFs are mostly 3D structures and were rst made by Férey11

by combining metals (Al, Cr, Ti, In, V and Ga) with carboxylate
© 2025 The Author(s). Published by the Royal Society of Chemistry
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ligands.12 MIL-68(In) and MIL-68(In)-NH2 MOFs were used in
hydrogen (H2) and carbon dioxide (CO2) adsorption studies13

and photocatalysis,14 the NH2 group in MOFs was used to
enhance CO2/CH4 separation where MIL-68(In)–NH2 MOFs CO2

uptake value of 1.6 mmol g−1 (1.01 Bar, 25 °C),15 and the gas
separation mechanism of MIL-68(In)-NH2 MOF based MMMs is
shown in Fig. 1a. In(aip)2 is an indium-based 2D-MOF with
a pore aperture size of 3.4 Å and has the capacity for molecular
sieving separation of CO2 and CH4 (which can be seen Fig. 1b),
and also amine groups which undergo MOF-coordination and
also H-bonding and forming Brønsted basic sites which
improve the CO2 affinity, and CO2 uptake of 1.27 mmol g−1 and
selectivity of 1808 and 2635 were found for CO2/CH4 and CO2/N2

respectively, at 25 °C and 1.01 bar.16 Various simulation and
experimental studies (for CO2 adsorption) have been done on
pore engineering of MOFs,17,18 which proved to be goodmaterial
for CO2 separation.

MIL-125 was the earlier MIL-based MOF we could nd that
has been used as a ller in MMMs; MIL-125 (Ti) and MIL-
125(Ti)–NH2 were dispersed in Matrimid polymer, and
membranes were fabricated and tested for pure gas at 1 bar and
25 °C. At 30 wt% of ller loading permeability of CO2 was found
to be 50 Barrer for MIL-125(Ti)–NH2 and 27 Barrer for MIL-
125(Ti), whereas selectivity of CO2/CH4 remained at 37 for
both MMMs.19 A comparison study was done using synthesized
ODPA–TMPDA (ODPA = 4,40-oxydiphthalic anhydride; TMPDA
= 2,4,6-trimethyl-m-phenylenediamine) polymer-based MMMs
with 2D (ns-CuBDC, ns: nano sheets) and 3D (ZIF-8) MOFs. The
prepared MMMs were tested with a binary gas mixture of CO2

and CH4. At 2 wt% of ns-CuBDC/ODPA-TMPD, CO2 permeability
was 99 Barrer, and CO2/CH4 selectivity of 43, at 10 wt% ZIF-8/
ODPA-TMPD 144 Barrer of CO2 permeability and CO2/CH4

selectivity 37.20 2D-Ni-based MOF (a-Ni(im)2) were dispersed in
Pebax MH-1657 to enhance the separation of CO2/CH4 and
tested for binary gas mixture of CO2 and CH4 at 2 bar pressure,
Fig. 1 Illustration of gas separation mechanisms for MMMs in this study

