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A B S T R A C T

This study presents an approach by integrating MXene nanosheets (Ti2C3Tx) into polymer of intrinsic micro
porosity (PIM-1) matrix to develop mixed matrix membranes (MMMs) for biogas upgrading. Different concen
trations (1–5 wt%) of MXene were incorporated into PIM-1, and the resulting materials were characterized to 1H 
NMR, FTIR, XRD, TGA, nitrogen adsorption, SEM and EDS to assess their physicochemical properties. The 
research focused on evaluating the gas separation performance, particularly CO2/CH4 separation, as well as the 
aging behavior of the MMMs. The incorporating of MXene nanosheets significantly enhanced the CO2 perme
ability and selectivity of PIM-1 by enhancing gas solubility and diffusivity. The most promising results were 
observed at 5 wt% filler loading, achieving a 13.5 CO2/CH4 separation selectivity at 7652 Barrer of CO2 
permeability. In all membranes with aging time (60 days), there was a decrease in CO2 permeability and a slight 
increase in CO2/CH4 selectivity, observing that the introduction of MXene slightly mitigates the physical aging 
process in the PIM-1 polymer. Additionally, the permeability tests revealed higher CO2 permeability and (CO2/ 
CH4) selectivity values for mixed gases compared to single gases. Overall, the study highlights the potential of 
MXene/PIM-1 MMMs as effective materials for CO2/CH4 separation, outperforming pristine PIM-1.

1. Introduction

Carbon dioxide (CO2) is a prevalent component in natural gas, 
biogas, and is generated through the combustion of fossil fuels or coal 
conversion [1]. In applications involving methane (CH4) gas the 
removal of CO2 is vital to improve quality and performance, particularly 
in biogas production [1,2]. This step is critical for preserving energy 
value and preventing corrosion and adverse effects on gas compression 
and transportation [1,2]. Consequently, there is a pressing demand for 
efficient and economically viable CO2 separation methods for CO2 
upgrading of natural gas and specially biogas, which has been shown in 
recent years as an alternative to fossil fuels and therefore reducing the 
greenhouse effect [1,2].

Various traditional industrial methods, including adsorption, ab
sorption, membrane and cryogenic separation, have been utilized for 
CO2 separation and capture [3–6]. Of these, membrane-based separation 
stands out due to its practicality and numerous advantages, including 
high productivity, easy scalability and processability, low energy de
mand and minimal space requirement, rendering it a desirable choice for 

CO2 separation [1,2]. Consequently in CO2/CH4 separation, there are 
significant demands for membrane materials possessing high selectivity 
to dismiss (CH4) losses or avoid sequential membrane stages, and high 
permeability to decrease membrane cost and space requirements [7–9].

Mixed matrix membranes (MMMs) combine the advantageous 
properties of easily processable polymeric organic materials with the 
excellent transport performance of specific fillers [10,11]. The objective 
is to develop membranes that exhibit exceptional gas permeability and 
highly selectivity, exceeding the so-called Robeson upper-bound line 
[4,5,12]. Integrating inorganic nano-fillers within a polymer framework 
can adjust permeability via changing solubility, molecular sieving, 
establishing a barrier effect, or disrupting polymer chain organization 
[13,14]. However, ensuring effective dispersion of nano-fillers within 
the polymer poses a challenge in MMM fabrication. High filler concen
trations can reduce mechanical stability and specifically membrane 
separation performance [15,16] due to decrease in separation selectivity 
in poorly integrated filler-polymer MMMs, forming networks at the 
nano-filler-polymer interface that allow the transport of gas through less 
selective Knudsen-diffusion [17,18].
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The carefully selection of both polymer and filler components is 
crucial, influencing the morphology and overall effectiveness of MMMs 
in gas separation [11,15,19], as the cutting-edge membranes with 
outstanding gas separation performing can be produced [15]. In this 
sense, intrinsic microporosity polymers (PIMs) have garnered a signifi
cant interest for their favorable gas transfer properties, specifically high 
permeability with acceptable selectivity. The interconnected micro- 
cavities within PIMs structures contribute to a substantial free frac
tional volume (FFV) and the polymer rigidity architectures [20–22]. 
PIM-1, the most extensively researched PIM, is notable for its ease of 
solubility, excellent physicochemical and thermally stable, and 
outstanding characteristic in the CO2/CH4 separation, achieving a 
selectivity in the approximate 12–18 range. However, PIM-1 has the 
disadvantage that since it is a glassy polymer in a non-stationary state, it 
suffers physical aging that can be mitigated by adding a filler to obtain 
mixed matrix membranes [23–26]. The Physical aging in PIM-1 mem
branes significantly affects the gas transport properties over time, 
particularly in terms of CO2 permeability and selectivity. As PIM-1 ages, 
its polymer chains undergo structural relaxation and densification, 
leading to a collapse of the free fractional volume (FFV). This densifi
cation reduces the size and number of micro-voids within the polymer 
matrix, which are crucial for selective gas diffusion [23–26]. Conse
quently, the permeability of CO2 decreases as the pathways for gas 
molecules become more restricted. The impact on selectivity is more 
complex; while the permeability of CO2 reduces, the selectivity for CO2 
relative to other gases, such as N2, O2, and CH4, can either increase or 
remain stable. This is due to the differential effects on diffusivity and 
solubility of various gases in the aged polymer. Thus, understanding the 
physical aging process in PIM-1 is essential for optimizing its application 
in gas separation technologies, as it directly influences long-term sepa
ration performance and selectivity[23–26].

Regarding the filler, various materials, including MOFs, two- 
dimensional (2D) nanosheets, zeolites, and silica, have been utilized as 
additives to improve the gas separation performing of the polymeric 
membranes [19,27–29]. Notably, 2D nanosheets, known for their high 
aspect ratio, atomic thickness, and microporous transport channels, 
have become a focal point in membrane separation research [30–32]. 
Introducing high aspect ratio nanosheets into the polymer matrix can 
improve contact between the polymer and filler and establish channels 
that facilitate high and selective molecule transport [33]. Additionally, 
2D nanosheets with distinct adsorption capabilities can enhance the 
membrane’s ability to selectively adsorb gases [34].

