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A B S T R A C T

This study investigates the impact of integrating Pebax® Rnew® 30R51, a sustainable elastomer-type copolymer
material, with zeolitic imidazolate frameworks (ZIFs) to develop advanced membranes for CO2/CH4 gas sepa-
ration. The fabrication process of ZIF/Pebax® Rnew® 30R51 thin films was optimized to achieve uniform and
defect-free thin film composite (TFC) membranes. Crucial membrane properties, including permeability, selec-
tivity and separation efficiency, were analyzed with variations in ZIF type, loading levels, film thickness and
operating conditions. Additionally, the resulting TFC and ZIF/Pebax® Rnew® 30R51 thin film nanocomposite
(TFN) membranes were subjected to characterization via FTIR, XRD, TGA and SEM to evaluate their physico-
chemical properties. Nanoparticles of ZIF-8, NH2-ZIF-8 and ZIF-94 were individually added (at 5–15wt%
loadings) to the Pebax® Rnew® 30R51 matrix to develop the CO2 separation efficiency. The pristine TFC
membrane showed a 66 GPU CO2 permeance and a 37.5 CO2/CH4 separation selectivity, primarily due to
improved CO2 mass transport. Upon inclusion of ZIFs, the CO2 permeance with 5 wt% loadings of ZIF-8, NH2-ZIF-
8 and ZIF-94 increased to 148, 99 and 125 GPU, respectively, despite this, the CO2/CH4 separation selectivity
maintained at 29.4, 37.0 and 27.0, respectively.

1. Introduction

Earth’s climate is being influenced by greenhouse gases such as
carbon dioxide (CO2) and methane (CH4), which trap heat in the at-
mosphere and raise global temperatures. (Kárászová et al., 2020; Saini
and Awasthi, 2022; Zhang et al., 2013) Carbon dioxide is a major
concern due to its abundance in industrial emissions, primarily from the
burning of fossil fuels (Kárászová et al., 2020; Saini and Awasthi, 2022;
Zhang et al., 2013).Despite being in smaller amounts, CH4 is a strong
greenhouse gas that has a greater capacity to trap heat than CO2 over
shorter periods of time (Freeman, 1999; Robeson, 1991). Therefore, for
CO2 and CH4 to have as little of an environmental impact as possible,
they must be separated effectively. One area of significant research and
development is the advancement of gas separation technologies specif-
ically designed for CO2/CH4 separation (Kárászová et al., 2020; Saini
and Awasthi, 2022; Zhang et al., 2013). Various methods are being
explored, with a notable emphasis on polymeric membrane technology.
Polymeric membranes offer advantages such as cost-effectiveness, ease
of scalability and energy efficiency (Kárászová et al., 2020; Saini and

Awasthi, 2022; Zhang et al., 2013). In gas separation processes, mem-
branes selectively allow certain gases to pass through while blocking
others based on differences in their molecular sizes or interactions with
the membrane material (Baker and Low, 2014; Basu et al., 2010; Dong
et al., 2013; Wang et al., 2016; Yu et al., 2024; Zou and Zhu, 2018). The
development of specialized polymeric membranes for CO2/CH4 sepa-
ration involves engineering materials that exhibit high permeability and
selectivity (Baker and Low, 2014; Basu et al., 2010; Dong et al., 2013;
Wang et al., 2016; Yu et al., 2024; Zou and Zhu, 2018). Researchers are
exploring membranes that can efficiently and selectively separate CO2
from gas mixtures, allowing for the generation of cleaner and more
environmentally friendly streams. The application of advanced mate-
rials and membrane technologies in CO2/CH4 gas separation not only
contributes to environmental sustainability by reducing greenhouse gas
emissions but also holds potential for various industrial applications,
including carbon capture and utilization, natural gas purification and
biogas upgrading (Baker and Low, 2014; Basu et al., 2010; Dong et al.,
2013; Wang et al., 2016; Yu et al., 2024; Zou and Zhu, 2018).

While membrane separation is an appealing technology, it does have
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its limitations, particularly in gas separation applications (Baker and
Low, 2014; Yu et al., 2024). The primary challenge, as highlighted by
Robeson in 1991 (Robeson, 1991) and 2008, (Robeson, 2008) is to
overpass the intrinsic balance between permeability and selectivity
regarding polymeric membranes. Typically, selectivity is low in poly-
mers with high permeability and vice versa (Robeson, 1991, 2008). To
tackle this problem, flexible polymers like polyether (PE) can be blended
with strong ones like polyamide (PA), polyimides (PI) and polystyrene
(PS) (Dai et al., 2016).

Pebax® Rnew® 30R51, an elastomeric poly(ether-block-amide)
copolymer, emerges as a promising material for gas separation appli-
cations due to its unique segmented structure. It consists of polyamide
(PA) blocks that provide mechanical strength, and polyethylene oxide
(PEO) segments that enhance gas permeability, particularly for CO2.
Compared to the commonly used Pebax® 1657, Pebax® Rnew® 30R51
contains a higher polyether content, which is expected to result in su-
perior gas permeability and more effective polymer-filler interactions
when combined with ZIFs nanoparticles (Martínez-Izquierdo et al.,
2022b; Murali et al., 2023a; Wang et al., 2022). These interactions are
estimated to improve the dispersion and compatibility of the ZIF fillers
within the polymer matrix, leading to enhanced separation perfor-
mance. Moreover, Pebax® Rnew® 30R51 is derived from renewable
castor oil, making it a more sustainable alternative to the fossil-based
Pebax® 1657 (Martínez-Izquierdo et al., 2022b; Murali et al., 2023a;
Wang et al., 2022). The use of bio-based raw materials not only reduces
the carbon footprint but also aligns with eco-friendly manufacturing
practices, addressing the growing demand for sustainable membrane
materials. Therefore, integrating Pebax® Rnew® 30R51 with MOFs in
gas separation membranes could potentially outperform the traditional
Pebax®1657 membrane composites, offering both enhanced gas sepa-
ration efficiency and environmental benefits (Luo et al., 2024; Martí-
nez-Izquierdo et al., 2022b; Murali et al., 2023a; Wang et al., 2022).

The potential of metal-organic frameworks (MOFs), a subgroup
known as zeolitic imidazolate frameworks (ZIFs), in gas separation has
been intensively investigated, particularly when utilized as continuous
polycrystalline membranes or in MMMs (Berned-Samatán et al., 2023;
Jomekian et al., 2016; Liu et al., 2014; Martínez-Izquierdo et al., 2022b;
Yahia et al., 2024, 2021). Among these, ZIF-8 (Park et al., 2006) and
ZIF-94 (Morris et al., 2012) (also known as SIM-1 (Aguado et al., 2010)),
both with the SOD type structure, stand out as ones of the most exten-
sively studied members (Berned-Samatán et al., 2023; Jomekian et al.,
2016; Liu et al., 2014; Martínez-Izquierdo et al., 2022b; Yahia et al.,
2024, 2021). Their narrow microporosity and CO2-philicity (enhanced
in the case of ZIF-94/SIM-1 due to the carboxyaldehyde group of its
linker) makes them promising candidates for CO2 separation in MMMs,
garnering significant attention in this field.

