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ARTICLE INFO ABSTRACT

Editor:Gaohong He Incorporating two-dimensional (2D) nanomaterials into polymer matrices can be an effective strategy to increase

the performance of membranes, overcoming the permeability/selectivity trade-off. So far, MXene-based gas

Keywords: separation mixed matrix membranes (MMMs) have been limited to Ti3Cy and they demonstrated high gas sep-
Mixed_ Matrix Membranes aration performance. However, information about the influence of composition and structure of MXene on the
xoéTlCZ performance of MMM is still lacking. Herein, a systematic investigation of the effect of the chemical composition
VZZC and number of layers of MXenes on the CO; transport properties of MMMs is reported. Mo, TiCy, TiaC and VoC

MXenes were incorporated into a Pebax-1657 matrix. The results revealed that the number of MXene layers
considerably affects the dispersion of MXenes in the polymer matrix that contain crystalline and amorphous
domains, M3Cy MXenes (MosTiCy and Ti3Cy) improve membrane separation more than M;C MXenes (TioC and
V2Q). In addition, in the case of M3C, MXenes (Mo2TiC, and Ti3Cs), composition strongly affect the dispersion of
nanosheets in the polymer, as confirmed by X-ray diffraction and mechanical properties analysis. Molecular
dynamics (MD) simulation combined with gas permeation models further confirmed the excellent compatibility
of MXenes with the polymer chains. Significant improvement in CO, permeability (up to 70%) and CO3/Ny
separation selectivity (up to 137%) was achieved, placing MXene MMMs above the 2008 Robeson upper bound,
implying defect-free interfaces and excellent matrix dispersion. Finally, the impact of feed composition, tem-
perature, and pressure on gas separation performance of the MMMs was fully investigated. Our findings indicate
the tremendous potential that tuning MXene properties can have for the development of high-performance gas
separation membranes.

and CO,/N, separation

1. Introduction The addition of fillers with nanoscale dimensions can not only increase

the free volume of matrices for faster diffusion, but also impose further

Highly selective membranes are required to recover target species
and remove pollutants in gas separation processes.[1-7] The develop-
ment of mixed matrix membranes (MMMs), a class of composite mem-
branes composed of polymers/fillers, is an effective approach to surpass
the so-called upper bounds of traditional polymeric membranes.[8,9]

* Corresponding authors.

entropic force for selective recognition of gas species, thereby leading to
significant improvement of transport properties.[10,11] The develop-
ment of MMMs containing new fillers with improved permeability and
selectivity is key to the technological revolution.[12,13] Excellent
interfacial compatibility of the filler-matrix is a prerequisite for realizing
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Fig. 1. Schematic representation of (a) synthesis and delamination of Mo,TiC;, Ti,C, and V,C MXenes, and (b) the fabrication steps of the free-standing MMMs.

the high separation potential of these hybrid membranes.[9] Two-
dimensional (2D) nanomaterials bearing functional groups are ideal
fillers for fabricating defect-free MMMs, even in ultra-thin formats, due
to their high interfacial area and strong interfacial interactions.[14].

MXenes are a large expanding family of 2D transition metal carbides
and nitrides finding abundant applications in separation processes.
[14-17] MXenes have the general formula of M, ;1X,Tx, where M is an
early transition metal, X denotes carbon and/or nitrogen, n = 1-4, and T
corresponds to the surface functionalities (-OH, =0, and —F).[18]
MXenes have attracted considerable attention due to tunable interlayer
galleries, high aspect ratio, rich surface chemistry, and versatile chem-
ical composition and number of layers in the structure. In the only
precedent in MXene-based MMMs Ti3Cy; MXene was used in combina-
tion with Pebax, observing a fast and selective CO5 transport.[19] It was
found that the polymer chains protect TizC; MXene nanosheets against
oxidation, Pebax-1657/TisC, membranes demonstrating stable gas
separation performance after storage in the ambient conditions for six
months.[19].

Since all MXene-based MMMs for gas separation studied so far have
been prepared using Ti3Cy, information about the influence of compo-
sition and structure of MXene on the performance of MMM is still

lacking. [19] It is, therefore, necessary to determine which can be the
optimal MXene composition and number of layers to achieve an
enhanced transport properties and selectivity of polymer membranes.
Theoretical calculations predicted that transition-metal composition,
atomistic structure, and surface chemistry should change the properties
of MXenes, but experimental data supporting these claims are missing.
Studying the effect of the surface chemistry of MXenes is very chal-
lenging due to the coexistence of different surface functionalities, rela-
tively strong M—T bonds, and the metastable nature of MXenes. To
fabricate advanced MXene-based membranes, it is necessary to deter-
mine the relationship between composition/atomistic structure and gas
transport properties and to generate a dataset of MXene membranes
with diverse permeability and selectivity.