In recent times, a new category of 2D material, MXene, has become 
notable for its versatile physicochemical properties, finding extensive 
applications in water purification, gas separation, energy storage de
vices, shielding against electromagnetic interference, and various other 
uses [35–37]. MXene, categorized as a transition metal carbide or car
bonitride, is denoted by the formula M(n+1)XnTx (where n = 1, 2, 3) [38]. 
Typically, MXene is obtained by selectively etching the A element from 
precursor MAX (formula Mn+1AXn) powders using an acidic etching 
agent. Here, M stands for an early transition metal (e.g. Ti, V, Mo, Nb), X 
represents carbon and/or nitrogen, Tx denotes surface groups like − O, 
–OH, − F, and A. In the context of MAX phase materials (Mn+1AXn), 
where “A” is an element from groups IIIA (group 13) or IVA (group 14) 
of the periodic table, understanding these groups is essential [39–41]. 
Group IIIA includes elements like aluminum (Al) and gallium (Ga) that 
typically form trivalent cations, while Group IVA includes elements like 
silicon (Si) and tin (Sn) that form tetravalent cations. These elements 
impart unique properties to MAX phases, such as high thermal stability, 
electrical conductivity, and mechanical strength, making them crucial 
for advanced applications. Understanding their chemical behavior al
lows for tailoring MAX phases to achieve specific performance charac
teristics [39–41]. Various procedures have been developed for the 
etching of MAX, one of the most used and successful when A is Al or Si is 
the acid attack specifically with HF although there are trends to replace 
this acid with a more benign one such as HCl [42]. Due to its stable 

structure and micrometer lateral size, Ti3C2Tx stands out as the most 
extensively studied MXene for membrane separation [43–45]. The var
iations in the properties of MXene nanosheets can significantly impact 
the characteristics of permeation of the corresponding MMMs 
[34,46,47]. Additionally, the choice of intercalating agent plays a 
crucial role in determining the effectiveness of the exfoliation process 
and the quality of the resulting MXene nanosheets [34,46–48].

A significant development in MXene membranes for gas separation 
was pioneered by Wang et al. [35], who engineered a freestanding 
MXene laminar membrane with well-organized nanochannels for H2/ 
CO2 separation. Shen et al. [33] demonstrated the construction of ultra- 
thin MXene laminates designed for the selective permeation of H2 or 
CO2. Liu et al. [49] presented a MXene-based membrane resilient to high 
temperatures, displaying favorable H2/N2 selectivity even at 320 ◦C. 
Various reports demonstrated MXene nanosheets as a filler for mem
brane gas separation [34,46,47,50–53], but specifically the utilization of 
MXene as filler in constructing MMMs based on polymer PIM-1 for gas 
separation has been explored only for CO2/N2 separation [54].

Herein, this study introduces a novel approach for CO2/CH4 sepa
ration by the synthesis of MXene nanosheets by a procedure based on the 
use of HCl, more benign than common HF, and its incorporating into a 
PIM-1 network with various loadings (1–5 wt%). The generated MXene/ 
PIM-1 MMMs were assessed for their CO2/CH4 separation efficiency and 
aging. In addition, to unravel the physical–chemical processes studied, 
the membranes and materials were characterized by various techniques 
that include 1H NMR, FTIR, TGA, XRD, nitrogen adsorption and SEM- 
EDS. The present research emphasizes the capability of MMMs 
comprising MXene nanosheets and PIM-1 as remarkably effective ma
terials for CO2/CH4 separation surpassing pristine PIM-1.

2. Experimental

2.1. Materials

MXene sheets were synthesized by using titanium aluminum car
bide/Ti3AlC2, lithium chloride/LiCl, and hydrochloric acid/HCl, all 
chemicals supplied from Sigma-Aldrich with high purity (99 %). PIM-1 
was prepared using top-quality chemicals, each with a purity ≥ 99 %. 
These chemicals, such as methanol-MeOH, potassium carbonate anhy
drous/K2CO3, N-methyl-pyrrolidone/NMP, toluene/Ph-CH3, and chlo
roform-CHCl3 were acquired from Sigma-Aldrich. Additionally, tetra- 
fluoro-terephthalonitrile/TFTPN and tetra-methyl-1,1′-spirobiindane- 
5,5′,6,6′-tetraol/TTSBI were supplied from the same source, before PIM- 
1 synthesizing, TFTPN was recrystallized in (MeOH) and TTSBI was 
sublimated at 150 ◦C.

2.2. Procedures

2.2.1. Syntheses of PIM-1 and MXene nanosheets
PIM-1 was produced using a previously established protocol 

[14,19,55], refer to the supplementary information, the produced PIM-1 
was utilized in a previous study and its detailed characterization can be 
referenced there [19]. In the synthesis, TFTPN and TTSBI (0.01 mol 
each) were mixed with anhydrous K2CO3 (0.03 mol), NMP (20 mL), and 
Ph-CH3 solvent (10 mL) in a nitrogen-purged three-neck flask under 
continuous stirring and refluxing at 160 ◦C for 4–5 h, resulting in a thick 
solution that was then precipitated in MeOH. The polymer was dried, 
dissolved in CHCl3, and re-precipitated multiple times in MeOH. To 
ensure thorough purification, the polymer was soaked in MeOH over
night before being dried in a vacuum oven at 80 ◦C overnight.

To synthesize MXene nanosheets, a MXene (Ti3C2Tx) powder was 
initially produced following a previously established methodology 
[56,57] with little modification. Briefly, LiCl (1 g) was dissolved in HCl 
solution (20 mL, 6 M) in a glass beaker (250 mL) inside an ice bath. 
Following this, 1 g of MAX powder (Ti3AlC2) was gradually introduced 
into the beaker under a constant stirring at 35 ◦C for 24 h. The resulting 
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product was washed with deionized water and centrifuged multiple 
cycles (5-cycles) at 5,000 rpm, resulting in a visible sediment, then the 
sediment was subjected to repeated cycles of dispersion in 50 mL of DI 
water, sonication, and centrifugation until the supernatant pH value 
reached ≈ 7 to yield delaminated MXene (nanosheets). In the end, the 
exfoliated MXene nanosheets were separated from unexfoliated ones, 
which remained in the supernatant, by vacuum filtration with contin
uous washing with deionized water, then the obtained exfoliating 
MXene nanosheets were subjected to drying under vacuum oven 
(overnight, 80 ◦C).

2.2.2. Fabrication of MMMs
Initially, PIM-1 (0.1 g) was dissolved in CHCl3 (5 mL). Subsequently, 

MXene nanosheets were dispersed in CHCl3 by sonication utilizing an 
ultrasonic bath for 1 h. To constitute 1–7.5 wt% MXene MMMs, the 
mixtures of PIM-1 solution and MXene dispersed solution were agitated 
for an additional 3 h. Subsequently, the suspensions generated were 
poured into glass Petri dishes and left under the fuming hoods for 3 days 
to allow the solvent to evaporate completely at room temperature. Prior 
to membrane testing, involving both pure PIM-1 and MMMs, the dried 
membranes underwent a 30 min immersion in MeOH, followed by 
overnight drying in a vacuum oven at 60 ◦C. The membranes were then 
stored in a dark, room-temperature environment. MXene/PIM-1 (1–5 wt 
%) MMMs were evaluated for gas separation performance, whereas the 
MXene/PIM-1 (7.5 wt%) MMM was fabricated and excluded from 
testing due to its compromised mechanical properties and aggregation 
tendencies.