© 2025 The Author(s). Published by the Royal Society of Chemistry
for 2 wt% a-Ni(im)2/Pebax MMM showed CO2 permeability of
100.6 Barrer and CO2/CH4 selectivity of 33.4.21 The synergistic
effect of MXene 2D-nanosheets and 3D UiO-66 nanoparticles in
Pebax-1657 polymer was found by fabricating MMMs and tested
with mixed gas for CO2/N2 separation. At 10 wt% UiO-66-
MXene/Pebax-1657 CO2 permeability and CO2/N2 selectivity of
200 Barrer and 100, respectively.22 Ni-based MOF with naph-
thalene tetrazole-based linker (Ni-NDTZ) was used as a ller in
polycarbonate (PC) polymer to prepare MMMs for CO2 separa-
tion studies and tested with pure CO2 and CH4 gases at 1 bar
pressure. At 20 wt% Ni-NDTZ/PC MMM the CO2 permeability
was found to be 45 Barrer and CO2/CH4 selectivity of 23.7.23 Thin
lms MMMs were fabricated with N2 doped GO (N-GO) in pol-
yimide polymer (PI) and tested pure CO2 and CH4 at 3 bar. At
0.02 wt% ller loading of N-GO, CO2 permeance was 28 GPU
and CO2/CH4 selectivity of 47.24 2D covalent triazene framework
(CTF-fullerene) is used as porous ller material for the prepa-
ration of MMMs with Matrimid and polysulfone (PSF) polymers
and tested with binary gas mixtures of CO2/CH4. At 24 wt% of
CTF- fullerene in Matrimid and PSF, CO2 permeability was 12.8
Barrer and 17.8 Barrer, respectively. At the same ller loading,
CO2/CH4 selectivity of 44 and 30 for Matrimid and PSF MMMs,
respectively.25 Ionic liquid-modied 2D zeolite SAPO-34
(IL@SAPO-34) particles are dispersed in the PSF polymer
matrix to fabricate MMMs to study CO2 separation by testing
with single CO2 and CH4 gases at 2.75 bar feed pressure. 5 wt%
IL@SAPO-34/PSF MMM exhibited CO2 permeance of 7.24 GPU
and CO2/CH4 selectivity of 20.4.26 Indium based MOF of MIL-
68(In)–NH2 was dispersed in PES polymer and tested for pure
CO2, CH4 and H2 gases at 60 °C for H2/CO2, H2/CH4 and CH4/
CO2 separations. The H2 and CO2 permeances were found to be
427 075 and 124 656 Barrer, respectively, at 10 wt% of MIL-
68(In)–NH2. Selectivity of H2/CO2 and CH4/CO2 were found to be
4 and 1.7.27
, (a) MMM with MIL-68(In)-NH2 filler and (b) MMM with In(aip)2 filler.
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Based on the literature survey we can see that both 3D MOFs
and 2D MOFs have improved CO2 permeation and selectivity
due to interlayer spacing and tortuous paths. To our knowledge,
we have not found studies with 2D-indium MOF In(aip)2 as
a ller in MMMs, and also only one study with MIL-68(In)–NH2

as a ller in MMMs for CO2/CH4 separation. To address this
research gaps, in this paper, novel mixed matrix membranes
were prepared with synthesized microporous MIL-68(In)–NH2

andmesoporous In(aip)2 as ller in PSF polymer. The fabricated
MMMs are tested for mixed gas of CO2 : CH4 (of 60% : 40%),
which was used to mimic model biogas. A comparison study
was conducted for both ller-based MMMs, using their char-
acterization and gas permeation tests.
2 Materials and methods
2.1 Materials

Indium nitrate was purchased from Sisco Research Laborato-
ries (SRL) Pvt. Ltd. 2-Aminoterpthalic acid and 5-
Filler% loading ¼ weight of the MIL-68ðInÞ �NH2 or InðaipÞ2
weight of the MIL-68ðInÞ �NH2 or InðaipÞ2 þ weight of the PSF

(1)
aminoisopthlahlic acid were purchased from Sigma Aldrich.
Polysulfone (PSF) polymer beads were Tech Inc Membrane
Research-India. The solvents, such as methanol (CH3OH) and
ethanol (C2H5OH), were procured from Merck Life Science
Private Ltd-India, and dimethyl formamide (DMF) from Ran-
kem Chemicals-India. CO2/CH4 – mixed gas used for the gas
permeation tests was procured from Ankur Speciality Gases and
Technologies Private Ltd, Jaipur-India.

2.2 Synthesis of MIL-68(In)–NH2

MIL-68(In)–NH2 was prepared using solvothermal synthesis via
the procedure mentioned in the literature.14 1.152 g of indium
nitrate was dissolved in 30 ml of DMF, and 0.234 g of 2-ami-
noterpthalic acid was dissolved in 30 DMF. Aer dissolving the
salt and linker separately, they are combined in a 100 ml Teon
liner and stirred for 15 minutes. The reaction mixture is then
sealed in a stainless-steel autoclave and heated at 125 °C for 6
hours; aer cooling, themixture is centrifuged at 7000 rpm for 5
minutes and washed with methanol 3–4 times until the super-
natant turns colorless. The wet mixture was dried at 70 °C
overnight and then in a vacuum oven at 100 °C for the removal
of trace amounts of solvent.