Herein, we report a systematic investigation on the role of MXenes to
improve the gas transport properties of Pebax-1657 membranes, a
widely-used polyether block amide membrane [20,21] for CO2 separa-
tion. The choice of Pebax-1657 matrix is based on rich functional groups
in the backbone generating crystalline and amorphous domains and
providing excellent interfacial compatibility. Pebax-1657 matrix also
allows a straightforward comparison of our MMMs with the reported
Pebax-1657-TizCy MXene-based ones for gas separation.[22-24] While
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Fig. 2. (a) Raman spectra of Mo,TiC,, Ti>C, and V,C MXenes, (b) XRD patterns of Mo,TiC,, Ti,C, and V,C MXenes, SEM images of (c) Mo,TiCy, and (d) Ti,C, and

(e) VoC.

prior studies have exclusively focused on TizCo; MXene in Pebax mem-
branes, our work is the first to systematically explore how different
MXene compositions- Mo,TiCy, TipC, and VoC- impact membrane per-
formance. By investigating their atomistic structures and chemical
compositions, we provide crucial experimental validation for theoretical
predictions on MXene surface chemistry and transport properties, which
were previously unexplored. Furthermore, we explicitly define the state-
of-the-art in MXene-based gas separation membranes, detailing the
challenges of achieving optimal permeability and selectivity through
filler-polymer compatibility. Our study introduces a new dataset of
MXene-based membranes, shedding light on the correlation between
MXene structure and gas transport properties. By incorporating molec-
ular dynamics (MD) simulations, we also provide mechanistic insights
into MXene-polymer interactions.

2. Experimental
2.1. Materials
Mo, TiAlCy, TizAlC, and V2AIC MAX powders were supplied from

American Elements. Hydrofluoric acid (HF, ACS reagent, 48 %), hy-
drochloric acid (HCI, ACS reagent, 37 %), lithium chloride (LiCl, ACS

reagent, >99 %), and tetramethylammonium hydroxide (TMAH, 25 wt
% in H0) were purchased from Millipore-Sigma and used without
further purification. Pebax-1657 was obtained from Arkema Inc.,
France. Carbon dioxide and nitrogen gases (>99.99 %) were purchased
from Saman Gas Co., Arak, Iran.

2.2. Synthesis of MXenes

TioC was produced via etching of Ti,AIC MAX with a solution con-
taining HF and HCI. First, 6 mL of deionized (DI) water and 12 mL of HCL
were mixed with 2 mL of HF. Next, 1 g of the MAX powder was added
slowly to the solution at room temperature under stirring. The temper-
ature was increased to 35 °C and the mixture was stirred for 24 h at 300
rpm. After the reaction completion, DI water was added to the mixture
followed by centrifuging at 3500 rpm for 2 min and this washing process
was repeated several times until the pH value is > 6. The sediment was
added to 50 mL of a 20 mg/mL LiCl solution. The temperature was
increased to 35 °C and the mixture was stirred for 8 h at 300 rpm. Then,
the suspension was centrifuged at 3500 rpm for 10 min. Centrifugation
was repeated until obtaining black supernatant suspensions. The su-
pernatant containing large TiyC flakes was collected and centrifuged at
7500 rpm for 3 min and used for fabrication of TipC films.
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Fig. 3. (a) Raman spectra of Pebax-Mo,TiC, membranes, (b) Raman spectra of Pebax-Ti,C membranes, (c) Raman spectra of Pebax-V,C membranes, (d) XRD
patterns of Pebax-Mo,TiC,-0.075 wt%, Pebax-Ti,C-0.05 wt%, and Pebax-V,C-0.1 wt% MMMs, (e) elastic modulus of Pebax-Mo,TiC,, Pebax-Ti,C, and Pebax-V,C
membranes at different MXene loadings, (f) elongation at break of Pebax-Mo,TiC,, Pebax-Ti»C, and Pebax-V,C membranes at different MXene loadings, and (g)
tensile strength of Pebax-Mo,TiC,, Pebax-Ti»C, and Pebax-V,C free standing membranes.

Mo,TiCy and VoC were produced via etching of Mo,TiAlC, and
V2AIC MAX phases, respectively. First, 1 g of each MAX powder was
added slowly to a 20 mL HF solution at room temperature under stirring.
The temperature was increased to 50 °C for Mo,TiCy and 35 °C for VoC
and the mixture was stirred for 48 h at 300 rpm. After the reaction
completion, DI water was added to the mixture followed by centrifuging
at 3500 rpm for 2 min and this washing process was repeated several
times until the pH value is > 6. The sediment was added to 20 mL of a 50
mg/mL TMAH solution and the mixture was stirred for 12 h at room
temperature. The mixture was then centrifuged several times with DI
water at 9000 rpm for 10 min, until obtaining a pH value below 8.
Finally, the suspension was centrifuged at 3500 rpm for 10 min.
Centrifugation was repeated until obtaining black supernatant suspen-
sions. The supernatants containing large MoyTiCy or VoC flakes were
collected and centrifuged at 7500 rpm for 3 min and used for fabrication
of films.

2.3. Membrane fabrication

3 % homogenous Pebax-1657 solution was prepared by dissolving
polymer beads in water/ethanol (70/30 wt%). The solution was poured
into a Teflon coated petri dish and after solvent evaporation at room
temperature the pristine membrane was obtained. Mixed matrix mem-
branes (MMMSs) with various concentrations of MXenes (0.05, 0.075,
0.1, and 0.2 wt%) were fabricated from Pebax-MXene solutions

prepared by adding different MXenes colloidal solutions (Mo, TiCy, TisC,
and V,C) to the 3 % Pebax solutions. The polymer-MXene mixtures were
poured into Teflon coated petri dishes and were kept under N5 to obtain
films after solvent evaporation at room temperature. All the membranes
were dried under vacuum at 80 °C for 18 h. a schematic representation
of the synthesis of MXenes, and MMMs is shown in Fig. 1.