2.2.3. Characterization of PIM-1 powder and MXene/PIM-1 MMMs
The 1H NMR analysis was conducted using a Bruker Avance III 400 

spectrometer at a proton frequency of 400 MHz and 25 ◦C, with CDCl3 
serving as the internal reference. For molecular weight analysis of PIM- 
1, gel permeation chromatography/GPC was performed coupled with 
multi-angle light scattering/MALS detection. Fourier transform infrared 
spectroscopy/FTIR analysis was applied using a Bruker Vertex 70 FTIR 
spectrometer connected with a DTGS detector and a ATR diamond 
accessory with a wavenumber resolution of 4 cm− 1 measured in the 
range 4000–600 cm− 1. Thermogravimetric analyses/TGA was under
taken with a Mettler Toledo TGA-STDA 851e instrument under N2 at
mosphere. To assess crystallinity, X-ray diffraction/XRD was executed 
using a Panalytical Empyrean apparatus with CuKα radiation (λ = 0.154 
nm), scanning between (5-40◦) at a scan rate (0.03◦ s− 1). Nitrogen iso
therms at − 196 ◦C were recorded using a Micromeritics Tristar 3000, 
and the specific surface area (SSA) of the porous materials (PIM-1 and 
MXene nanosheets) was determined via the Brunauer-Emmett-Teller/ 
BET method. Scanning electron microscope-SEM images of the mem
branes were captured applying an Inspect F50 model-FEI operating at 
10 kV. The membrane thickness, measured at five different positions 
with a micrometer scale, was in the approximate 65–100 µm range.

2.2.4. Gas permeation measurements
For CO2/CH4 separation, a circular membrane with an area (2.12 

cm2) was located in a module with dual stainless-steel pieces and a 
macro-porous disc support (model 316LSS, 20 μm pore size). The 
membranes were clamped and sealed within the permeation module 
using Viton o-rings, and the temperature was maintained at 35 ◦C by 
putting the module in an oven (Memmert). The gas separation tests were 
conducted with a CO2/CH4 mixture (50/50 ratio), delivered at 3 bar 
pressure to the feed side. Two Alicat Scientific mass-flow controllers 
(MC-100CCM-D) managed the flow rates, set to 50 cm3(STP)⋅min− 1 for 
each gas. On the permeate side, helium (He) was used as a sweep gas at a 
rate of 2 cm3(STP)⋅min− 1, maintained at atmospheric pressure (~1 bar) 
by another mass-flow controller (MC-5CCM-D). The concentrations of 
CO2 and CH4 in the permeate were continuously analyzed using a TCD in 
a micro-gas chromatograph (Agilent 3000A). Additional information 
regarding the utilized equipment was provided in our previous work 

[19,58] and schematically was represented in Fig. 1. The permeabilities 
of gases were quantified in Barrer units (10-10 cm3(STP)⋅ 
cm⋅cm− 2⋅s− 1⋅cm⋅Hg− 1). This involved flux (flowrate divided by the area 
of the membrane), partial pressure, and multiplying by the membrane 
thickness (Eq.1). The selectivities were calculated as the ratio of the 
corresponding permeabilities (Eq.2). 

Pgas =
Fluxgas(cm3(STP)⋅cm− 2⋅s− 1)⋅Thickness(cm)

ΔPgas(cmHg)
(1) 

α =
PCO2

PCH4
(2) 

To assess how aging affects the membrane separation performance, the 
membranes were stored in a dry container for 60 days to prevent 
exposure to moisture. Afterward, the gas permeation experiments were 
conducted on the aged membranes without treating them with MeOH. 
Each membrane underwent five repeated measurements both before and 
after the aging period for ensuring precise results and know the corre
sponding errors.

Furthermore, the time-lag experiments were conducted for a dura
tion to ensure accurate measurements (3-times at least). To satisfy the 
boundary conditions of the time lag method and achieve a steady-state 
flux, the downstream pressure was maintained at a much lower level 
than the upstream pressure, with a maximum downstream pressure set 
at 0.1 % of the upstream pressure. The experiment was concluded once 
this threshold was reached. Permeability (P) was calculated from the 
slope of the pressure–time (pd/t) curve in the steady-state region. The 
diffusion coefficient (D) was determined using the time lag method, and 
the solubility coefficient (S) was derived from the calculated P and D 
values [59–61]. More details about the time lag method measurements 
and calculations are provided in our previous work [61]. The time lag 
experimental setup (Fig. S1) and the equations performed for calculating 
D, P, and S are represented in the supplementary information.

3. Results and discussion

The structural verification of PIM-1 was accomplished through the 
examination of its 1H NMR and GPC spectra as illustrated in our previous 
work [19]. FTIR spectroscopy was performed on both PIM-1 and PIM-1/ 
MMMs (Fig. 2) to explore the interactions between MXene nanosheets 
and PIM-1. For PIM-1, the obtained FTIR spectrum agreed with the 
previous published studies [11,14,55]. The absorption bands at 2240 
cm− 1 and 1260 cm− 1 in the PIM-1 membrane spectrum are linked to 
nitrile groups, specifically the C≡N stretching and (C-N) bending modes, 
respectively [14,55]. Moreover, the absorptions in the range of 
2850–2950 cm− 1 and 1445 cm− 1 are associated with methylene (CH2) 
stretching and (C=C) aromatic stretching vibration modes, respectively 
[14,55]. The C-N stretching mode corresponds to the 1350–1250 cm− 1 

region. The peak identified at 1009 cm− 1 is a result of the characteristic 
C–O aliphatic stretching mode, whereas that at 870 cm− 1 is linked to the 
aromatic sp2 C–H bending.

In MXene nanosheets spectrum, three obvious peaks at 3500–3200, 
1650, and 835–621 cm− 1 are linked to (–OH), (C-O), and (Ti-O) 
stretching vibration, respectively, indicating the terminal (–OH) groups 
on the MXene surface [62,63]. In the PIM-1/MXene MMMs (2.5–7.5 wt 
%) spectra, both the characteristic peaks of PIM-1 and those of MXene 
can be observed. It is referred that the (–OH) peak of PIM-1/MXene 
MMMs mainly comes from MXene nanosheets, which indicates that 
hydrogen bonds might be formed between the PIM-1 polymer chains 
and the high polarity MXene nanosheets surface [64].