2.3 Synthesis of In(aip)2

Synthesis of In(aip)2 was done by using previous literature,16

with slight modication. 0.36 g of 2-aminoiospthlahlic acid was
dissolved in a mixture of 30 ml of DMF and 10 ml of ethanol,
and 0.19 g of indium nitrate was dissolved in 10 ml of deionized
(DI) water. Both solution mixtures were combined in 100 ml
Teon liner and stirred for 30 minutes. The Teon liner was
2998 | RSC Adv., 2025, 15, 2996–3007
then sealed in a stainless-steel autoclave and heated at 110 °C
for 72 hours. Aer cooling, it is then centrifuged and washed
with methanol using the same process as previously mentioned
in the synthesis of MIL-68(In)–NH2.

2.4 Membrane fabrication

The pure polysulfone (PSF) membrane fabrication procedure
was mentioned in our previous study.28 To synthesize MMMs
with indium-based MOF llers- MIL-68(In)–NH2 and In(aip)2,
a predetermined amount of ller (using eqn (1)) was dis-
solved in 15 ml of chloroform and sonicated for 1 h. 3 g of PSF
beads was added to the sonicated MOF solution using the
priming technique. The solution mixture was stirred over-
night and sonicated for 3 hours with 30 minute cycles. The
dope solution mixture was cast on a at Petri dish and dried
overnight at room temperature. To remove the residual
solvent, the membranes were dried at 60 °C in a vacuum oven
for 6 hours.
2.5 Characterizations and gas permeation tests

XRD (X-ray diffraction) analysis was done for MMMs and MOFs
– MIL-68(In)–NH2 and In(aip)2 using Rigaku Miniex X-ray
diffractometer using Cu-Ka radiation with l = 1.54 Å, to
conrm the crystalline structure of MOFs and analyze the phase
change in pure PSF membrane and MMMs. Fourier Transform
Infrared (FTIR) of MOFs and MMMs was done to conrm the
chemical bonding present in the samples, using PerkinElmer
Frontier Spectrometer, where samples were prepared using KBr
press model M-15, and sample analysis was done in a range of
400–4000 cm−1. Differential Scanning Calorimeter (DSC) study
was done PerkinElmer DSC 400 to obtain Tg of membranes;
samples were studied in the range of 30–250 °C with N2 ow of
20 ml min−1 and heating/cooling rate of 10 °C min−1. Field
Emission Scanning Electron Microscope characterization was
done using the FESEM, FEI-ApreoLoVac model to obtain the
morphology of MOFs and membranes. Brunauer–Emmett–
Teller (BET) analysis was done to obtain the surface area, pore
size, and pore volume of MOFs, using Quantachrome model-
Autosorb iQ-C-XR via N2 adsorption–desorption isotherms at
77 K. The characterized membranes are labelled M1-3 and I1-3,
as mentioned in Table 1.

Gas permeation tests were conducted for all the prepared
membranes, where the membrane was placed in between two
rubber gaskets and then placed in a membrane testing module
connected with a CO2/CH4 gas mixture. The schematic of the
experimental setup was displayed with a detailed explanation in
our previous paper.29 Permeability of the gases (CO2 and CH4)
and CO2/CH4 selectivity were calculated using eqn (2) and (3),
respectively.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Membrane sample codes

Membrane Sample code

Pure PSF PSF
2 wt% MIL-68(In)–NH2/PSF M1
10 wt% MIL-68(In)–NH2/PSF M2
20 wt% MIL-68(In)–NH2/PSF M3
2 wt% In(aip)2/PSF I1
10 wt% In(aip)2/PSF I2
20 wt% In(aip)2/PSF I3
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P ¼ Q� l

A� Dp
(2)

where Q is the permeate ow rate (cm3 s−1), l is the membrane
thickness (in cm), A is the membrane area (in cm2), Dp is the
partial pressure difference of the gas species on the permeate
and retentate side (in cm Hg).