3. Results and Discussion

We produced TiyC by etching its corresponding MAX phase using a
mixture of HF and HCI followed by delamination using LiCl. Instead,
Mo2TiC;y and VoC were synthesized through HF etching of their parent
MAX phases and then were delaminated by intercalation of tetrame-
thylammonium hydroxide (TMAH) (Fig. 1). To confirm the structures of
the synthesized MXenes, Raman spectroscopy (Fig. 2a) and X-ray
diffraction (XRD) (Fig. 2b) were conducted on MXene films fabricated
from their aqueous colloidal solutions using vacuum-assisted filtration.
The broadening and shifting of Raman bands (Fig. 2a and Fig. S2a-c),
along with the emergence of peaks associated with surface functional
groups, confirm the successful removal of the Al layers and the forma-
tion of multilayer MXene structures. The band at 440 cm ™" in the Raman
spectrum of Mo,TiC, can be ascribed to the oxygen dominated vibra-
tional mode along the basal plane.[25,26] The higher bands at 635 and
757 cm™ ! can be related to carbon atoms parallel (Eg) and perpendicular
(Ay) to the basal plane, respectively. In the Raman spectrum of Ti,C, the
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out-of-plane stretching vibrations of Ti and C along with the termination
of =0, —F, and ~OH appear at 283 cm ™! (mostly —F group).[27,28] The
vibrational bands at 397, 510, and 632 c¢cm ™! are generated from the Ti-
C non-stoichiometric and C-C bonds.[29] In the Raman spectrum of
V3C, three main frequency modes were observed at 259, 503, and 686
cm ™. The first band is corresponding to the in-plane vibrations of V
atoms. The second Raman frequency appeared around 503 cm ! due to
the surface termination with —F and —~OH groups.[30,31] The higher
frequency modes are obviously indicative of surface terminated V,C.
Although the theoretical approaches could not explain the Raman band
at 686 cm™!, this band can be attributed to the heterogeneous and
randomly distributed functional groups. Our Raman spectra agree well
with numerous experimental and simulation studies. [27-31] The
disappearance of characteristic MAX phase peaks (Fig. S3a-c) and the
emergence of the (002) peak at lower angles in XRD of MXenes (Fig. 2b)
confirm successful Al-layer removal and formation of multilayer MXene
structures. The position of the (002) peak is 6.02, 9.64, and 6.98 A for
Mo,TiCy, TisC, and VsC, respectively. In addition to Raman spectros-
copy, the good agreement of XRD patterns with previous studies further
confirms the successful synthesis of MosTiCy, Ti2C, and Vo,C MXenes.
[25,32-34] Scanning electron microscopy (SEM) images (Fig. 2c-e)
show the morphology and size of individual MXene flakes. For each
MXene (V2C, TizC, and MosTiCy) the images highlight the characteristic
2D structure of the flakes. The observed single flakes have lateral di-
mensions ranging from approximately 2 to 6 pm, depending on MXene
type.

Dispersion of all three MXenes up to 0.2 wt% concentration could not
be detected in the hybrid matrices via Fourier transform infrared

spectroscopy (FTIR) (Supporting Information, Fig. S4a-c). Compared to
the pristine Pebax, similar bands with no shifts were observed in the
FTIR spectra of the hybrid membranes. Despite strong hydrogen bonds
between MXene surfaces and polymer chains, MXenes are not detectable
in FTIR spectra because of their low concentrations and surrounding the
nanosheets with the polymer chains as also was observed for embedded
Ti3Cq and MoS; in Pebax.[35] The dispersion of all three MXenes above
0.05 % concentrations in the Pebax matrix can be verified in the Raman
spectra of all MMMs (Fig. 3a-c) compared to the spectrum of the pristine
polymer. For MMMs containing different MXenes, the extra peaks
observed in the spectra originate from MXenes which are in perfect
agreement with the previously discussed Raman frequencies of MXenes
(Fig. 2a). Distinctive changes in terms of the Raman shift in the peaks
above 600 cm™! were observed for MMMs containing Mo, TiCy and V,C.
The peak shift indicates the interactions between the Pebax chains and
the heterogeneous surface termination groups of the MXenes. In addi-
tion, Raman spectroscopy analysis indicated that mixing MXenes with
Pebax does not induce structural defects in the polymer matrix.