Additionally, the FTIR analysis revealed no noteworthy variations or 
shifts in the distinctive bands for PIM-1 and MXene with varying load
ings (2.5 and 5 wt%) of MXene in the MMMs. This observation suggests 
that both materials were uniformly dispersed and chemically stable 
within the prepared membranes without significant changes in their 

M. Yahia et al.                                                                                                                                                                                                                                  Separation and Puriϧcation Technology 356 (2025) 129825 

3 



absorption bands. These results suggest that the two materials can be 
incorporated within the MMMs without altering their chemical struc
tures. Furthermore, the FTIR analysis for MXene/PIM-1 (7.5 wt%) 
confirmed that there were no significant changes in the absorption 
bands compared to lower loadings (2.5 % and 5 %), as shown in Fig. 2. 
However, the higher loading of 7.5 % led to degradation and reduced 
mechanical properties in the MXene/PIM-1 (7.5 wt%) MMM, as illus
trated in Fig. S3, likely due to the agglomeration of MXene particles at 
higher concentrations, disrupting the polymer matrix.

Although the IR analysis shows no noticeable shifts in the main 
peaks, likely due to the low filler loadings, other types of interactions 
may still be present. These “favorable interactions” include hydrogen 
bonding, van der Waals forces, and π-π interactions, rather than stronger 
covalent or coordination bonds, and they contribute to the improved 
properties of the MXene/PIM-1 MMMs.

Fig. 3 shows the XRD diffractogram of PIM-1 displaying its amor
phous structure. The two broad peaks at ca. 13.4◦ and 18.0◦ correspond 
to chain-to-chain distances of 0.49 nm and 0.65 nm, respectively, 
associated with the efficient chain packing featuring a microporous ar
chitecture within PIM-1 matrix [14,55,65]. Also, Fig. 3 shows the typical 
XRD diffractogram of MXene nanosheets with peaks at 2θ values of 
approximately 9.5◦, 19.5◦, 28.5◦, 35.9◦, 39.8◦ and 43.6◦, which linked to 
the crystalline planes (002), (004), (006), (111), (200) and (104), 
respectively [34,46,47]. Applying Bragg’s law to the peak of the (002) 
plane results in a d-spacing of 0.93 nm. However, the initial MAX 

powder showed similar crystal patterns, including a notable appearance 
of the crystalline plane (002) at 2θ ≈ 9.9◦, i.e. showing an evident 
displacement to lower angles-larger d-spacings meaning from 0.89 nm 
in MAX to 0.93 nm in MXene. This indicates some intercalation of polar 
lithium-based species but the small decrease of peak intensities respect 
MAX suggests an important prevalence of the initial crystalline layered 
structure meaning minimal exfoliation of MXene nanosheets during the 
etching of MAX powder with LiCl. Additionally, the XRD patterns of 
MXene/PIM-1 MMMs in Fig. 3, revealing subtle indications of PIM-1 
features, are consistent with the MMMs maintaining the same chain- 
to-chain distances of 0.49 nm and 0.65 nm as in the original polymer, 
indicating minimal alterations to the polymeric structure following the 
inclusion of MXene crystals. However, noticeable peaks of the MXene 
crystals at approximately 9.7◦ and 39.8◦ 2θ values, corresponding to the 
crystalline planes (002) and (200), respectively, are evident in the dif
fractograms. Also, the XRD analysis showed no significant changes or 
shifts in the characteristic diffraction patterns of PIM-1 and MXene 
across different loadings, up to 7.5 wt% of MXene in the MXene/PIM-1 
MMMs. This is consistent with a successful integration of MXene nano
sheets within the MMMs without any noticeable loss of their 
crystallinity.

Gas-sorption analysis was applied to evaluate the micro-porosity of 
both evacuated PIM-1 and MXene nanosheets. In agreement with a 
combination type I and IV isotherm shown in Fig. 4, PIM-1 exhibits a 
notably high BET specific surface area (SSA, 750 m2⋅g− 1), providing a 

Fig. 1. The schematic diagram represented the experimental set-up used for the CO2/CH4 mixture separation.

Fig. 2. FTIR spectra for PIM-1, MXene nanosheets and PIM-1/MXene MMMs 
(2.5, 5, and 7.5 wt%).

Fig. 3. XRD patterns of PIM-1 (powder), MXene nanosheets and MXene/PIM-1 
MMMs (2.5, 5, and 7.5 wt%).

M. Yahia et al.                                                                                                                                                                                                                                  Separation and Puriϧcation Technology 356 (2025) 129825 

4 



robust evidence of its microporous characteristics and its capacity for 
adsorption and desorption of N2 gas, consistent with previous literature 
[66–68]. At medium P/P0, the hysteresis observed indicates the pres
ence of mesopores within PIM-1 [14,69]. The hysteresis that continues 
at low pressure is usually found in microporous polymers and has been 
related, according to studies, to swelling or diffusional limitations due to 
the blocking of pores, also indicating a pronounced hysteresis and 
greater connectivity between the pores, which is undoubtedly of interest 
for membrane separation processes [70]. Also, the data in Fig. 4 allowed 
the calculation of the BET SSA for MXene nanosheets (16.3 m2⋅g− 1) and 
MAX particles (2.2 m2⋅g− 1), which display a notably lower value than 
typical for 2D materials [37,46,47], aligned with previous reports 
[71,72]. The lower BET SSA for MXene and MAX comparted within 
other 2D materials can be attributed to the surface of MXene being 
commonly terminated with functional groups such as hydroxyl (–OH), 
chloride (− Cl), or oxygen-containing groups and the density and type of 
these functional groups can influence the overall surface chemistry and, 
consequently, the surface area available for specific interactions 
[37,46,47,71]. The increase in the surface area of MXene with respect to 
MAX indicates a certain degree of exfoliation. Furthermore, the pro
nounced increase in adsorption of MXene versus MAX at P/P0 close to 1 
indicates an increase in capillary condensation between particles which 
may be related to indicated exfoliation. In any event, even if the exfo
liation of the parent material was limited, the increase of the BET SSA 
together with the mentioned XRD supported intercalation allow to 
predict an improved filler-polymer interaction helping the enhancement 
of the gas separation performance shown below.

Furthermore, the gas-sorption analysis was applied to evaluate the 
specific surface area (SSA) of both evacuated PIM-1 membrane and 
MXene/PIM-1 MMMs as represented in Fig. 4 and Table S1
(supplementary information). The BET SSA values reveal a significant 
variation between PIM-1 in its powder form, membrane form, and when 
combined with MXene nanosheets as MXene/PIM-1 MMMs. The PIM-1 
powder exhibits a notably high BET specific surface area (750 
m2⋅g− 1), indicative of its microporous nature as mentioned before 
[66–68]. However, when PIM-1 is processed into a membrane, the BET 
SSA decreases substantially (351 m2⋅g− 1). This reduction can be attrib
uted to the densification and partial collapse of the microporous struc
ture during the membrane formation process, which leads to tighter 
packing of polymer chains and a reduction in the accessible surface area 
[73,74]. In contrast, the incorporation of MXene nanosheets into the 
PIM-1 matrix results in an increase in the BET SSA of the MXene/PIM-1 

MMMs. Specifically, the BET SSA increases to 410 m2⋅g− 1 for the 
MXene/PIM-1 (2.5 wt%) and further to 451 m2⋅g− 1 for the MXene/PIM- 
1 (5 wt%). This increase is likely due to the exfoliation of MXene 
nanosheets within the PIM-1 matrix, which enhances the accessible 
surface area. Additionally, the inclusion of MXene nanosheets may 
disrupt the polymer structure, creating additional micro- and mesopores 
that contribute to the increased surface area [50–54], reverting in part 
the above mentioned collapse. The observed enhancement in BET SSA 
with increasing MXene content underscores the role of MXene nano
sheets in improving the porosity and potentially enhancing the gas 
separation performance for the fabricated MXene/PIM-1 MMMs 
[50–54].