Selectivity (aCO2/CH4
), no units is the ratio of permeabilities of

CO2 and CH4.

aCO2=CH4
¼ PCO2

PCH4

(3)
3 Results and discussion
3.1 Characterizations of MOFs and membranes

Fig. 2a shows the XRD graphs of the synthesized to MOFs MIL-
68(In)–NH2 and In(aip)2, the 2q peaks of MIL-68(In)–NH2 at 4.7,
Fig. 2 XRD of (a) MOFs and (b) membranes.

© 2025 The Author(s). Published by the Royal Society of Chemistry
8.1, 9.3 16.3, 18.8 and additional peaks around 25, 26.3 shows
typical MIL-68 structure which was reported in the literature.30

XRD pattern of In(aip)2 shows 2q peaks around 6.9, 9.2, 9.7, 14.3,
16.04, 20.3, and 27.3, which corresponds to simulated peaks of
typical 2D MOFs with 5-aminoisothaphilc acid linker from
previous studies.16,31 Also, we have done XRD for MOF samples
(MIL-68(In)–NH2 and In(aip)2) to check their stability in chloro-
form solvent, and in Fig. S1,† we can see that there were no
alterations in XRD peaks of MOFs. Fig. 2b shows the XRD
patterns of prepared membranes, and the PSF membrane shows
the broad peaks of 2theta around 19.5 and 29.6,32,33 showing the
amorphous nature of polymer aer membrane fabrication. M1,
M2, andM3 samples show an increase in sharpness peaks within
the broad peaks with an increase in MOF wt%; similarly, for I1,
I2, and I3 samples, sharp peaks intensity was increased as an
increase in ller composition. This presence of sharp peaks
within the broad peaks of PSF indicated the incorporation of
MOF-llers (MIL-68(In)–NH2, In(aip)2) in the polymer. In MMM
samples, peak shiing was also observed, so we calculated
intersegmental distance (d-spacing) using the Braggs equation.34

PSFmembrane's d-spacing of 0.45 nmwas observed, and also for
samples M1, M2, M3, I1, I2, and I3, d-spacing values were found
to be 0.57 nm, 0.55 nm, 0.52 nm, 0.552 nm, 0.422 nm, and
0.423 nm respectively. This shi in the membranes' d-spacing
indicates that crystallinity was added to amorphous polymeric
membranes and that additional MOF llers have settled in
polymer chains (Fig. 2b).

Fig. 3a shows the FTIR spectra of the synthesized MOFs
(MIL-68(In)–NH2, In(aip)2), FTIR of MIL-MOF shows peaks at
RSC Adv., 2025, 15, 2996–3007 | 2999
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Fig. 3 FTIR of (a) MOFs and (b) membranes.
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around 3490 cm−1 and 3367 cm−1 showing the presence of –
NH2 bond and peaks at 1256 cm−1 is due to presence of N–C
bond.13,35 In(aip)2 MOFs FTIR spectra show the peaks for H–O
stretching around 3455 cm−1 and 3352 cm−1, C]O stretching
at 1660 cm−1, bending peaks of C]C were found at 1471 cm−1

and 1567 cm−1, at 1398 cm−1 stretching peak of C–O was
observed and at 750 cm−1 and 759 cm−1 stretching peaks of
C–Hbonds were obtained.16 The FTIR spectra of membranes are
shown in Fig. 3b; in all the membrane samples, we can observe
the traditional peaks of polysulfone polymer. The C–H stretch
peak in the benzene and CH3–C bonds is seen at about
3000 cm−1. The peaks at 1550 cm−1 show the complete benzene
ring stretch, while the polysulfone polymer's SO2 bond is rep-
resented by the peaks at around 1275 cm−1. The SO2 bond,
3000 | RSC Adv., 2025, 15, 2996–3007
which occasionally cannot be fully enhanced because of the
overlap of C–C stretching, was identied as the source of the
peaks at about 1275 cm−1. The presence of peaks in all
membranes indicates that the polysulfone polymer structure
has not been damaged or disrupted during membrane forma-
tion. Also, no additional peaks or shiing of peaks were
observed, indicating the settlement of ller particles (MIL-
68(In)–NH2/In(aip)2) within the free volume of polymer present
in between their chains. This also corresponds to the XRD
results, where MMMs also showed broader peaks, suggesting
the amorphous nature of polymers despite the sharp peaks of
ller.