The tendency of MXenes with diverse atomistic structures and
compositions toward the amorphous (polyethylene oxide, PEO) or
crystalline (polyamide, PA) domains of Pebax can be qualitatively ob-
tained by XRD analysis. Two distinct diffraction peaks in all MMMs
including a broad peak at 20 ~ 15-20° and a narrow peak at around 26
~ 24° reflect the soft (PEO) and hard (PA) segments of the polymer,
respectively, in all hybrid membranes (Fig. S5a-c, SI). No significant
change was observed in the spectra of VoC- and ToC-based MMMs was
observed, except for a slight shift toward higher angles with increasing
filler content. This shift suggests the effective dispersion of Ti3C and V5C
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Fig. 4. Schematic representation of the distribution of different MXenes in the hard and soft segments of Pebax based on MXene composition and atomistic structure.

within the crystalline domains of the Pebax matrix (Fig. 3d, Fig. S5b,
and Fig. S5¢). Compared to TiyC and VoC (n = 1), the appearance of a
boarder peak (shown by * in Fig. 3d) with an increased intensity cor-
responding to the amorphous domain indicates that MosTiCy (n = 2)
nanosheets gravitate to the soft segment without any change in the
crystalline domain (Fig. 3d, Fig. S5a, and Fig. 4). As the Mo,TiC; con-
tent increases in the membrane, the crystalline peak of Pebax broadens
(Fig. S5a). In addition, an extra domain around 20 ~ 6° was created by
incorporating Mo,TiC, nanosheets in Pebax. The increased amor-
phousness of the soft bulk can be beneficial to improve the permeability
of Mo,TiCy-based membranes, but on the other hand, it can be detri-
mental to the mechanical strength of the membranes. A previous study
showed that despite the similar atomistic structure, TizCy (n = 2)
nanosheets were distributed in the hard segment with a significant
decrease in the Pebax crystalline domain.[19] This analysis demon-
strates that for MyC MXenes (TioC and V,C), the composition has an
insignificant effect on the dispersion of nanosheets in Pebax. On the
contrary, the effect of this parameter on M3Cy; MXenes (Mo,TiCy and

Ti3Cy) is significant. Additionally, this measurement further supports
the argument that the atomistic structure (number of n) can dramati-
cally affect the dispersion of MXenes in a copolymer with hard and soft
segments. In addition to the number of layers and transition metal type,
structural defects and functional groups can significantly influence
MXene dispersion. While this study primarily focused on the effect of
MXene atomic layer and transition metal type, surface chemistry,
functionalization, and defect density can also impact dispersion
behavior.

More qualitative differences in the dispersion of MXenes are
observed by comparing the elastic modulus and elongation at break of
all free-standing membranes incorporated by different concentrations of
the three types of MXenes. The incorporation of 0.2 wt% TiyC and V,C
increased the elastic modulus by 13-15 % compared to pure Pebax
(Fig. 3e). The increased elastic modulus is an indication of the presence
of interfacial interactions and high compatibility between Ti;C/V5C and
Pebax. A 30 % increase in elastic modulus was observed for the Pebax-
TisCy membrane where the Ti3Cy nanosheets were similarly dispersed
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mainly in the Pebax hard segments. On the contrary, when 0.2 wt%
Mo,TiCy; was embedded into the polymer, the elastic modulus of the
corresponding MMM decreased by 29 %, which could be related to the
increased amorphousness of the soft bulk with the addition of Mo,TiCy,
which was confirmed by XRD analysis. The disruption of the hard
segment created by TiyC or V2C nanosheets reduced the elongation at
break of the resulting MMMs (4.5 %), which is lower than the value
reported for Pebax-TizCy (7.5 %) [19] and can be attributed to the lower
disruptive effect of MoC MXenes compared to M3Cy (Mo2TiCy and TizCa)
(Fig. 3f). The distribution of MosTiC; in the soft segment had almost no
effect on elongation at break of Pebax-Mo,TiCy membranes. This finding
provides significant insights into how the composition or atomistic
structure of MXenes influences the distribution of MXene in copolymers
with hard and soft segments.

Thermal stability is almost unchanged due to the low concentration
of MXene (Fig. 5a). The thermogravimetric analysis (TGA) primarily
assesses thermal degradation behavior, where low MXene concentra-
tions could significantly alter the decomposition temperature or weight
loss profile due to the dominant contribution of the Pebax matrix. The
difference in the dispersion of Mo,TiC, with V,C can be observed in the
differential scanning calorimetry (DSC) thermograms of the pristine
Pebax and MMMs (Fig. 5b). DSC is highly sensitive to thermal transi-
tions, such as glass transition temperature (Tg) and crystallization
behavior, which can be influenced even by small amounts of MXene due
to changes in polymer chain mobility and interfacial interactions. Two
sharp peaks at 13 °C and 200 °C are attributed to the melting points of
the soft and hard segments of Pebax, respectively. The creation of more
amorphous regions in the Pebax-Mo,TiC; membrane due to the
dispersion of MosTiCy in the soft segments resulted in a 7°C lower
melting point for the soft segment without changing in the melting point
of the hard segment (Fig. 5b). On the other hand, no change in the
melting point of the soft segments of Pebax-Ti»C and Pebax-V,C mem-
branes was observed, but the melting point of the hard segments
decreased to 182-187°C, which further confirmed the dispersion of MoC
MZXenes (TizC and V,C) in the Pebax hard segment (Fig. 5b).