The interaction between the ZIF fillers and polymers (in particular,
Pebax® Rnew® 30R51) matrix is crucial for optimizing membrane
performance. ZIF nanoparticles introduce additional CO2-philic sites
within the polymer matrix, promoting selective sorption and diffusion of
CO2 molecules. Each ZIF variant interacts uniquely with the polymer
due to its distinct functional groups and surface chemistries
(Martínez-Izquierdo et al., 2022b; Wang et al., 2022). ZIF-8, with its
basic framework, enhances CO2 permeability but offers moderate
selectivity due to its neutral surface. NH2-ZIF-8, incorporating amino
groups, establishes specific hydrogen bonding interactions with CO2
molecules, thereby improving CO2/CH4 selectivity compared to ZIF-8.
ZIF-94, known for its hydrophilic properties, further increases CO2 af-
finity and contributes to higher selectivity, while the SALE (sol-
vent-assisted ligand exchange) modification fine-tunes these
interactions by adjusting the ligand environment to optimize diffusion
pathways (Madhav et al., 2020; Morris et al., 2012; Park et al., 2006).
The incorporation of these ZIFs at various loadings demonstrates a sig-
nificant enhancement in CO2 permeance and selectivity, indicating the

effectiveness of tailored filler-polymer interactions in developing
advanced membranes for efficient gas separation.

The novelty of the current study lies in demonstrating the feasibility
of synthesizing and integrating distinct ZIFs (ZIF-8, NH2-ZIF-8 and ZIF-
94) into a sustainable polymer matrix, Pebax® Rnew® 30R51. This
polymer derives from renewable plant resources, significantly reducing
dependence on fossil-based resources while lowering the carbon foot-
print and contributing to a more sustainable lifecycle. Therefore, the
integrating of Zn-based MOFs into the bio-based matrix not only pro-
motes the development of greener membrane technologies, but also
leverages the unique advantages of each ZIF, such as their specific pore
sizes and functional properties.

ZIF-8, with a pore size of approximately 0.34 nm, effectively facili-
tates CO2 separation from methane primarily through two mechanisms.
First, the pore size is ideal for size exclusion, allowing the smaller CO2
molecules (kinetic diameter ~0.33 nm) to pass through while partially
excluding the larger CH4 molecules (kinetic diameter ~0.38 nm). Sec-
ond, ZIF-8 exhibits selective adsorption due to its nitrogen-rich frame-
work, which has a higher affinity for CO2 than for CH4. Together, these
mechanisms make ZIF-8 highly effective in separating CO2 from CH4 gas
(Madhav et al., 2020; Morris et al., 2012; Park et al., 2006; Tanvidkar
et al., 2022), The pore size of ZIF-8 (0.34 nm) is generally stable during
the selectivity test, allowing CO₂ (kinetic diameter 0.33 nm) to pass
more readily than CH₄ (0.38 nm). However, ZIF-8 may exhibit the
phenomenon called "gate opening", where the framework undergoes
slight flexibility under specific conditions, such as gas adsorption or
pressure changes. This flexibility can temporarily increase the pore size
slightly (Fairen-Jimenez et al., 2011). Despite this, the selective
behavior of ZIF-8 remains largely intact during CO₂/CH₄ separation due
to its inherent preference for CO₂ adsorption.

NH2-ZIF-8 retains a similar pore structure but incorporates func-
tional amino groups, and ZIF-94 and its SALE variant feature slightly
larger, tunable pore sizes around 0.38 nm (Madhav et al., 2020; Morris
et al., 2012; Park et al., 2006). The precise control over the pore size and
chemistry of these ZIFs enables tailored interactions with CO2 mole-
cules, significantly enhancing both CO2 permeability and CO2/CH4
selectivity. This innovative approach emphasizes the potential of
ZIF-incorporated Pebax membranes to achieve superior gas separation
performance, addressing critical environmental and energy challenges.

Therefore, the spin-coating method was employed to fabricate
polymer Pebax® Rnew® 30R51 thin-film composite (TFC) membranes
on porous polysulfone (PSF) supports. While spin-coating is effective for
laboratory-scale membrane production, we acknowledge that alterna-
tive fabrication techniques, such as dip-coating, interfacial polymeri-
zation, or roll-to-roll processes, would be more suitable for large-scale
industrial applications. These methods are widely recognized for scaling
up membrane fabrication while maintaining the thin active layer needed
for optimal performance (Alkandari and Castro-Dominguez, 2024). Our
work contributes valuable insights into the academic knowledge base by
demonstrating the performance of Pebax® Rnew® 30R51-based
thin-film nanocomposite (TFN) membranes, particularly those incor-
porating MOFs like ZIF-8 and ZIF-94, under realistic mixed gas
conditions.

In this work, various TFC membranes were prepared by adjusting the
polymer solution concentration (0.25–5wt%), with the optimal condi-
tion used to create thin-film nanocomposite (TFN) membranes by
incorporating different loadings (5–15wt%) of ZIFs ZIF-8, NH2-ZIF-8
and ZIF-94. Physicochemical characterization demonstrated that the
inclusion of ZIFs in the Pebax® Rnew® 30R51 matrix enhanced CO2/
CH4 separation performance. Pebax® Rnew® 30R51 is relatively new to
gas separation applications, with limited research on its combination
with MOFs (Martínez-Izquierdo et al., 2022b). In fact, this last work
devoted to ionic liquid membranes with MOF ZIF-94.
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2. Experimental

2.1. Materials

Solvay Advanced Polymers supplied the polysulfone (Udel® P-3500
LCD). Zinc nitrate hexahydrate (Zn(NO3)2⋅6 H2O) and methyl imidazole
(mIm) were bought from Sigma Aldrich, Spain. 2-aminobenzimidazole
(2-ambzIm, 97%) were bought from Sigma Aldrich, Spain. Acros
Chemicals in Spain supplied 4-methyl-5-imidazole-carboxyaldehyde
(camIm). From Fluorchem in the UK, we acquired poly[1-(trime-
thylsilyl)prop-1-yne] (PTMSP). Arkema, France, kindly supplied
polyether-block-amide, Pebax® Rnew® 30R51 in pellet form. This
thermoplastic elastomer consists of flexible polyether and rigid poly-
amide components, sourced from renewable materials (41% renewable
carbon). The following solvents were purchased in that order from
Análisis Vínicos, Panreac, Labbox, and Scharlab, Spain: methanol
(MeOH) and isopropanol, N-methyl-2-pyrrolidone (NMP), 1-propanol
(1-PrOH) and 1-butanol (1-ButOH). The gases used in the separation
tests were provided by Abelló Linde S.A., Spain. All the solvents, gasses
and polymers were used without additional purification.