Fig. 4 shows the FESEM images of MIL-68(In)–NH2 and
In(aip)2, which shows the clear difference between the two
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 FESEM images and particle size distribution of (a–c and g) MIL-68(In)–NH2, (d–f and h) In(aip)2.
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MOFs. In Fig. 4a–c, we can see the FESEM images of MIL-68(In)–
NH2, and where the MOFs average particle size was observed as
95.8 nm in Fig. 4g (Image J soware), particles are structure
spherical in structure (3D). 2D layered (sheets) structure of
In(aip)2 MOF structure can be seen in Fig. 4d, e and f, and the
average particle size of In(aip)2 MOF was found to be 80 nm
(Fig. 4h). Pure PSF membrane FESEM images were shown in
a previous study.28 Fig. 5 shows the top view and cross-section
view of FESEM images of M1, M2, M3, I1, I2, and I3
membrane samples. Fig. 5a, d and g shows the top view of
samples M1, M2, and M3, respectively, and we see that ller
agglomeration increases as an increase in ller percentage and
also observe that the no membrane samples have voids or
pinholes. Similarly, the phenomena are observed in Fig. 5j, m
and p (top view of samples I1, I2, and I3); we can see the ller
dispersion of 2D MOF. In the cross-section images Fig. 5b,
e, h, k, n and q of membrane samples, we can see that with the
increase in the ller dispersion, the membrane's structure is
© 2025 The Author(s). Published by the Royal Society of Chemistry
altered slightly, which is indicated by the transformation of
smooth and dense cross-section to rough. In Fig. 5c, f and i, we
can see the distribution of ller particles MIL-68(In)–NH2 have
settled within the polymer without any void or pore formation.
We can see the ller agglomerates in Fig. 5i (M3 sample).
In(aip)2 ller particle distribution can be observed in Fig. 5l, o
and r; we can see that ller agglomerates are less compared to
the M3 sample and also due to the 2D structure of ller
(In(aip)2), the dispersion of ller is not clearly visible in Fig. 5o
and r (FESEM image of I2 and I3). In Fig. 5, we have not
observed any membrane deformations or structure damage of
PSF polymer with the addition of llers, which corresponds to
the XRD and FTIR results.36

The glass transition temperature (Tg) of membrane samples
was obtained by DSC analysis and is given in Table 2. The Tg of
the PSF membrane was found to be around 177 °C.37 Compared
to the PSF membrane, the Tg of M3 and I3 membrane samples
rise to 184 °C and 183 °C, respectively, as the ller wt%
RSC Adv., 2025, 15, 2996–3007 | 3001
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Fig. 5 FESEM images of membrane samples (a–c) M1, (d–f) M2, (g–i) M3, (j–l) I1, (m–o) I2, (p–r) I3.
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increases. We can observe the increase in Tg by adding just
2 wt% of ller in M1 (179 °C) and I1 (178 °C) samples. This rise
in the Tg shows the strong interactions between the ller
3002 | RSC Adv., 2025, 15, 2996–3007
particles (MIL-68(In)–NH2 and In(aip)2) and PSF polymer. Also,
the increase in the Tg signies rigidied zones in the ller–
polymer interface. It indicates the increase in the crystallinity of
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Tg of membrane samples

Membrane sample Glass transition temperature-Tg (°C)

PSF 177.6 � 0.2
M1 179.8 � 0.3
M2 181.8 � 0.6
M3 184.2 � 0.5
I1 178.4 � 0.6
I2 180.9 � 0.3
I3 183.2 � 1.1

Table 3 BET measurements of MOFs

MOFs
BET surface area
(m2 g−1)

Pore volume
(cc g−1)

Pore size
(nm)

MIL-68-(In)–NH2 501.35 0.43 1.73
In(aip)2 6.41 0.09 28.02
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membranes, which has also been observed in the XRD spectra
of MMMs.