To indirectly investigate the dispersion of MXene in the polymer, we
performed tensile strength tests on free-standing MMMs. The quantita-
tively similar tensile strength values of all MMMs reflect the uniform
distribution of MXene nanosheets in the Pebax matrix (Fig. 3g). Similar
behavior was observed for Pebax-TisCy in a previous study.[19] In
addition, the lack of significant change in the tensile strength values of
MMNMs indicates the high compatibility of the constructive components
of the membranes.[19] This analysis shows that the effect of MXene
composition or atomistic structure on the dispersion of MXenes in

polymer matrices like Pebax is negligible. Most likely, the satisfactory
dispersion of MXenes in a polymer can be attributed to the rich surface
chemistry of MXene surface, strong interactions of MXene nanosheets
with polymer chains, and good dispersion of nanosheets in dope solu-
tions used to fabricate MXene-based MMMs. Moreover, SEM (Fig. 6) and
atomic force microscopy (AFM) (Fig. 7) analyses show that there is no
increase in roughness of the membranes upon the addition of all three
types of MXenes, which indicates the good dispersion of the nanosheets
in the polymer matrix. In addition, energy-dispersive X-ray spectroscopy
(EDX) mapping (Fig. 6) of the main transition metal confirms the
satisfactory dispersion of the nanosheets. Moreover, the cross-sectional
SEM images (Fig. 6) indicate uniform thickness (92-96 pm) across all
membranes and confirmed their consistency.

Here, we investigated the molecular interactions between various
MXenes and Pebax using MD simulation (Fig. S8-S11 and Table S2,
details are given in SI). Negative predicted interaction energies
(Table S3) indicate the formation of stable configurations especially for
Pebax-Mo,TiCy membranes. The presence of functional groups on the
MXenes surface and Pebax backbone leads to the formation of bonds at
the filler-polymer interfaces. To confirm the formation of hydrogen
bonds, the radial distances between the donor and acceptor groups of
three types of MXenes and the Pebax chains were calculated, and the
interactions are presented in Fig. 8a. The shorter overlap distance of
MXene/Pebax using Mo,TiCy nanosheets indicates that the functional
groups provide more efficient adhesion between the polymer at the
MXene surface, and promote robust interactions. Furthermore, the
characteristic separation distances of Pebax and V,C are smaller than
those of Pebax and TiyC, confirming the predicted more negative
interaction energy for Pebax-V,C (Table S3). Moreover, X-ray photo-
electron spectroscopy (XPS) spectra of Pebax and the MMMs confirm
hydrogen bonding between MXenes and Pebax chains (Fig. 9). The
observed shifts in the binding energies of C, O, and N indicate increased
electron density around C and N atoms and decreased density around O
atoms, suggesting hydrogen bond formation between Pebax’s O and N
atoms and the —-OH, —F, and —O- functional groups on MZXenes
(Supporting Information, Table S1). In addition, the distribution of
different MXenes in Pebax was identified using MD simulations. As
confirmed by XRD analysis and mechanical strength tests, the Mo,TiCy
nanosheets are more distributed in the soft segments of the Pebax than in
the hard segments (Fig. S12). However, similar to Ti3CyTy reported in a
previous study[19], VoC and Ti,C interact more with Pebax hard seg-
ments (Fig. S13 and S14). The results demonstrate proper compatibility
and good adhesion between Pebax and MXenes, which leads to the ho-
mogeneous dispersion of MXene nanosheets and thus the formation of
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Fig. 6. SEM image (left) and EDX of main transition mapping (right) of (a) Pebax-Mo,TiC,, (b) Pebax-Ti,C, and (c) Pebax-V,C membranes.

defect-free membranes.

Stimulated by the dispersion dependency of MXenes on the compo-
sition and atomistic structure, we performed gas permeation experi-
ments at 25 °C and 4 bar with CO2 and N3 pure feed gas. The addition of
MXenes with different compositions and atomistic structures to Pebax
led to a simultaneous increase in CO, permeability and CO2/N; selec-
tivity (Fig. 10a). Similar behavior was observed in previous reports,
[19,22,23] indicating the high compatibility and strong interactions of
the MXenes-Pebax interface, as evidenced by our modeling and MD
simulations. The loading was optimized by incorporating 0-0.2 wt% of
each MXene in the Pebax matrix. The highest CO, permeabilities of 137,
110, and 114 barrer were obtained for each series of MMMs upon
loading of 0.075 wt% MosTiCy, 0.05 wt% TisC, and 0.1 wt% V2C in the

Pebax matrix, respectively (Tables S4-S7). The values are equivalent to
71 %, 36 %, and 42 % increase in COy permeability of Pebax-Mo2TiCy,
Pebax-Ti,C, and Pebax-V,C membranes compared to the pristine Pebax
membrane, respectively. Based on our experimental findings, the
optimal MXene loading varies depending on the specific MXene
composition. 0.05 wt% for TipC, 0.075 wt% for Mo,TiCy, and 0.1 wt%
for VoC resulted in the best gas separation performance (Fig. 10d, and
Fig. S16-518). These concentrations provided a decent balance between
enhanced molecular sieving properties and maintaining good dispersion
within the Pebax matrix. Beyond these concentrations, excessive MXene
loading led to nanosheet agglomeration, reducing the effective transport
pathways and negatively impacting permeability and selectivity. This
behavior aligns with previous reports on 2D nanomaterial-polymer
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Pebax-MXene Interactions