2.2. Methods

2.2.1. Synthesis of asymmetric PSF supports
Phase inversion methodology was used to construct PSF supports as

previously reported (Martínez-Izquierdo et al., 2022b). Initially, a dope
solution consisting of 20 wt% PSF in NMP was prepared by stirring at
room temperature (RT) overnight. Using an Elcometer 4340 automatic
film applicator, the PSF supports were deposited onto a Teflon plate,
achieving a 250 µm thickness after the polymer solution had been
poured and degassed. The casting speed was 0.04m s− 1. Subsequently,
the freshly cast membranes underwent a phase inversion process by
immersion in a water bath at RT for 1 h. The membranes were rinsed and
cleaned with isopropanol after being completely precipitated and
immersed in a deionized (DI) water bath overnight, afterward the PSF
supports were dried inside a vacuum oven at 100 ◦C overnight.

2.2.2. Synthesis of ZIF-8
ZIF-8 nanoparticles (ca. 30 nm in size) were synthesized following

slightly altering a previously published method (Martínez-Izquierdo
et al., 2022b). In a typical procedure, 1.467 g of Zn(NO3)2⋅6 H2O
(4.93mmol) and 3.245 g of ligand 2-methylimidazole (mIm,
39.52mmol) were separately dissolved in 150mL of methanol (MeOH).
The ligand solution was subsequently added into the metal solution
while stirring. The mixture obtained was stirred at RT for 30min, fol-
lowed by centrifugation at 9000 rpm for 10min and four rinsing steps
with MeOH. After that, the resultant product was dried and activated for
an entire night at 40◦C.

2.2.3. Synthesis of NH2-ZIF-8
NH2-ZIF-8 nanoparticles (ca. 33 nm in size) were synthesized

following a previously reported method (Thompson et al., 2013). A so-
lution was prepared by dissolving 2-ambzIm (0.549 g, 4mmol) and mIm
(1.340 g, 16mmol) in MeOH (50mL). After 2 h of vigorous stirring at 50
◦C, the mixed-linker solution turned transparent. Simultaneously, Zn
(NO3)2⋅6 H2O (2.5mmol) was dissolved in MeOH (50mL). Upon cooling
the mixed-linker solution to 23 ± 2 ◦C, the mixture was stirred for 1.5 h
after adding the Zn salt solution, resulting in a milky suspension. After
being centrifuged at 2500 rpm for 30min, the product was washed three
times with fresh MeOH, then vacuum-dried at 80 ◦C for 12 h, with an
extra drying step for one hour at 150 ◦C.

2.2.4. Synthesis of ZIF-94 by solvent-assisted ligand exchange (SALE)
ZIF-94(SALE) nanoparticles (ca. 48 nm in size) were synthesized

following a previously reported method (Martínez-Izquierdo et al.,
2022b). Initially, 0.323 g of ca. mIm (2.94mmol) was dissolved in 20mL

of 1-ButOH. Subsequently, after adding 100mg of nano ZIF-8, the
mixture was stirred at room temperature for 24 h. After centrifugation
was used for 10min at 9000 rpm to extract the final product, the crystals
underwent four separate washings with fresh 1-butanol under the same
parameters. The final crystals were then allowed to dry at 40◦C for the
entire night.

2.2.5. Synthesis of ZIF-94
ZIF-94 (ca. 180 nm in size) was produced using a previously estab-

lished protocol based on the reuse of the crystallization mother liquor
(Hasan et al., 2022). In brief, following the ZIF-94 synthesis, the mother
liquor was isolated from the nanocrystals via centrifugation for re-use in
a subsequent synthesis of ZIF-94.

2.2.6. Membrane preparation
The TFC and TFN membranes were prepared following the previous

reported studies (Martínez-Izquierdo et al., 2022b). A PTMSPgutter layer
was applied by spin-coating onto the PSF supports to prevent the selective
layer from penetrating. Initially, a 2 wt% PTMSP solution was obtained
by dissolving the polymer in n-hexane at RT. The support, securely
attached to the spin coater (Model WS-650MZ-23NPP/A1/AR1) was
coated with the solution (0.7 mL) spinning at 2500 rpm for 20 s.
Following that, the supports, nowwith the gutter layer,were heated in an
oven at 40 ◦C for 1 h to eliminate any remaining solvent through evap-
oration. The ultimate selective layerwas applied by spin-coating onto the
PTMSP/PSF supports at 2500 rpm for 20 s. To achieve this, a solution of
Pebax®Rnew® 30R51was prepared by dissolving 0.2 g of the polymer in
a 1-PrOH/1-ButOH (3/1 v/v)mixture (9.8 g) under reflux at 80 ◦C for 2 h.
To prevent gelation, the polymer solution was submerged in awater bath
at 45◦C. Finally, this solution (0.6mL) was applied onto the PTMSP/PSF
support and spun (2500 rpm, 20 s) to create the Pebax® Rnew® 30R51
/PTMSP/PSF membranes, designated as TFC membranes.

Following the evaluation of TFC membranes in the gas separation
setup, the ideal condition was identified for fabricating TFN membranes
incorporating ZIF nanocrystals. Under these conditions, the polymer was
dissolved in 2/3 of the total solvent, maintaining the same parameters.
Simultaneously, varying amounts of ZIF particles (ranging from 5 to
15wt% relative to the MMM) were dispersed in the remaining solvent
(1/3 of the total) using an ultrasonic bath. After dissolving the polymer
and cooling it to 40–45 ◦C, the ZIF suspension was introduced into the
solution and stirred. The suspensions containing ZIFs were stirred at 45
◦C for 1 h before spinning. The resulting membranes were designated as
TFN/ZIF-8(Y), TFN/NH2-ZIF-8(Y), TFN/ZIF-94(SALE)(Y) and TFN/ZIF-
94(Y), where Y represents the MOF loading (wt%). After the spinning
process, all membranes were treated at 40 ◦C for 18 h to allow for the
thorough removal of any residual solvent.