Adsorption and desorption isotherms of MIL-68(In)–NH2

and In(aip)2 in Fig. S3† show that both MOFs have good uptake
capacity in low-pressure regions.13 In Table 3, we can see the
BET measurements of both MOFs, the BET surface and pore
volume of MIL-68(In)–NH2 was found to be 501.35 m2 g−1 and
0.43 cc g−1 respectively. The surface area valve was lower
compared to previous studies reported,31,38 possibly due to
synthesis parameter variations. In(aip)2 BET surface area was
found to be 6.41 m2 g−1 and pore volume of 0.09 cc g−1. Pore
sizes of 1.73 nm (microporous) and 28.02 nm (mesoporous)
were observed for MIL-68(In)–NH2 and In(aip)2, respectively,
with pore size distribution curves (Fig. S6†).
Fig. 6 (a) CO2 permeabilities and (b) CO2/CH4 selectivities of pure
PSF, MIL-68(In)–NH2/PSF In(aip)2/PSF membranes.
3.2 Gas permeation tests

Gas permeation experiments were conducted for all the
prepared membranes (pure PSF, MIL-68(In)–NH2/PSF In(aip)2/
PSF) at 0.5 bar pressure difference. PSF membrane's CO2

permeability value obtained (6.3 Barrer) was similar to some of
the previously mentioned studies.39,40 The CO2 permeabilities
and CO2/CH4 selectivities at different ller wt% were given in
Fig. 6(a and b). In Fig. 6a, we can see the CO2 permeability of
2 wt% MIL-68(In)–NH2/PSF MMM has increased more than
three times up to 22 Barrer (at lower ller loading). The
permeability of CO2 has increased exponentially with the
increase in ller wt%. At 20 wt% of ller loading, the highest
CO2 permeability of 79 Barrer was obtained for MIL-68(In)–NH2-
based MMMs. This increment in the CO2 permeability for MIL-
68(In)–NH2/PSF MMMs was due to the increase in the tortuous
path for the gases (which is provided by ller) and also the
increase in porosity due to MOF microporous structure (as
discussed in BET results). Similarly, In(aip)2 MOF-based MMMs
at lower ller loading (2 wt%), CO2 permeability has increased
to 69.2 Barrer, which is almost a 950% increment. The perme-
ability valves have increased steadily until 15 wt% ller loading
© 2025 The Author(s). Published by the Royal Society of Chemistry
(101 Barrer). At 20 wt% of In(aip)2, the highest CO2 permeability
of 144 Barrer was observed, which is almost 24 times more than
the PSF membrane. The improvements in CO2 permeability in
both llers-based MMMs can be attributed to the d-spacing
shi, which creates more free spaces for CO2 gas transport, and
also, CO2 has a faster diffusion rate in both MOFs at lower
pressure.39 The reasons for higher permeabilities for In(aip)2/
MMMs than MIL-68(In)–NH2/MMMs are (1) due to its meso-
porous nature (larger pore size from BET results), (2) the 2D
nature of In(aip)2 MOF the CO2 and (3) high increase in Tg was
observed (Table 2) for MIL-MOF based MMMs, which signies
the polymer rigidication restricting the CO2 gas ow through
the membrane.41

A comparison of CO2/CH4 selectivities for MIL-68(In)–NH2/
PSF MMMs and In(aip)2/PSF MMMs was given in Fig. 6b. The
selectivities of MIL-58(In)–NH2 and In(aip)2 based MMMs have
increased to 17 (95% increase) at 15 wt% loading and 24.4
RSC Adv., 2025, 15, 2996–3007 | 3003
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Fig. 7 Long term stability studies.
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(180% increase) at 10 wt% loading, respectively, which are
higher than PSF membrane (8.7). This increase in selectivities
of CO2/CH4 for MIL-68(In)–NH2-based MMMs is due to its high
CO2 uptake capacity at lower pressures36 and also due to its
uniform dispersion (in FESEM images) of ller, which allows
more CO2 than CH4. In(aip)2-basedMMMs, enhanced selectivity
can be attributed to its molecular sieving capacity (3.4–3.6 Å)
and also due to its 2D-stacked structure, which provides
Brønsted sites resulting in an increase of CO2 affinity.16,31 Two
signicant reasons for the rise in CO2/CH4 selectivities for both
ller-based MMMs are the presence of hydrogen bonding,
which allows extra sorption sites for CO2 gas, and strong
Fig. 8 Status of MIL-68(In)–NH2, In(aip)2 and PSF based MMMs on
Robeson plot.