Fig. 8. A) interfacial interactions between Pebax and Mo,TiC,, Pebax and Ti,C, Pebax and V,C, and (b) schematic representation of CO, and N, molecules transport
through Pebax-MXenes membranes (C, grey; O, red; N, blue; Mo, Cyan; Ti, light gray; V, dark gray; H, white).

composites, where an optimal loading threshold exists before perfor-
mance declines due to agglomeration effects. A similar effect was pre-
viously observed in our study at 0.1 wt% for TizCy.[19] To elucidate the
governing gas transport mechanisms, we deconvoluted gas permeabil-
ities into solubility coefficients (solubility, S) and diffusion coefficients
(diffusivity, D) based on the so-called solution-diffusion model.[36,37]
The adsorption isotherms of the membranes were used to obtain the
solubility coefficients, and then the diffusivity coefficients were calcu-
lated based on the relationship between P, D, and S. The addition of
various MXenes with different loadings to Pebax increased the solubility
coefficients of CO, in MMMs due to the high affinity of CO5 to MXenes
resulting from the high quadrupole moment of CO3 molecules (Fig. 10b,
Table S4-S7). First-principles density functional theory showed a
greater affinity for COo molecules toward MXenes compared to N».[38]
This factor can increase the CO4 solubility coefficient of all MXene-based
MMMs and thus the CO, permeability (Fig. 8b). However, Ny solubility
coefficients remained constant with the addition of different MXenes

with different loadings (Fig. 10b). On the other hand, the N3 diffusion
coefficients decreased due to obstruction effects provided by the MXene
nanosheets. On the contrary, all MMMs incorporated by various MXenes
demonstrated a higher CO, diffusion coefficient than the pristine Pebax,
leading to improved CO, permeability (Fig. 10c). The enhanced diffu-
sion of CO2 can be ascribed to the molecular sieving of MXene nano-
sheets as well as the creation of more free volume in MMMs confirmed
by MD simulations (Fig. 8, and Table S2). The dispersion of V,C and
TioC in the Pebax hard segment, which was confirmed by XRD analysis
and MD simulations, increases the microphase separations and forms
more pathways for CO, transport. Due to the amorphous domains and
the additional domain with the addition of Mo,TiCs nanosheets dis-
cussed in the XRD analysis, Pebax-Mo,TiC; indicated showed the
highest fractional free volume (FFV) calculated by MD simulation
among other MMMs and the pristine Pebax (Table S2). Field visions of
FFV for the pristine polymer and MMMs are presented in Fig. S15. The
order of FFV is Pebax-Mo,TiCy > Pebax-V,C > Pebax-TioC > Pebax,
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Fig. 9. C15s,01s,and N 1 s XPS spectra for (a) Pebax-Mo,TiC, membrane, (b) Pebax-Ti»C membrane, and (c) Pebax-V,C membrane.

which follows the diffusion coefficients of the respective membranes. In
addition to the channels formed between the MXene layers, the
disruption of the polymer chains in the hard segments in the case of VoC
and TiyC and the creation of more amorphous regions in the Pebax-
Mo,TiCy; membranes resulted in a higher FFV of MMMs compared to
pristine Pebax.

To evaluate the compatibility of MXenes with Pebax, the prominent
Maxwell [39], Chiew-Glandt [40], and Felske [41] models were used to
predict the CO3 and N; permeability data of MMMs incorporated by the
three MXenes (details are given in the SI). The lack of deviation of the
predicted values from the experimental gas permeability data indicates
the excellent compatibility of all MXenes with Pebax chains (Fig. 10d,
Fig. S16-S18). In addition to predicting the gas permeabilities perme-
ability through MD simulations, the solubility coefficients of gas mole-
cules in the pristine membrane and MMMs were obtained from the slope
of the adsorption isotherms[42], and the diffusion coefficients of gas
molecules were determined using Einstein’s equation[43] from the
mean squared displacement (MSD) curve (details are given in the SI). In
addition to the modeling data, very close gas performance data obtained
from MD simulations confirm the excellent compatibility of all three
MXenes with Pebax chains (Table S4).

Interestingly, the highest COy/N; selectivities of 102, 79, and 83
were obtained for the membranes showing the highest CO, perme-
ability, over 137 %, 84 %, and 93 % higher than pristine Pebax. The
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greater solubility of CO, molecules in MMMs along with no change in
the solubility of N2 molecules (Fig. 10b) led to a higher solubility
selectivity of these membranes compared to the pristine membrane.
Furthermore, the diffusivity selectivity of all MMMs was extremely
improved due to the simultaneous decrease in Ny diffusivity and
increased COq diffusivity (Fig. 10¢). The presence of MXene nanosheets
can restrict the transport of Ny molecules by increasing the tortuosity of
the molecule pathways and enhance the CO; transport through the
molecular sieving mechanism, thus leading to a significant increase in
CO9/Ny diffusivity selectivities and finally COy/No selectivities
(Fig. 8b). The significant increase in selectivities indicates that all three
MXenes have favorable interactions with the copolymer matrix, leading
to the fabrication of defect-free MMMs. The CO2/N5 separation perfor-
mance of Pebax-TiyC-0.05 wt% and Pebax-V3C-0.1 wt% places them in
the vicinity of the (above) and very close to the 2008 Robeson upper
bound (Fig. 10a). Despite the differences in composition and synthesis
method, similar dispersion behavior, mechanical strength, and transport
properties were observed for Pebax-TisC and Pebax-Vo,C MMMs. These
results demonstrate no significant effect of the composition of MyC (n =
1) MXenes on the physical and transport properties of their corre-
sponding MMMs. The excellent CO,/Ny selectivity of 102 and COq
permeability of 137 barrer for Pebax-Mo,TiC3-0.075 wt% placed this
membrane well above the 2008 Robeson upper bound, even higher than
the performance of previously reported prominent Pebax-TisCs
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Glandt models compared to those of the experimental data.