2.3. Characterization of ZIFs and membranes

Images of both ZIF powders and membranes were captured using a
scanning electron microscope (Inspect F50 model by FEI) operating at
10 kV. Furthermore, the instrument was utilized to determine the
thickness of the selective skin layer at 5–6 various positions along the
membrane. For the preparation of membrane cross-sections, after im-
mersion in liquid nitrogen, the samples were freeze-fractured and sub-
sequently coated with Pd. Thermogravimetric analyses (TGA) was
performed with Mettler Toledo TGA/STDA 851e instrument. Approxi-
mately 3mg of ZIF powder was meticulously loaded into 70mL alumina
pans. Subsequently, the samples underwent controlled heating, gradu-
ally increasing from 35 to 700 ◦C at a rate of 10 ◦C min⁻1, all while
maintaining an airflow of 40 cm3 (STP) min⁻1. The Bruker Vertex 70
FTIR spectrometer, which has a Golden Gate diamond ATR attachment
and a DTGS detector, was used for FTIR analysis. Averaging 60 scans
over the wavenumber range of 4000–600 cm⁻1, spectra were produced
with a resolution of 4 cm⁻1. The crystallinity of the samples was analyzed
using Panalytical Empyrean equipment with CuKα radiation (λ =
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0.154 nm) through X-ray diffraction (XRD). The assessment spanned
from 5◦ to 40◦ with a scan rate of 0.03◦ s⁻1.

The elemental analysis was performed via a Perkin Elmer Series II
2400 CHNS/O Analyzer, employing the CHNS method without extra
oxygen flow to boost combustion, the samples, placed in tin capsules,
were weighed by a Provectus 6500 microbalance at room temperature.

2.4. Gas separation tests

The 2.12 cm2 membrane samples were positioned within a module
comprising two stainless steel components and a 316LSS macro-porous
disk support (Mott Co., featuring a 20 μm nominal pore size), securely
hold in place with Viton O-rings. The temperature (within the 25–50 ◦C
range) was regulated by placing the permeation module inside a UNE
200 Memmert oven. Gas separation measurements were conducted by
introducing the CO2/CH4 mixture (50/50 cm3 (STP) min⁻1 with Alicat
Scientific MC-100CCM-D mass flow controllers) to the feed side at an
operating pressure of 3 bar. The permeate side of the membrane was
swept with 4.5 cm3(STP) min⁻1 of He at atmospheric pressure (about
1 bar) using an Alicat Scientific MC-5CCM-D controller. The stage cut
(θ), defined as the ratio of permeate to feed flow rate, was approximately
2%. Concentrations of CO2 and CH4 in the permeate side were analyzed
online using an Agilent 3000 A micro-gas chromatograph. Permeances
of CO2 and CH4 were calculated in GPU (gas permeance unit, 10⁻⁶ cm3

(STP) cm⁻2 s⁻1 cmHg⁻1) once steady state in the exit stream was ach-
ieved. The CO2/CH4 separation selectivities were determined as the
ratios of the corresponding permeances. The gas measurements results
were performed for three different membrane samples under the same

conditions, and the average values along with their corresponding errors
were recorded.

3. Results

3.1. Characterization of ZIF-8, NH2-ZIF-8, ZIF-94(SALE) and ZIF-94

ZIF-8, NH2-ZIF-8, ZIF-94(SALE) and ZIF-94 were synthesized for
application as fillers in Pebax® Rnew® 30R51 thin film nanocomposite
(TFN) membranes. The ZIF-8, NH2-ZIF-8, ZIF-94(SALE) and ZIF-94
average particle sizes are 30 ± 5 nm, 33 ± 6, 48 ± 8 nm and 180 ±

73 nm, respectively, as illustrated in Fig. 1 and Fig. S1 (refer to sup-
plementary information).

Thermogravimetric analyses (TGA) were conducted in an air atmo-
sphere, covering a temperature range of 35–700 ◦C. The results
(depicted in Fig. 2a) show that the ZIFs synthesized particles degrade in
the 200–700 ◦C range, while ZIF-94(SALE) and ZIF-94 notably differ
from the thermal degradation behavior of ZIF-8 and NH2-ZIF-8 before
200 ◦C. The weight losses below ca. 200 ºC, more significant for the
hydrophilic in nature ZIF-94 materials, correspond to remaining polar
solvents. ZIF-94(SALE) and ZIF 94 nanoparticles degrade at their fastest
rate between 375 and 400 ◦C, while ZIF-8 and NH2-ZIF-8 degrade at a
higher temperature of about 450 ◦C. Meanwhile, NH2-ZIF-8 with a
different ligand content is always stable before 400 ◦C, which consistent
with the integration of ambzIm into the original ZIF-8 structure coor-
dinated to the metal, not only trapped in its cavities (Xiong et al., 2022).
Moreover, the TGA curve of ZIF-94 shows no weight loss attributed to
the presence of organic ligands trapped in the pores, indicating an

Fig. 1. SEM images for ZIF particles: ZIF-8 (a), NH2-ZIF-8 (b), ZIF-94(SALE) (c) and ZIF-94 (d).
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effective activation of the material (Martínez-Izquierdo et al., 2022b).
The XRD analysis confirmed the crystallinity and purity of the ZIF

particles, as depicted in Fig. 2b. This figure shows the ZIF-8 character-
istic diffraction peaks, which correspond to the planes (011), (002),
(112), (022), (013), (222), (114) and (134), in good agreement with
earlier findings, confirming the SOD type structure of ZIF-8 (Park et al.,
2006). The XRD analysis of NH2-ZIF-8 indicates that substituting the
original ligand of ZIF-8 with a primary amine imidazole ligand, i.e. mIm
linker of ZIF-8 to ambzIm linker in NH2-ZIF-8, kept the original crystal
structure, in agreement with previous reports (Thompson et al., 2012;
Xiong et al., 2022). Furthermore, the XRD analysis showed that the peak

positions obtained for ZIF-94(SALE) match well with those of ZIF-94 and
ZIF-8 and the recorded patterns can be considered the same. This in-
dicates the successful insertion of camIm into nanosized ZIF-8 for the
production of ZIF-94(SALE), as reported in previous published studies
(Martínez-Izquierdo et al., 2022b). Interestingly, the produced ZIF
nanocrystals (NH2-ZIF-8 and ZIF-94(SALE)) exhibited a higher particle
size (33 ± 6 and 48 ± 8 nm, respectively) (refer to Fig. 1 and Fig. S1)
and lower XRD peak intensities in comparison with the original ZIF-8
nanocrystals. This might be attributed to the fact that the ligands
introduced during the exchange process are bulkier than the original
ones, hence steric hindrance effects may occur, potentially leading to
structural defects and distortions.

Fig. 2c displays the FTIR-ATR spectra of ZIFs, showing similar
spectra for ZIF-94(SALE) and ZIF-94. Both show distinct bands at
1660 cm⁻3 (connected to the aldehyde group (–CHO)) and 1496 cm⁻3

(linked to the C––C bond) (Kattula et al., 2015; Wang et al., 2022). Even
though ZIF-94(SALE) and ZIF-8 have similar FTIR spectra, ZIF-8
important bands which correspond to the C–N bond at 1147 cm⁻1 and
993 cm⁻1 are absent, which supports a successful ligand exchange. The
FTIR-ATR spectrum of NH2-ZIF-8 exhibits novel peaks at
3470/3385 cm− 1 and 916/848 cm− 1. These peaks, indicating the ex-
istence of –NH2 and –NH groups, show that the ambzIm linker suc-
cessfully replaced the mIm linker in ZIF-8 (Xiong et al., 2022).