3004 | RSC Adv., 2025, 15, 2996–3007
interactions of CO2 molecules via carbonate zwitterion mecha-
nism, due to the presence of amine (–NH2) group in MOFs
without causing hindrance to the structures.15 The decrease in
the CO2/CH4 selectivity at higher ller loadings is due to the
agglomerates of MOFs formed in the membrane (FESEM image-
Fig. 5i and r).42,43 The gas separation mechanism of the MMMs
prepared in study is due to synergistic effect of solution diffu-
sion44 (attributed to polymer matrix), tortuous path and CO2

adsorption at lower pressure and temperature13 (in the case of
3D MOF), and interlayer dispersion45 and CO2/CH4 molecular
sieving (in case of 2D MOF) as mentioned in Fig. 1a and b.
Fig. 9 Robeson's plot with literature comparison.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Comparing the data from the literature and the gas permeation data of this studya

Membrane Filler (wt%) Testing conditions and feed mixture PCO2
(Barrer) aCO2/CH4

Reference

MIL-125(Ti)–NH2/Matrimid 15 1 bar, 25 °C and pure gases 50 37 19
ns-CuBDC (2D)/ODPA–TMPD 2 1 bar, 25 °C and binary gas mixture 99 43 20
ZIF-8 (3D)/ODPA–TMPD 10 1 bar, 25 °C and binary gas mixture 144 37 20
a-Ni(aip)2/Pebax 2 2 bar, 25 °C and binary gas mixture 100.6 33.4 21
Ni-NDTZ/PC 20 30 °C and pure gases 45 23.7 23
N-GO/PI 0.02 3 bar, 25 °C and pure gases 28* 47 24
CTF-fullerene/PSF 24 3 bar, 25 °C and binary gas mixture 17.8 30 25
CTF-fullerene/Matrimid 24 3 bar, 25 °C and binary gas mixture 12.8 44 25
IL@SAPO-34/PSF 5 2.75 bar, 25 °C and pure gases 7.24* 20.4 26
NH2-ZIF-8/PSF 15 1.5 bar, 25 °C and 60 : 40-CH4 : CO2 21 14 28
UiO-66-NH2@ICA/Matrimid 10 3 bar, 25 °C and binary gas mixture 40.1 64.7 48
GO/PSF HF 0.25 1 bar, 25 °C and binary gas mixture 35.4 13.5 49
Cu(OTF)2(BPY)2/Pebax 4 25 °C and pure gases 87.6 47.6 50
MIL-68(In)–NH2/PSF 15 1.5 bar, 25 °C and 60 : 40-CH4 : CO2 61.2 19.8 This work
MIL-68(In)–NH2/PSF 20 1.5 bar, 25 °C and 60 : 40-CH4 : CO2 79.2 9.5 This work
In(aip)2/PSF 10 1.5 bar, 25 °C and 60 : 40-CH4 : CO2 93.1 24.4 This work
In(aip)2/PSF 15 1.5 bar, 25 °C and 60 : 40-CH4 : CO2 101.1 22 This work
In(aip)2/PSF 20 1.5 bar, 25 °C and 60 : 40-CH4 : CO2 143.7 11.5 This work

a HF-hollow bers, *GPU.
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To assess the commercial applications of our prepared
membrane, long-term stability studies have been conducted for
twomembranes 15 wt%MIL-68(In)–NH2/PSFMMM and 10 wt%
In(aip)2/PSF MMM due to their high CO2 selective performance.
Each sample was tested by performing a 72 hour run with a gas
permeation setup, and sampling was done at 6 h, 12 h, 24 h,
36 h, 48 h, and 72 h. Fig. 7 shows the plot for long-term stability
time vs. CO2 permeability and CO2/CH4 selectivity. The ndings
of this study show that both CO2 permeability and CO2/CH4

selectivity have remained stable throughout the 72 h run time,
and remained within the standard deviation of values as given
in Fig. 6. These results show that the membrane's CO2 plasti-
cization and good membrane stability are not affected during
long (continuous) operations.
3.3 Literature comparison