membranes (Fig. 10a). Compared with MoC (n = 1) MXenes (TiC and
V50C), the effect of M3Cy (n = 2) MXenes (Mo,TiC, and Ti3Cs) on Pebax
membrane performance was more significant. In addition, changing 2
layers of Ti with Mo had a positive effect on the performance of the
membrane. To the best of our knowledge, our results provide the first
experimental attempt to correlate the composition and atomistic struc-
ture of MXenes with their physical and transport properties in MMMs.
Compared to the separation performance of different Pebax-based
MMMs reported in the literature (Table S9), the Pebax-Mo,TiCy
membrane with 0.075 wt% filler shows outstanding efficiency for CO,
capture, achieving a COy permeance of 137 Barrer and a CO2/Nj
selectivity of approximately 102. MXenes have polar functional groups
(e.g., -OH, —F) that increase CO3 sorption selectivity and improve gas
separation efficiency by forming hydrogen bonds with CO5 molecules.
[46] The nature and density of the surface terminations significantly
affects CO, affinity, and targeted surface modifications can further
enhance performance. [47,48] The robust metallic bonds (M—T) in
MXenes contribute to high electrical conductivity and mechanical sta-
bility. [49] Their metastable nature allows for the tuning of interlayer
spacing and surface chemistry, optimizing gas separation properties.
[50,51] The interlayer distance plays an important role in molecular
sieving efficiency. [52] The composition and structure of MXenes in-
fluence the formation of nanochannel and the molecular sieving effect,
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which is essential for achieving excellent selectivity and permeability in
MMM:s. [53,54] MXenes offer tunable surface chemistry and high aspect
ratios that facilitate dispersion and interaction with the polymer matrix.
[55] Nonetheless, they are more susceptible to oxidation and require
careful handling to prevent degradation. [56,57] Carbon nanotubes
(CNTs) and graphene have mechanical strength, but MXenes exhibit
greater hydrophilicity and CO; affinity due to their surface functional-
ities. [45,58] Graphene oxide (GO) can offer comparable functions;
nevertheless, it does not have the conductivity of MXenes. [59,60]
MXenes have advantages including adjustable surface chemistry,
elevated aspect ratio, and mechanical strength, which improve CO5
interaction and promote superior dispersion and interfacial contact
within the polymer matrix. [53,61,62] However, they possess draw-
backs such as agglomeration, oxidation, and high costs compared to
conventional fillers like silica or carbon black. [63,64].

Feed pressure plays an important role in influencing gas permeability
in rubbery polymer matrices.[65] As depicted in Fig. 11a, the COq
permeability of both pure Pebax and the MMMs shows a significant
increase with increasing feed pressure. This can be attributed to the
strong interaction between the ether groups in the membranes and the
CO2 molecules due to the quadrupole-dipole moment force. Addition-
ally, high pressure increases the driving force and solubility of CO2 in the
membrane[66], which has a greater impact than membrane
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Fig. 11. (a) CO, permeability of membranes at various pressures and 25 °C, (b) CO,/N; selectivity of membranes at various pressures and 25 °C, (c¢) COy
permeability of membranes at different temperatures and 4 bar, and (d) CO2/Ny selectivity of membranes at different temperatures and 4 bar.

densification. While increasing pressure may decrease the free volume
fraction and reduce gas diffusivity, the overall effect is to increase COy/
N, selectivity with increasing pressure (Fig. 11b).

Fig. 11c shows that both CO5 and N3 permeabilities increase with
increasing feed temperature. With the increase in temperature, the
thermodynamic energy, mobility and diffusion energy of gas molecules
also increase, which leads to an increase in permeability. Furthermore,
high temperatures improve the flexibility of polymer chains and in-
crease the free volume fraction and facilitate the transport of gas mol-
ecules.[67] Gas permeation through membranes is considered a
temperature-activated process and follows the Arrhenius equation.
[68] The permeation activation energy (Ep) for CO5 (11.00-12.35 kJ/
mol) and Ny (22.80-23.95 kJ/mol) (Table S8) shows that Ny perme-
ability is more sensitive to temperature changes than CO,. This sensi-
tivity indicates that Ny permeation is more temperature-dependent,
resulting in a decrease in CO,/Njy selectivity at higher temperatures,
as shown in Fig. 11d.