3.2. Characterization of TFC and TFN membranes

Fig. S2 presents the cross-section SEM images for Pebax® Rnew®
30R51 TFC membranes prepared with different concentration of poly-
mer in the casting solution (ranging from 0.25 % to 5 % wt%), offering
visual insights into the morphological changes induced by varying such
parameter. Furthermore, as depicted in all images in Fig. S2, a thin layer
of Pebax® Rnew® 30R51 (1–4 µm) was applied onto the PSF support
membrane, with a PTMSP gutter layer positioned between the support
and the Pebax selective layer. This arrangement prevents the penetra-
tion of the Pebax® Rnew® 30R51 into the PSF support, which could
compromise the gas separation performance by increasing the transport
resistance (Kattula et al., 2015). PTMSP polymer, being a minimally
selective and highly permeable material, is anticipated to have a negli-
gible impact on the overall gas permeation resistance (Li et al., 2013).
The CO₂/CH₄ selectivity of PTMSP is typically in the range of 3–4. For
comparison, the self-standing Pebax® Rnew® membrane has demon-
strated a CO₂/CH₄ selectivity of approximately 20 ± 2 and a CO₂ per-
meance of around 113 ± 3 Barrer (Murali et al., 2023b). Based on the
gas separation performance results represented in Table 1, the most
effective casting solution consists of a 2 wt% concentration of Pebax®
Rnew® 30R51 (66 GPU of CO2 with a CO2/CH4 selectivity of 37.5,
discussed below), which was then applied to for further examination in
the fabrication of ZIF based TFN membranes, as shown in Fig. 3. This
figure depicts the SEM images corresponding to the TFN membranes
embedded with ZIF particles at 5 wt% loading, indicating the PSF

Fig. 2. ZIF powders: TGA curves (a), XRD patterns (b) and ATR-FTIR
spectra (c).

Table 1
CO2/CH4 mixture separation performance for the PSF support and TFC mem-
branes with different Pebax® concentrations (0.25–5 wt%) and TFC (2 wt%
Pebax® Rnew® 30R51) at different temperatures (25–50 ◦C).

Membrane Temperature
(ºC)

Permeance
CO2 (GPU)

Permeance
CH4 (GPU)

Selectivity
(CO2/CH4)

PSF
(support)

35 411± 1 122 ± 1 3.4 ± 0.2

TFC¡0.25 % 35 216 ± 23 9.7 ± 1.4 22.3 ± 0.4
TFC¡0.5 % 35 191 ± 22 6.7 ± 1.0 28.5 ± 1.1
TFC¡1 % 35 102 ± 17 3.7 ± 0.7 30.3 ± 1.2
TFC¡2 % 35 66 ± 6 1.8 ± 0.3 37.5 ± 1.5
TFC¡5 % 35 54 ± 1 2.1 ± 0.1 26.4 ± 0.3
TFC¡2 % 25 59 ± 12 1.7 ± 1.1 39.5 ± 1.1
TFC¡2 % 50 69 ± 5 2.5 ± 0.3 28.3 ± 1.1
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porous structure with Pebax® Rnew® 30R51 thin film layer and ZIF
particles within the TFN membranes. As shown, the embedded ZIF
particles were effectively integrated into the Pebax® Rnew® 30R51
polymer, which was coated onto the PSF support to fabricate the TFN
membranes. These particles were uniformly dispersed throughout the
TFN surface, with no obvious agglomeration observed on the top surface
of the TFN. In any event, no apparent large MOF aggregation was
observed on the top of the SEM images showing the membrane skin layer
which includes the MOF particles.

Furthermore, Figs. S3 and S4 provide SEM cross-section images of
TFN membranes with increased MOF loadings (10 and 15 wt%),
respectively. Again, these mages indicate that there is no obvious
agglomeration or accumulating of ZIF particles within the TFN mem-
branes, similarly to the situation corresponding to the lower 5 wt%
loading.

Fig. 4a and b represent the ATR-FTIR spectra for both TFC and TFN
membranes. Even if the massive PSF signals predominate, distinctive
peaks representing Pebax® and ZIFs offer insights into their successful
integration. The PSF support displays distinctive peaks at 1240 cm− 1

(aromatic C-H bending) and 1050 cm− 1 (C-O stretch), while Pebax®
Rnew® 30R51 exhibits peaks at 3370/3300 cm− 1 (N-H stretch),
2850–2925 cm− 1 (-CH2- stretch), 1580 cm− 1 (C––O stretch), and
1050 cm− 1 (C-O stretch). Upon incorporating different ZIF particles into
the TFN membranes, additional characteristic peaks appeared. For
example, ZIF-8 shows peaks at 3000/2850 cm⁻1 (C-H stretch),
1635 cm− 1 (C-N stretch) and 970 cm− 1 (C–N bending), distinguishing it
from the other ZIFs. Additionally, ZIF-94 demonstrates notable bands at
1730 cm⁻1 (aldehyde group –CHO) and 1496 cm⁻1 (C––C bond), similar
to ZIF-94(SALE). Furthermore, NH2-ZIF-8 reveals new peaks at 3370/
3300 cm− 1 (N-H stretch) and 916/848 cm− 1 (N-H bending), indicating
the presence of –NH2 and –NH groups, respectively.

Fig. S5 depicts the XRD patterns for the TFC and TFN (at 15 wt%
loading to have a clearer characterization) membrane samples,

revealing a broad weak peak around (2θ ≈15–22◦). This is associated to
the weak crystallinity originating from the PSF support (Lu et al., 2016).
Furthermore, the analysis confirmed distinct diffraction peaks corre-
sponding to the crystalline structure of the ZIF particles (all with the
SOD type structure) at 2θ values of approximately 7.3◦, 10.4◦and 12.9◦,
corresponding to the (011), (002) and (112) planes, respectively. These
findings align well with the previous results (Nguyen et al., 2012; Yahia
et al., 2021), confirming the successful integration of different ZIF par-
ticles into TFN membranes without apparent loss of crystallinity.
Additionally, Fig. S6 illustrates the thermal stability of the TFN mem-
branes (with 15 wt% ZIFs). As anticipated, due to the ultrathin layers
deposited atop the PSF supports, the thermal stability of the membranes
remained largely unchanged, which in line with the previous published
studies (Martínez-Izquierdo et al., 2021; Sánchez-Laínez et al., 2018).
Notably, the characteristic degradation peak of Pebax® Rnew® 30R51
at 450–500 ◦C is not discernible in the thermograms of the TFN mem-
branes. However, only the degradation peaks associated with PSF at 550
◦C and 650 ◦C are evident in the supported membranes. In summary,
despite the presence of different polymers (PSF and Pebax® Rnew®
30R51) and ZIFs, the TGA curves did not provide significant insights into
the incorporation of ZIF particles within the TFN membranes. This
behavior can be primarily attributed to the higher proportion of PSF
within the membranes in comparison with the Pebax® Rnew® 30R51
layer and ZIF nanoparticles.