In Fig. 8 we can see prepared membrane's separation perfor-
mance using Robeson upper bounds (1991 and 2001)46,47 and in
Fig. 9 we can see Robeson plot with preparedmembranes in this
study and some other studies reported in literature. In Robeson
plot, we can see that MMMs in this study when compared to
pure PSF membrane are moving towards upper bond as repre-
sented in Fig. 7. Unlike some other studies23,28,29,42 which have
not progressed towards the Robeson upper bounds. The
prepared membranes' performance is also evaluated by
comparing with some of the studies discussed in the earlier
section19–21,23–26,28 and other available studies in Table 4. The
UiO-66-NH2 MOF has been graer with imidazole-2-
carbaldehyde (ICA) (UiO-66-NH2@ICA) and dispersed in Matri-
mid polymer. Due to an increase in the pore volume of ller at
10 wt% of UiO-66-NH2@ICA in Matrimid, CO2 permeability and
CO2/CH4 selectivity of 40.1 and 64.7 were obtained, respec-
tively.48 Polysulfone-based hollow bers were fabricated with
GO-nanosheets as ller due to their oxygen abundance and
© 2025 The Author(s). Published by the Royal Society of Chemistry
their hydrophilic nature to attract gases. At 0.25 wt% of ller in
PSF and with mixed gas used for testing, the CO2 permeability
was found to be 35.4, and 13.4 of CO2/CH4 selectivity was ob-
tained.49 Copper-based 2D MOF (Cu(OTF)2(BPY)2) (OTF =

CF3SO3
− and BPY = 4,40-bipyridine) was synthesized as ller to

provide interlaminate channels for CO2 gas, and MMMs were
fabricated by Cu(OTF)2(BPY)2 dispersing in Pebax polymer. At
4 wt% of ller content, CO2 permeability of 86.7 Barrer and CO2/
CH4 selectivity of 47.6 was observed.50

Table 4 and Fig. 9 shows that the CO2 permeabilities of the
MMMs prepared in this study have surpassed some of the
literature19–21,23,25,28,48–50 mentioned above. Also, CO2/CH4 selec-
tivities obtained are higher than in some studies.26,28,49 The
comparison studies show that the 2D ller-based MMMs have
performed better than 3D ller-based MMMs in terms of CO2/
CH4 separation, making In(aip)2 an effective ller for gas
separation.
4 Conclusion

This paper demonstrates the preparation of PSF-based MMMs
with MIL-68(In)–NH2, In(aip)2 as llers for CO2/CH4 mixed gas
separation. XRD, FTIR, FESEM, and BET ller analysis have
shown MOFs' crystalline and porous nature. XRD of MMMs has
shown a shi in d-spacing, indicating the settlement of ller in
the polymer, which their FTIR spectra backing up. The shi of
Tg in membranes was observed in DSC analysis, showing a good
interaction between MOFs and the polymer. FESEM images of
MMMs showed good dispersion of llers in the PSF matrix at
lower loadings and agglomerations at higher loadings. Fabri-
cated MMMs have improved CO2 gas separation in terms of CO2

permeability and CO2/CH4 selectivity. Compared to pure PSF
membrane permeability of CO2 increment of 1150% (MIL-
68(In)–NH2) and 2180% (In(aip)2) for 20 wt% ller loading.
Highest CO2/CH4 selectivities of 19.8 for 15 wt% MIL-68(In)–
RSC Adv., 2025, 15, 2996–3007 | 3005
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NH2/PSF MMM and 24.4 for In(aip)2/PSF MMM. A literature
comparison was made for gas permeation data obtained, which
showed the superior CO2 separation performance of the
membranes prepared in this study. Overall, this work shows the
potential of indium (In) basedMOFs as llers in membranes for
other gas separations, which can be explored in future studies.
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