Fig. 5 displays the TGA curves for PIM-1, MXene and MXene/PIM-1 
MMMs. The presence of nitrile-containing groups (C-N) within the PIM- 
1 structure leads to enhanced thermal stability for PIM-1 up to 
400–450 ◦C, which is attributed to the robust dipolar interactions with 
the nitrile functional groups [14,55]. Then, the decomposition process 
for PIM-1 was observed above 450 ◦C is attributed to the degradation of 
the polymer components [14,55]. Moreover, as illustrated in Fig. 5, 
MXene displays two distinct stages of weight loss. The initial stage, 
occurring between 100–200 ◦C, primarily results from the evaporation 
of water absorbed in MXene, originating from its numerous surface 
hydroxyl functional groups. Subsequently, the mass loss observed be
tween 200–800 ◦C is attributed to the breakdown of MXene functional 
groups. The entirety of weight loss witnessed in MXene, approximately 
ranging between 10 % and 15 % throughout the whole heating process, 
underscores its remarkable thermal robustness [57]. It can be seen how 
the MAX material has hardly any weight loss, so the indicated losses 
would indicate the presence of functional groups and evidence of the 
variation from Ti3AlC2 towards MXene. The thermal stability of PIM-1/ 
MMMs closely resembles that of the PIM-1 membrane, suggesting the 
absence of a filler catalytic effect on the polymer degradation, as 
observed in other examples, of course with a much higher filler content 
[75]. The observed reduction in weight of approximately 5–10 % in the 
MMMs at temperatures between 100 and 300 ◦C is attributed to the 
release of solvent and gas molecules trapped within the MMM struc
tures, these molecules primarily retained within the MXene functional 
groups [11,19,76,77] and in the MXene-PIM-1 interfaces. The subse
quent decrease in weight observed around 475–700 ◦C is attributed to 
the decomposition of residues within the PIM-1/MMMs [14,55]. In 
addition, the TGA analysis showed no significant changes in the thermal 
stability of MXene/PIM-1 MMMs with different loading of MXene 
nanosheets in the MMMs. This suggests a successful incorporation of 

Fig. 4. N2 isotherms at − 196 ◦C for PIM-1, MXene nanosheets, MAX particles, 
PIM-1 membrane and MXene/PIM-1 (2.5 and 5 wt%) MMMs.

Fig. 5. TGA curves for PIM-1, MXene and MXene/PIM-1 MMMs (2.5, 5, and 
7.5 wt%).
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MXene nanosheets into the MMMs without any noticeable impact on 
their thermal decomposition behavior.

Fig. 6 illustrates the outcomes of SEM analysis conducted on PIM-1, 
pristine MAX (Ti3AlC2) and the synthesized MXene nanosheets 
(Ti3C2Tx). Fig. 6a-c provide insights into the morphological surface, 
revealing the microporosity characteristics observed in the N2 isotherm, 
of the PIM-1 matrix (Fig. 6a), which align with findings from prior in
vestigations [14,19,65] and in agreement with the finding observed 
within Fig. S2a and Fig. S2b (supplementary information), which pro
vide more additional information about the microporosity within PIM-1 
membrane. In the SEM images of the pristine MAX powder (Fig. 6b) and 
the synthesized MXene nanosheets (Fig. 6c), it is evident that post Al- 
etching from the pristine MAX powder, the MXene nanosheets exhibit 
a layered accordion-like structure, with the layers distinctly separated, 
indicating successful exfoliating of MAX powder with LiCl to produce 
the MXene nanosheets. While the synthesized MXene nanosheets 
demonstrate a lamellar structure with numerous interlayer channels, 
there remains some agglomeration in the etched MXene nanosheets.

The SEM images corresponding to the MMM at 5 wt% (see Fig. 7a-b) 
indicate the favorable interactions between the MXene nanosheets and 
PIM-1, showing a Mxene particle agglomerate perfectly surrounded by 
polymer [19,43,46,50]. This suggests a MXene nanosheets-polymer 
interaction which could be attributed to their chemistry, characterized 
by a higher existence of functional groups, such as hydroxyl groups, 
which, helped by the high aspect ratio of the particles, likely facilitating 
interactions with the polymer chains. This is anticipated to offer 
enhanced affinity and selective channels, leading to superior CO2/CH4 
separation performance through the MXene/PIM-1MMM [34,46,47]. 
Furthermore, Fig. 7 indicates a minimal exfoliation for MXene nano
sheets within the MXene/PIM-1 MMMs, owing to the lower chemical 
reactivity nature of LiCl compared to LiF, which may result in reduced 
exfoliation efficiency as discussed above. This lower reactivity due to the 
small ionic strength for LiF as compared to LiCl, which provide more 
electronegative fluoride ions with stronger electrostatic interactions 
with MAX phase layers, enhancing intercalation and exfoliation 
compared to LiCl [48,78].

Furthermore, Fig. 7 displays the elemental composition of the 
MXene/PIM-1 MMM with 5 wt% MXene, as determined by SEM-EDS 
analysis. The EDS mapping images (Fig. 7 c–e) show the distribution 
of titanium (Ti), which is a key element of the MXene nanosheets. The Ti 
mapping confirms, together with the layered structure observed and the 
EDS analysis, the presence of MXene nanosheets.

Furthermore, the SEM images in Fig. S2 demonstrate the micropo
rosity and MXene dispersion within the PIM-1/MXene composite 
membrane. Fig. S2a and S2b show the porous structure of the PIM-1 
membrane at higher magnification, revealing interconnected voids 
that are characteristic of PIM-1′s intrinsic microporosity. These 

micropores arise from the rigid polymer backbone, creating sub- 
nanometer voids essential for gas separation. Fig. S2c provides a full 
cross-sectional view of the MXene/PIM-1 membrane, confirming the 
examination of the entire section. The EDS mapping in Fig. S2e high
lights the distribution of titanium (Ti), confirming the uniform disper
sion of Ti3C2Tx MXene within the membrane. This even distribution is 
further supported by the EDS spectrum in Fig. S2f, indicating successful 
MXene incorporation. The homogeneity of MXene throughout the 
membrane ensures its improved mechanical and functional properties 
without agglomeration. Together, these SEM images with Fig. 6 confirm 
both the microporous structure of PIM-1 and the uniform dispersion of 
MXene.