Table 2 shows the elemental analysis corresponding to carbon (C),
hydrogen (H), and nitrogen (N) percentages of ZIF-8-NH2 (obtained
from synthesis with the simultaneous presence of 2-methylimidazole
(mIm) and 2-aminobenzimidazole (2-ambzIm)) and ZIF-94(SALE) (ob-
tained by SALE between mIm and 4-methyl-5-imidazole-carboxyalde-
hyde (camIm) ligands). Also the theoretical C, H and N contents in the
original ZIF-8, ZIF-8-NH2 and ZIF-94 were calculated for comparison.
The ligand exchange percentages were calculated by comparing theo-
retical C (%) values for scenarios with 0 % (all mIm) and 100 % (all 2-

Fig. 3. SEM cross-sections for Pebax® Rnew® 30R51 TFN membranes with different ZIF nanoparticles (5 wt% loading): ZIF-8 (a), NH2-ZIF-8 (b), ZIF-94 (SALE) (c)
and ZIF-94 (d).
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ambzIm or camIm) ZIFs, revealing ca. 16 % 2-ambzIm in ZIF-8-NH2 and
22 % camIm in ZIF-94. This indicates significant modifications mainly at
the crystal surface due to the restricted diffusion of larger ligands within
the ZIF structure.

3.3. CO2/CH4 separation performance

The gas separation efficiency of the TFC membranes prepared at
different Pebax® Rnew® 30R51 concentration in the spin coating so-
lution (0.25–5 wt%) was evaluated using a 50:50 CO2/CH4 mixture at a
feed pressure of 3 bar and different temperature (25, 35 and 50 ◦C). A
50:50 CO₂/CH₄mixture was used to test the selectivity in order to create

a challenging separation environment and to better understand the
membrane performance under high CO₂ conditions. This higher CO₂
concentration enables a clearer assessment of the membrane ability to
selectively permeate CO₂ over CH₄, which is crucial for evaluating the
separation mechanism in mixed matrix membranes. Although typical
natural gas streams contain lower CO₂ levels (usually between 1 % and
10 %), testing with higher concentrations is common in research to
stress-test the membranes and to simulate conditions encountered in
scenarios like biogas upgrading, where CO₂ concentrations are much
higher (40–50 %) (Biruh and Hilmi, 2012). As depicted in Table 1 and
Fig. 5, when the concentration of polymer increases, the permeance of
CO2 through the TFC membranes decreases and the contrary is true for
the CO2/CH4 separation selectivity. The increasing concentration of
Pebax® Rnew® 30R51 gave rise to a thicker layer (approximately ≈

3.5 µm± 0.1) on top of the PSF surface where defects are minimized and
thus larger CO2/CH4 separation selectivity is achieved. Indeed, the rise
in polymer concentration enhances the CO2/CH4 selectivity by facili-
tating selective interactions between CO2 gas molecules and the PEO
(polyethylene oxide), Pebax® Rnew® 30R51 functional groups, which
impart polarity to the polymer chain (Tena et al., 2015). This polarity
enhances the CO2-affinity of the TFC membranes due to the electrostatic
interaction between the CO2 quadrupole moment and the PEO sites
within the Pebax® Rnew® 30R51 surface (Embaye et al., 2021; Martí-
nez-Izquierdo et al., 2022a; Wang et al., 2015). Furthermore, the PA
(polyamide) chains facilely coordinate with CO2 molecules, thereby
promoting CO2 diffusion through the membrane, which enhances the
separation of CO2 from CH4 (Martínez-Izquierdo et al., 2022b). How-
ever, once a certain loading (2 wt%) of Pebax® Rnew® 30R51 layer is
reached, the CO2/CH4 selectivity starts to decline as shown with 5 wt%

Fig. 4. ATR-FTIR spectra of PSF, Pebax® Rnew® 30R51(2 wt%) and TFN/ZIFs
(15 wt%): from 2000 to 600 cm− 1 (a) and from 4000 to 2500 cm− 1 (b).

Table 2
The measured percentages of carbon (C), hydrogen (H), and nitrogen (N) in
various samples obtained through elemental analysis, alongside theoretical
calculations from ZIF formula.

ZIF C (%) H (%) N (%) Sum (%)

ZIF¡8-NH2 (Experimental) 43.3 4.4 24.3 72.1
ZIF¡94(SALE) (Experimental) 41.1 4.9 16.8 62.8
ZIF¡8 (Theoretical) 41.9 5.3 24.4 71.5
ZIF¡8-NH2 (Theoretical) 50.7 4.3 25.3 80.3
ZIF¡94 (Theoretical) 38.3 3.9 17.9 60.1

Fig. 5. Gas separation performance (CO2/CH4) for the fabricated TFC mem-
branes at (a) different Pebax® Rnew® 30R51 (0.25–5 wt%) and (b) different
separation temperature (25–50 ◦C).
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(see Table 1 and Fig. 5). This decrease is attributed to the fact that the
excessive Pebax® Rnew® 30R51 solution loading could lead to aggre-
gation or phase separation on the PTMSP gutter layer surface by
increasing the Pebax thickness, causing low CO2 permeance and
CO2/CH4 selectivity. Based on these results, the most effective casting
solution is the one formulated with a 2 wt% of Pebax® Rnew® 30R51
and this optimal condition was applied for further investigation to
prepare the ZIF/TFN membranes shown below.

Additionally, further gas separation performance was evaluated at
different operating temperatures (25, 35 and 50 ◦C). The highest tem-
perature (50 ◦C) was chosen based on previous observations of hyster-
esis effects on CO2 permeability in similar membrane copolymers, which
occurred around 70 ◦C (Martínez-Izquierdo et al., 2022a; Tena et al.,
2015). This behavior may be linked to irreversible phase separation
triggered by the segregation of PEO from its blend with the other
copolymer (Martínez-Izquierdo et al., 2019, 2022a). Besides, the high

temperatures led to a loss of separation selectivity due to a decrease of
the interaction of the CO2 molecules with the membrane materials.

Furthermore, Fig. 5b shows that when the temperature increases, the
polymer chains become more flexible allowing gas molecules to move
more freely through the membrane. This results in higher CO2 and CH4
permeances. However, because of this increased mobility, the mem-
brane ability to selectively separate CO2 from CH4 decreases, leading to
lower CO2/CH4 selectivity, this attributed to the interactions between
the gas molecules and the membrane material weaken at higher tem-
peratures, reducing the membrane affinity for gases, especially CO2
(Martínez-Izquierdo et al., 2019, 2022a; Wang et al., 2022). Addition-
ally, the CO₂/CH₄ selectivity tends to decrease as the temperature in-
creases, primarily due to enhanced gas diffusion rates and reduced
solubility selectivity at higher temperatures (Rabiee et al., 2015). As a
result, the membrane becomes less effective in preferentially adsorbing
CO2, which hinders the separation process.