The mixed gas separation performance of pure Pebax and MMMs
with optimized filler concentrations (Pebax-Mo,TiC>-0.075 %, Pebax-
TipC-0.05 %, and Pebax-V,C-0.1 %) was evaluated using a CO2/N3 (30/
70 vol/vol%) mixed gas feed at 25 °C and 4 bar, as shown in Fig. 12a,b.
CO, permeability and CO2/Nj selectivity in the mixed gas experiments
were lower compared to the pure gas measurement results. This
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reduction can be attributed to the competitive interactions between the
two gases and non-ideal effects present in mixed gas experiments, as
noted in previous studies [37,69]. Such behavior is a common trend for
rubbery polymers and many glassy polymers, as reported in the litera-
ture [70]. Furthermore, the MMMs retain their high separation perfor-
mance even after 9 months of storage, as shown in Fig. 12¢,d. This long-
term stability highlights the membrane’s exceptional chemical and
structural durability with no physical aging, which is further supported
by the effective shielding of the MXene surface by Pebax chains, pre-
venting the oxidation of MXene nanoflakes, as observed in previous
studies. [19,71].

Sensitivity analysis was performed presenting first-order and the
total-effect Sobol indices corresponding to each parameter considered in
the analysis (Table S10, details are given in Supporting Information).
The findings are shown in Fig. 13 through a bar plot, which provides a
clear visual representation of the impact of input parameters on the
model output. Sobol sensitivity analysis elucidates fundamental insights
into the influence of operational and structural parameters on gas
permeation in MXene-Pebax MMMs. Feed flow rate is the primary factor
showing first-order indices of 0.999587, indicating changes in flow rate
directly affecting gas residence time and convective transport, [72,73]
accounting for approximately 99.96 % of the output variance. Likewise,
membrane area shows a significant first-order effect (0.98346), as
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increasing surface area inherently increases the permeate flux. Feed
pressure significantly affects the results (first-order indices 0.87775) and
is significant due to its considerable interaction effects, as indicated by
total effect indices exceeding 1 (1.2778). This indicates that pressure
interacts with factors such as membrane thickness or temperature,
potentially enhancing phenomena like pressure-induced plasticization
or compaction, which change membrane morphology and gas diffusion
pathways. [74-76] In addition to these dominant factors, membrane
thickness and temperature exhibit complex behavior. Membrane thick-
ness shows a moderate individual effect (first-order indices 0.29555) but
significant interactions (total-effect indices 0.70445), indicating that
decreasing membrane thickness increases permeance while potentially
weakening mechanical stability under pressure or stress. [77,78] Tem-
perature, although significantly influential by itself (first-order indices
0.75194 due to its effect on polymer chain mobility and gas diffusivity
[80]), shows reduced combined effects (total-effect indices 0.24806),
which is likely attributed to opposing interactions such as thermal
expansion opposing pressure-induced compaction. [79] Anomalies in
the results, such as the total-effect indices being lower than the first-
order indices for flow rate, area, and temperature, contradict the con-
ventional Sobol hierarchy. [80,81]. This may arise from computational
estimation inaccuracies, nonlinear model dynamics, or restricted
parameter ranges (e.g., physical constraints on flow rate), requiring
additional validation. [82].

13

4. Conclusions

In conclusion, we fabricated a series of MMMs for CO5/N; separation
based on MoyTiCy, TisC and Vo,C MXenes and Pebax-1657 with
improved transport properties. From a novel point of view that has not
been explored in any work so far, we reported the first systematic
investigation of the effect of MXene composition and atomistic structure
on the corresponding membranes. The results of this work led to the
revelation of two very important and brilliant criteria for the use of
MXenes in membrane gas separation application. The first very impor-
tant indicator is that the atomistic structure (number of n) can
dramatically affect the dispersion of MXenes in a copolymer with hard
and soft segments. This means that compared to M3C (n = 1) MXenes,
the use of M3C, (n = 2) MXenes (Mo>TiC, and TizCy) has more effects on
improving membrane separation properties. A second significant indi-
cator is that for M3Cy; MXenes (MosTiCy and TizCy), composition
strongly affects the dispersion of nanosheets in the copolymer, while the
effect of this parameter is negligible for MoC MXenes (TioC and V3C).
This was well revealed by comparing Pebax-Mo,TiC, and the prominent
Pebax-Ti3Cy composites, that while MosTiCy was dispersed in the soft
segments of the polymer, TizCy with the same atomistic structure and
different composition was mainly dispersed in the hard segments of the
polymer. On the other hand, the MXene composition did not affect the
dispersion of TioC and V,C MXenes. The 2D structure along with
hydrogen bonds at the MXenes-Pebax interfaces contribute to the high
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interfacial compatibility in all MMMs, which was confirmed by MD
simulations and modeling. Regardless of MXene composition or atom-
istic structure, MXene nanosheets are well dispersed in the Pebax matrix
verified by SEM and AFM. Significant improvements in CO, perme-
ability and CO»/Nj selectivity and versatile performance were observed
for MMM, placing them above the 2008 Robeson upper bound. Finally,
we demonstrated that MXenes have the potential to enhance the gas
separation performance of polymeric matrices and that their physical
and transport properties can be tuned via MXene composition and
atomistic structure.
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