Furthermore, Fig. S3 (supplementary information) illustrates the 
mechanical integrity of the fabricated membranes (PIM-1 and MXene/ 
PIM-1 (5 wt%) MMMs), evaluated via a manual stretch test. This test 
cautiously involved stretching the membrane by hand to gauge its 
resilience and robustness. The outcomes of this manual evaluation 
demonstrate that the MMM with optimal loading MXene filler 5 wt% 
possesses promising mechanical properties and strength. Increasing 
filler loading beyond 5 wt% led to degradation and cracking within the 
MXene/PIM-1 (7.5 wt%) composite as shown in Fig. S3.

3.1. The mixed gases separation performance

Table S2 and Fig. 8 show the CO2 permeability and CO2/CH4 selec
tivity results for both pristine PIM-1 and MXene/PIM-1 (1–5 wt%) 
MMMs. CO2 permeability and CO2/CH4 selectivity depict better values 
with MXene/PIM-1 MMMs with higher MXene nanosheets loading (5 wt 
%) as compared to lower loadings (1–2.5 wt%). Before aging, inte
grating MXene nanosheets into PIM-1 led to an enhancement in the CO2 
permeability, rising from around 6085 Barrer to a range of 6816–7652 
Barrer for MXene/PIM-1 MMMs. Moreover, the CO2/CH4 selectivity 
increased from 8.7 to (11.4–13.5) for MXene/PIM-1 MMMs. This 
improvement can be attributed to the beneficial effect of embedding 
MXene nanosheets within the PIM-1 matrix, creating preferential and 
selective channels that facilitate the selective gas diffusion during the 
separation process [34,46,47,50], even at the relatively low content of 
filler (always below 5 wt%). These channels are related to the spaces 
present in the MXene agglomerates and to the MXene particle-polymer 
interfaces in which the good filler polymer interaction favors the crea
tion of selective and fast CO2 pathways (as compared to the bare poly
mer with lower permeability and selectivity values).

Additionally, the findings presented in Table S2 (supplementary in
formation) and Fig. 8 highlight the divergent impacts on the CO2 and 
CH4 permeabilities by incorporating MXene nanosheets into the PIM-1 
matrix membrane. With CO2 and CH4 kinetic diameters 0.33 nm and 
0.38 nm, respectively, the former is favored for selective transport, this 

Fig. 6. SEM images for: (a) PIM-1 pristine membrane, (b) Pristine MAX powder, (c) The synthesized MXene nanosheets.
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enhancement is further facilitated by the microporous structure inherent 
in the PIM-1 matrix [14,19,55,79]. Furthermore, the MXene nanosheets 
exhibit a narrow porosity of 0.32 nm [80,81], exerting a barrier effect 
which favors the CO2 transport over that of CH4, in agreement with 
Fig. 8. Additionally, the abundant polar groups in MXene surface in
fluence PIM-1 ability to capture CO2 more than CH4, while MXene 

layered structure assists in the efficient diffusion of CO2 through the 
membrane [46,47,50,57,82]. Certainly, it was noted that CO2 molecules 
displayed a higher permeability throughout the MXene/PIM-1 MMMs in 
comparison to CH4 molecules. This trend may also be assigned to the 
CO2 quadrupole moment interacts electrostatically with the interaction 
sites of the MXene nanosheets, particularly the terminal –OH groups 

Fig. 7. SEM cross-section images for MXene/PIM-1 (5 wt%) (a-b), EDS-SEM images for MXene/PIM-1 (5 wt%) (c–e) evidencing the presence of Ti (Ti3C2Tx) within 
the membrane.

M. Yahia et al.                                                                                                                                                                                                                                  Separation and Puriϧcation Technology 356 (2025) 129825 

7 



present on their surface [50,57,82–84]. This is consistent with the CO2- 
philicity of PIM-1 and the highly polar nature of the MXene nanosheets 
surface. These factors contribute to increasing CO2 solubility in the 
MMMs, consequently improving the CO2/CH4 selectivity, as observed in 
prior studies on other PIM-1 MMMs [14,19,24].

The aging behavior of the membranes under investigation, including 
both pristine PIM-1 and MMMs, was also assessed. After a 60-day aging 
period (membranes stored at room temperature without exposure to 
light), all MMMs showed a decrease in CO2 permeability and a slight 
improvement in CO2/CH4 selectivity (refer to Table S2 and Fig. 8). 
Previous studies have indicated that PIM-1, renowned for its high FFV, 
undergoes physical aging, resulting in a noticeable decline in perme
ability over time, accompanied by a minor improvement in selectivity 
[25,85–87]. This aging phenomenon is frequently observed in polymers 
of the PIM type [88], where the polymer structure regularly reorients 
locally towards an equilibrium pseudo-state. This local reorganization 
effects in a significant decrease in FFV, resulting in reduced membrane 
permeability and a slight improvement in selectivity [25,85–88]. After 
evaluating the performance of the MMMs both before and after aging, a 
consistent trend emerged as permeability decreased while selectivity 
increased, aligning with the upper-bounds (UBs) correlation [3,4]. It is 
worth noting that the aging process predominantly impacts the char
acteristics of PIM-1 [14,18], and the MXene/PIM-1 MMMs also undergo 
considerable aging processes, as evidenced by earlier studies on PIM-1 
MMMs [89–91]. In any case, the decline in CO2 permeability due to 
aging follows this trend: PIM-1 (5.5 % decrease) > MXene/PIM-1 MMMs 
(2.1–4.0 % decrease, notably with a significant 4 % decrease observed at 
the 5 wt% loading). However, this is balanced by an overall increasing in 
CO2/CH4 selectivity, with MXene/PIM-1 MMMs showing an increase of 
2.0–4.3 %, the highest increase of 4.3 % obtained at the highest loading 
of 5 wt%, compared to an increase of 5.9 % for PIM-1. It is evident that 
the most favorable separation performance was achieved with the 5 wt% 
MXene/PIM-1 MMMs, exhibiting a CO2 permeability of 7652 Barrer and 
a CO2/CH4 selectivity of 13.5 before the physical aging and CO2 
permeability of 7345 Barrer and a CO2/CH4 selectivity of 14.0 after the 
physical aging. This positive result after aging indicates that the in
teractions between the polymer and MXene filler in the MMMs help 
counterbalance the intrinsic flexibility of the polymer chains. MXene’s 

unique 2D structure and surface functionalities can interact with the 
polymer matrix, potentially reducing chain entanglements and creating 
additional free volume (FFV). This can enhance the local flexibility of 
polymer segments, improving gas transport properties in terms of 
selectivity [18,87,88], because the MXene particles slightly restrict the 
movement of the polymer architecture. Additionally, this restriction of 
chain movement by MXene helps mitigate physical aging [24].