After studying the separation performance of the bare polymer,
different MOFs (ZIF-8, NH2-ZIF-8 and ZIF-94) were incorporated with
the Pebax® Rnew® 30R51 to construct TFN membranes. The CO2 per-
meances and CO2/CH4 selectivities of membranes TFC (2 wt%), TFN/
ZIF-8 (5, 10 and 15 wt%) and TFN/NH2-ZIF-8 (5, 10 and 15 wt%) are
compared in Fig. 6 and Table 3. As expected, the incorporation of ZIF-8
and NH2-ZIF-8 at different amounts noticeably affected the CO2/CH4
separation performance of TFN membranes compared to the original
TFC one. In agreement with previous works (Martínez-Izquierdo et al.,
2019, 2022b; Rafiul Hasan et al., 2023; Wang et al., 2022), the gradual
increase in CO2 permeance suggests that the pores within the MOFs or at
their interface with the Pebax® Rnew® 30R51 matrix facilitated better
selective diffusion pathways. However, increasing ZIF loading led to a
significant reduction in CO2/CH4 selectivity after reaching 5 wt% filler
loading, as notified with membranes TFN/ZIF-8 and TFN/NH2-ZIF-8 (10
and 15 wt%), likely due to particle agglomeration within the Pebax®
matrix, creating defective filler-polymer interfaces and non-uniform
particle distribution within the TFN membranes (Berned-Samatán
et al., 2023; Martínez-Izquierdo et al., 2022b; Rafiul Hasan et al., 2023).
Moreover, the hydrophobic nature of ZIF particles and the hydrophilic
nature of Pebax® Rnew® 30R51 polymer could further compromise the
membrane performance by generating voids in the polymer matrix
owing to the incompatibility between both ZIF fillers and the Pebax®
Rnew® 30R51 polymer surface, thus reducing the separation efficiency
(Berned-Samatán et al., 2023; Martínez-Izquierdo et al., 2022b; Rafiul
Hasan et al., 2023; Yu et al., 2024). Additionally, by comparing mem-
branes TFC/ZIF-8 and TFC/NH2-ZIF-8, it is obvious that there is a
decline of the CO2 permeance with a slight enhancing in the CO2/CH4
separation selectivity. This could be due to specific interactions between
the amino groups of NH2-ZIF-8 and CO2 gas molecules, favoring the
separation of CO2 over CH4 (Hou et al., 2022; Yu et al., 2024). This
selectivity enhancement compensates for the decrease in CO2 per-
meance, resulting in an overall improved separation performance,
reaching the highest CO2/CH4 selectivity at 5 wt% loading of ZIFs.
Therefore, the TFN membranes fabricated with 5 wt% ZIF-8 or
NH2-ZIF-8 produced the best CO2/CH4 separation selectivity of 29.4
(with 148 GPU CO2 permeance) for TFN/ZIF-8 and 37.0 (with 99 GPU
CO2 permeance) for TFN/NH2-ZIF-8.

Although the NH₂ group in ZIF-8-NH₂ enhances CO₂ affinity, the

Fig. 6. Gas separation performance (CO2/CH4) for the fabricated Pebax®
Rnew® 30R51 TFN membranes (a) TFN/ZIF-8 (5–15 wt%) and (b) TFN/NH2-
ZIF-8 (5–15 wt%).

Table 3
CO2/CH4 mixture separation performance at 35 ºC for TFN membranes with different loadings (5–15 wt%) of ZIF-8 and NH2-ZIF-8 fillers.

Membrane Permeance CO2 (GPU) Permeance CH4 (GPU) Selectivity (CO2/CH4)

TFN/ZIF¡8 (5 %) 148± 7 5.9 ± 0.2 29.4 ± 2.5
TFN/ZIF¡8 (10 %) 117 ± 2 4.8 ± 0.1 29.9 ± 1.1
TFN/ZIF¡8 (15 %) 108 ± 2 4.2 ± 0.1 25.5 ± 0.2
TFN/NH2-ZIF¡8 (5 %) 99 ± 8 2.7 ± 0.6 37.0 ± 1.8
TFN/NH2-ZIF¡8 (10 %) 161 ± 6 5.8 ± 0.2 27.8 ± 0.2
TFN/NH2-ZIF¡8 (15 %) 82 ± 9 3.5 ± 0.7 23.9 ± 1.8
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reduced CO₂ permeance is due to stronger interactions between the NH₂
groups and the polymer matrix, which reduce free volume and restrict
gas diffusion. Additionally, NH₂ groups can cause filler agglomeration,
further limiting the gas transport (Xiong et al., 2022).

Moreover, the CO2 permeance and CO2/CH4 selectivity values of
membranes TFC (2 %), TFN/ZIF-94(SALE) (5, 10 and 15 wt%) and TFN/
ZIF-94 (5, 10 and 15 wt%) are depicted in Fig. 7 and Table 4. As ex-
pected, a similar behavior like that of previous TFN membranes was
observed when compared with membrane TFC (2 wt%). There is a
gradually increasing in CO2 permeance with higher loading of MOF,
suggesting again that the pores within the filler enabled better selective
diffusion pathways (Martínez-Izquierdo et al., 2022b; Rafiul Hasan
et al., 2023; Yahia et al., 2024). However, increasing MOF loading
caused a reduction in CO2/CH4 selectivity after reaching 10 wt% filler
loading for both ZIF-94(SALE) and ZIF-94. It is worth notifying that both

MOFs ZIF-94 and ZIF-8 belong to the family of zeolitic imidazolate
frameworks, sharing the same SOD type structure. However, they differ
by utilizing the organic linker (imidazolate carboxy-aldehyde), resulting
in a hydrophilic nature for ZIF-94 compared to ZIF-8 (Gupta et al.,
2016).

It is predicted that the exchange of ZIF-8 (hydrophobic MOF) with
ZIF-94 (hydrophilic MOF) should make a big difference in how well the
TFN membranes separate gases as ZIF-94 can attach and diffuse more
CO2 molecules than ZIF-8 because of the CO2-philicity and hydrophi-
licity nature, that enhance its interaction with CO2 molecules. For
example, at normal conditions, ZIF-8 adsorbs about 0.7 mmol/g of CO2
(Gadipelli et al., 2014; Liu et al., 2014), while ZIF-94 around
2.4–2.9 mmol/g of CO2 (Cacho-Bailo et al., 2017). As a result, the TFN
membranes made with 10 wt% ZIF-94(SALE) and ZIF-94 showed the
best separation performance. The TFN/ZIF-94 membrane achieved a
CO2/CH4 selectivity of 32.6 with a CO2 permeance of 102 GPU, while
the TFN/ZIF-94(SALE) membrane reached a selectivity of 40.0 with the
same CO2 permeance of 102 GPU.

The higher CO₂ permeance in TFN-ZIF-94 compared to TFN-ZIF94
(SALE) is likely due to differences in MOF particle size (larger particle
size for ZIF-94 that for ZIF-94(SALE). Larger particles in TFN-ZIF-94may
create additional free volume and facilitate a greater gas transport
compared to the smaller particles in TFN-ZIF94(SALE), which can lead
to lower separation selectivities due to stronger aggregation generating
zones in the TFN membrane in which not all the filler particles become
surrounded by polymer. In any event, there may be a compromise be-
tween the gain in separation performance and the suitability of nano-
particles to constitute processable TFN membranes.

Fig. 8 plots the CO2/CH4 separation selectivity as a function of the
CO2 permeance, similar to Robeson plots used for comparing different

Fig. 7. Gas separation performance (CO2/CH4) for the fabricated Pebax®
Rnew® 30R51 TFN membranes (a) TFN/ZIF-94(SALE) (5–15 wt%) and (b)
TFN/ZIF-94 (5–15 wt%).

Table 4
CO2/CH4 mixture separation performance at 35 ºC for TFN membranes with different loadings (5 − 15 wt%) of ZIF-94(SALE) and ZIF-94 fillers.

Membrane Permeance CO2 (GPU) Permeance CH4 (GPU) Selectivity (CO2/CH4)

TFN/ZIF¡94(SALE) (5 %) 125 ± 1 4.6 ± 0.1 27.0 ± 0.1
TFN/ZIF¡94(SALE) (10 %) 102 ± 7 3.7 ± 0.2 32.6 ± 1.9
TFN/ZIF¡94(SALE) (15 %) 63 ± 6 2.4 ± 0.2 26.1 ± 0.8
TFN/ZIF¡94 (5 %) 121 ± 6 5.1 ± 0.3 24.0 ± 0.6
TFN/ZIF¡94 (10 %) 102 ± 15 2.7 ± 0.7 40.0 ± 4.8
TFN/ZIF¡94 (15 %) 114 ± 2 4.1 ± 0.1 28.2 ± 0.4

Fig. 8. CO2/CH4 separation selectivity as a function of CO2 permeance at 35 ºC
for all the membranes in the work based on Pebax® Rnew® 30R51 in com-
parison with other Pebax®1657 based TFN membranes from bibliography (Cai
et al., 2021; Martínez-Izquierdo et al., 2024; Wang et al., 2020; Xiang et al.,
2017; Yang et al., 2021; Zhang et al., 2019), the filler loadings are in wt%.
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membrane performances in gas separation (Robeson, 1991, 2008). Our
tested membranes are contrasted with other Pebax® based membranes
from literature (Guo et al., 2022; Martínez-Izquierdo et al., 2024; Wang
et al., 2020; Xiang et al., 2017; Zhang et al., 2019). The TFN membranes
in our study exhibit a high gas separation performance, equated to those
reported with other Pebax® codes. It is noteworthy that this specific
Pebax® Rnew® 30R51, unlike Pebax® 1657, has not been extensively
studied for CO2/CH4 separation, especially as a thin composite mem-
brane, besides having a 41 % of renewable carbon (measured by ASTM
D6866 as reported by Arkema in the corresponding data sheet). Overall,
Fig. 8 illustrates that incorporating both Pebax® Rnew® 30R51 thin
layers and various ZIF particles on top of a PSF support (with a PTSMP
gutter layer in between) enhances the gas separation performance,
increasing the CO2 permeance without compromising the CO2/CH4
selectivity. Furthermore, the performance of the fabricated membranes
were not only compared with other Pebax® TFN membranes but also
with different types of TFN membranes reported in the literature for
CO₂/CH₄ separation (Cai et al., 2021; Yang et al., 2021). Fig. 8 shows
that our results are within the range of other published data, further
demonstrating the competitiveness of our membranes in terms of CO₂
permeance and CO₂/CH₄ selectivity.

4. Conclusions

This study demonstrates that by increasing the Pebax® Rnew®
30R51 concentration (0.25–5 wt%) in the casting solution used to spin
coat the TFC membranes the CO2 permeance decreases while enhancing
the CO2/CH4 separation selectivity. The higher Pebax® concentration
caused a thicker selective skin layer on the PSF support, favoring the
selective interactions between CO2 molecules and the functional groups
within the Pebax®. However, beyond 2 wt%, the CO2/CH4 selectivity
declines due to the potential Pebax aggregation or phase separation on
the PSF surface. The temperature significantly influenced the TFC
membrane performance, the higher temperatures increase polymer
chain flexibility, leading to higher permeance for both CO2 and CH4 but
reduced the CO2/CH4 selectivity, the latter due to the weakened in-
teractions between CO2 molecules and the Pebax® Rnew® 30R51.

The CO2/CH4 separation performance of TFN membranes is
impacted by the addition of ZIF nanoparticles (ZIF-8, NH2-ZIF-8 and ZIF-
94) at varying loadings (5–15 wt%). A gradual increase in CO2 per-
meance with higher ZIF loading suggests facilitated diffusion pathways.
However, a significant reduction in CO2/CH4 selectivity occurs after
reaching a certain ZIF loading (5 wt%), likely due to particle agglom-
eration within the Pebax® Rnew® 30R51 matrix. Moreover, the NH2-
ZIF-8 incorporation slightly enhances the CO2/CH4 separation selec-
tivity compared to ZIF-8, probably due to specific interactions between
amino groups of NH2-ZIF-8 and CO2 molecules favoring the CO2 sepa-
ration. Also, ZIF-94 exhibits a superior CO2 affinity compared to ZIF-8
due to its hydrophilic nature, leading to higher CO2/CH4 selectivity.
With the addition of ZIFs at 5 wt% loadings of ZIF-8, NH2-ZIF-8, ZIF-94
(SALE) and ZIF-94, the CO2 permeance increased (from 66 GPU for
membrane TFC (2 %)) to 148, 99, 125 and 121, respectively. However,
the CO2/CH4 separation selectivity decreased (from 37.5 GPU for
membrane TFC (2 %)) to 29.4, 37.0, 27.0 and 24.0, respectively.

Overall, the fabricated TFN membranes exhibited high gas separa-
tion performances comparable to those of the literature-reported
Pebax® based membranes, highlighting the potential of ZIF/ Pebax®
Rnew® 30R51 composites to enhance the gas separation efficiency.
Finally, these membranes hold promise for reducing greenhouse gas
emissions and improving natural gas processing efficiency, addressing
environmental and energy challenges. Further research on optimizing
the fabrication and scaling up production could enable widespread in-
dustrial applications, supporting the sustainability goals and energy
needs.
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