Additionally, single gas permeability tests were performed for both 
pristine PIM-1 and MXene/PIM-1 (1–5 wt%) MMMs, with the outcomes 
summarized in Table S3 (supplementary information) and depicted in 
Fig. S4a for permeability and Fig. S4b for CO2/CH4 selectivity. It is 
important to note that the mixed gases exhibit elevated CO2/CH4 
selectivity and CO2 permeability in comparison to the single gases 
[19,24,61,92,93]. This behavior is ascribed to the microporous char
acteristics of PIM-type membranes, which enables selective gas diffusion 
and sorption based on its polarity and molecular size. In mixed gas en
vironments, there is a competition between gases with varying proper
ties within the micropores. This competition enhances selectivity 
because the more permeable gas tends to occupy these areas preferen
tially, impeding the diffusion of less permeable gases [19,24,61,92,93]. 
Additionally, interactions between various gas molecules in mixed gases 
create synergistic effects, resulting in higher overall permeability and 
selectivity in comparison scenarios involving individual gases [19].

Furthermore, the obtained results demonstrate notable differences in 
the behavior of PIM-1 and MXene/PIM-1 MMMs when exposed to single 
and mixed gases, particularly in terms of CO2 permeability and CO2/CH4 
selectivity. In mixed gas environments, both CO2 permeability and CO2/ 
CH4 selectivity are higher for MXene/PIM-1 MMMs compared to neat 
PIM-1 before aging. This suggests that the inclusion of MXene enhances 
the separation performance. After aging, the decrease in permeability is 
less pronounced in MXene/PIM-1 MMMs, indicating that MXene helps 
mitigate the effects of physical aging while selectivity remains stable or 
slightly improved. In single gas tests, MXene/PIM-1 MMMs similarly 
show higher CO2 permeability and CO2/CH4 selectivity compared to the 
neat PIM-1 before aging, with consistent improvements across the 
different MXene loadings. Although the reduction in CO2 permeability is 
more significant in single gas tests after aging, MXene/PIM-1 MMMs still 
demonstrate better aging resistance compared to neat PIM-1, with stable 

Fig. 8. CO2 permeability and CO2/CH4 mixed selectivity evaluated before and after (60 days) aging for both pristine PIM-1 and MXene/PIM-1 (1–5 wt%) MMMs. 
Permeability and selectivity data can be found in Table S2.
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or slightly improved selectivity. Furthermore, the experimental errors 
were carefully considered to ensure the reliability of these findings, as 
indicated by the standard deviations in Tables S1 and S2. For mixed 
gases, the standard deviations of CO2 permeability before aging range 
from ± 155 to ± 258 Barrer, and for CO2/CH4 selectivity, they range 
from ± 0.8 to ± 1.2. After aging, the standard deviations for CO2 
permeability are slightly higher, reflecting increased variability due to 
aging effects, but remain within a reasonable range.

For single gases, the standard deviations for CO2 permeability before 
aging range from ± 184 to ± 231 Barrer, and for CO2/CH4 selectivity, 
they range from ± 0.9 to ± 1.2. Similar to mixed gases, the standard 
deviations after aging show a slight increase, particularly for CO2 
permeability. Overall, the experimental errors for both mixed and single 
gases are consistent and within acceptable limits, indicating reliable and 
reproducible measurements. The slightly higher errors observed after 
aging reflect the natural variability introduced by aging processes, but 
the data still clearly demonstrate the performance advantages of 
MXene/PIM-1 MMMs over neat PIM-1.

Furthermore, the CO2 permeability and CO2/CH4 selectivity values 
for neat PIM-1 reported in this research work are consistent with the 
reported values for PIM-1 in the literature [14,79,93–97], which indi
cate a CO2 permeability in the range of 5000–9000 Barrer and a selec
tivity in the range of 6.5–16, which fall within the expected range. The 
observed lower transport properties can be attributed to the inherent 
physical aging of PIM-1, which leads to a decrease in free volume over 
time and thus reduced permeability. Additionally, variations in process 
history, such as differences in casting solvent, thermal treatment, and 
storage conditions, mixture separation pressure, and gas mixture ratio 
can influence as well the gas transport performance. These factors, 
combined with the polymer sensitivity to aging, explain the relatively 
lower than the expected values while remaining consistent with litera
ture reports for neat PIM-1 [14,79,93–96].

Additionally, as shown in Tables S2 and S3, the obtained average 
aging rate values over 60 days for CO2 permeability (Barrer/day) are 
approximately in the range of (− 5.6 to − 2.4) for the mixed gas 
permeability and in the range of (− 6.5 to − 3.3) for single gas perme
ability, indicating that they are consistent with those observed for other 
PIMs as reported in previous publications [95,98]. Furthermore, the 
results indicate that the aging rate for pristine PIM-1 is faster and higher 
than for PIM-1/MXene MMMs in both single and mixed gas measure
ments. This lower aging rate in PIM-1/MXene MMMs can be attributed 
to several factors. The MXene particles provide physical cross-linking 
within the polymer matrix, which restricts polymer chain mobility and 
reduces the rate of structural relaxation and densification. Also, the 
MXene’s barrier properties may slow down the diffusion of small gas 
molecules, reducing the overall permeability loss over time. Further
more, the presence of MXene can enhance the rigidity of the polymer 
network, making it less susceptible to the free volume collapse that 
typically occurs during aging in pristine PIM-1[23–26].

In summary, the current research underscores the promising pro
spective of MXene/PIM-1 MMMs as highly effective membrane mate
rials for both mixed and single CO2/CH4 separation performance 
avoiding aging to a certain extent. Moreover, the obtained results 
highlight the significance of attaining a uniform dispersion of the MXene 
nanosheets within MXene/PIM-1 MMMs for achieving optimal gas 
perm-selectivity.

Furthermore, as shown in Fig. 9, MMMs incorporating MXene 
nanosheets at loadings from 1 to 5 wt% exhibit highly beneficial sepa
ration performance, outperforming pristine PIM-1 and even slightly 
surpassing the upper-bound Robeson line established in 2008 [5,12,99]. 
Notably, the MXene/PIM-1 (5 wt%) MMMs achieved the most remark
able results in both CO2 permeability of 7652 Barrer and CO2/CH4 
mixed selectivity of 13.8 prior to physical aging. The highest loading of 
MXene filler was established at 5 wt% due to the instability in the me
chanical properties, as shown in the Fig. S3, for the MXene/PIM-1 as an 
increasing in the filler loading up to 5 wt% has been found to induce 

degradation within the MXene/PIM-1 MMMs, therefore no improve
ment in the separation performance.

Furthermore, the obtained results for MXene/PIM-1 MMMs were 
compared with MXene-based MMMs from literature [50,57,82–84]. 
Fig. S5 indicated that MXene/PIM-1 MMMs exhibit higher CO2 perme
ability and lower CO2/CH4 selectivity for single gas measurements in 
compassion with the reported MXene based MMMs (Mainly Pebax-1675 
[83], PEG-600 [57], Pebax-CMC [82], and cellulose triacetate (CTA) 
[84]). This might be attributed to PIM-1 having a highly interconnected 
network of micropores, which provides a large surface area for gas 
adsorption, therefore CO2 molecules can easily penetrate these micro
pores due to their small size, leading to high gas uptake [20–22]. 
Additionally, PIM-1 possesses a high degree of free volume within its 
structure. This free volume allows for greater mobility of gas molecules, 
facilitating faster diffusion through the polymer matrix [20–22]. In 
contrast, the higher permeable polymeric membranes like PIM-1 are 
suffering from plasticization phenomena leads to increased membrane 
permeability by inducing swelling or relaxation of polymer chains, 
creating additional free volume for easier gas molecule diffusion. 
However, this process can also decrease selectivity by altering mem
brane morphology or enhancing the diffusion rates of both CO2 and CH4, 
reducing the membrane’s ability to differentiate between them 
[25,85,87,100,101]. Additionally, the greater influx of CO2 and CH4 
molecules into the membrane at higher permeabilities increases 
competition for sorption sites, further diminishing the membrane 
selectivity in favor of CO2 over CH4. Furthermore, as has been demon
strated throughout this manuscript, the presence of MXene as a filler 
given its sieving and adsorption capacity significantly improves 
permeability and selectivity. The findings align with the upper-bounds 
trade-off between permeability and selectivity in membrane materials. 
As permeability increases, selectivity tends to decrease, and vice versa 
[4,12,99], providing this time a high CO2 permeability with not very 
penalized CO2/CH4 selectivity as the current values are over the 1991 
line with the PIM-1 and over the 2008 line with the best MMM 
membrane.

Additionally, the solubility and diffusion coefficients obtained from 
time-lag experiments are presented in Fig. 10 and Table S4
(supplementary information). As illustrated, the MXene/PIM-1 MMMs 
exhibit significantly higher solubility and diffusion coefficients 
compared to the pristine PIM-1 membrane. This enhancement is 
attributed to the incorporation of MXene nanosheets, which increase the 
available free volume and create additional pathways for gas transport. 
The MXene nanosheets also introduce functional groups that interact 

Fig. 9. CO2/CH4 mixed selectivity as a function of CO2 permeability for PIM-1 
and MXene/PIM-1 (1–5 wt%) MMMs, both before and after a 60-day aging 
period. 1991, 2008, and 2019 upper-bounds lines [4,12,99].
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favorably with CO2, improving gas sorption and diffusion. With the 
progressive increase in MXene loading (2.5 wt% and 5 wt%), there is a 
noticeable rise in both solubility (S) and diffusion (D) coefficients. This 
increment in S and D enhances the overall permeability and selectivity 
of the membranes, particularly for CO2/CH4 separation. The increase in 
solubility selectivity is more pronounced (see Table S4), reflecting the 
strong affinity of MXene for CO2, while the slight rise in diffusion 
selectivity suggests that the molecular sieving effect is also moderately 
enhanced. Consequently, the MXene/PIM-1 (5 wt%) MMM demon
strates superior gas separation performance, with higher overall 
permeability and selectivity than the lower MXene-loaded membranes 
and the pure PIM-1 membrane. Additionally, the results obtained from 
solubility and diffusivity are in agreement with the previous reported 
data for PIM-1 membrane [93,102–106]. This demonstrates the effec
tiveness of MXene nanosheets in enhancing membrane performance for 
gas separation. The findings clearly show that incorporating higher 
amounts of MXene nanosheets significantly enhances the membrane’s 
gas separation capabilities.

4. Conclusion

This study demonstrates the effective incorporation of MXene 
nanosheets into polymer PIM-1 to produce mixed matrix membranes 
(MMMs) with notable improvements in CO2 permeability and CO2/CH4 
selectivity compared to the pristine PIM-1 membrane. In agreement with 
the XRD and BET SSA measurements carried out, these enhancements 
can be attributed to the existence of the MXene particles and exacer
bation of polar groups of MXene upon LiCl treatment, which enhance the 
filler-polymer interaction and the membrane affinity for preferential 
adsorption and diffusion of CO2 over CH4. As the MXene filler loading 

increased (in the 0–5 wt% range), the separation performance improved 
even more, surpassing the Robeson upper-bound line established in 
2008. While aging led to a decrease in the CO2 permeability, there was a 
notable increase in CO2/CH4 selectivity within all the fabricated MMMs. 
Despite these alterations, the MMMs consistently outperformed the 
pristine polymer membrane with a good permeability-selectivity bal
ance. It should be noted that MXene, although its exfoliation was not 
very high, has been obtained with HCl acid treatment instead of the 
more hazardous HF, this treatment being sufficient to obtain good sep
aration results.

Additionally, the incorporating of MXene filler within PIM-1 matrix 
resulted in an increase in CO2/CH4 selectivity with 1–5 wt% MXene filler 
loading and demonstrated superior separation performance when 
compared to pristine PIM-1, achieving a CO2/CH4 separation selectivity 
of 13.5 at 7652 Barrer of CO2 permeability at 5 wt% filler loading. 
Despite a decline in the CO2 permeability over time with aging (60 
days), there was a slight increase in the CO2/CH4 selectivity (up to 4.3 % 
at 5 wt% MXene filler loading) and slight decrease in the CO2 perme
ability across all MMMs, with the best results achieved for 5 wt% 
MXene/PIM-1 MMM (CO2/CH4 separation selectivity of 14.0 at 7345 
Barrer of CO2 permeability). The reduction in permeability caused by 
aging is less in the MMMs than in the pure PIM-1 membrane, so the 
introduction of MXene limits the movements of the polymer chains, 
mitigating physical aging. Additionally, the permeation tests were 
consistent when comparing both mixed and single gas results obtained 
under the same experimental conditions, as well as with the time lag 
ones.

Furthermore, the incorporating MXene nanosheets into MXene/PIM- 
1 MMMs significantly enhances gas separation performance by 
increasing solubility and diffusion coefficients, particularly for CO2/CH4 
separation, as higher MXene content results in improved permeability 
and selectivity, demonstrating the effectiveness of MXene in enhancing 
the membrane separation performance.

Summarizing, this study provides valuable insights by investigating 
the influence of MXene filler loading and aging on the membrane per
formance, setting the stage for additional fine-tuning and exploration of 
MXene/PIM-1 MMMs as a sustainable technology for biogas upgrading 
and for extension to gas membrane separation.
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