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This study synthesized mixed matrix membranes (MMMs) using PEBAX® MH-1657 and ZIF-67
with varying particle concentrations (1, 3, and 5 wt%) to assess permeability and selectivity. ZIF-67
nanoparticles were prepared using the solvothermal method with methanol and characterized. Permeation
tests were conducted at 10 and 15 bar using N, and CO,. The analysis revealed ZIF-67 particles with
an approximate diameter of 280 nm and confirmed characteristic sodalite peaks. The ideal CO,/N,
selectivity reached 67 (CO, permeability = 132 = 3.5 Barrer) at 15 bar. The impact of ZIF-67 varied
with pressure and composition; at 10 bar, CO,/N, selectivity decreased compared to pure PEBAX®;
however, at 15 bar, the 1 wt% ZIF-67 membrane exhibited superior selectivity, surpassing Robeson’s
upper bound. The results indicate that ZIF-67 enhances the permeability and selectivity of PEBAX®,
with superior performance observed at lower concentrations.
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1. Introduction

Gas separation using polymer membranes is considered
a simple process with low energy consumption compared to
other existing technologies like distillation and absorption.
Furthermore, it can be considered an environmentally friendly
process as gas separations using membranes occur based on
a chemical potential difference between the membrane sides,
which acts as a driving force for mass transport. However, its
application is still limited by low productivity and thermal
stability'. The purification of natural gas is a significant
example of the application of membrane separation processes.
Natural gas is predominantly composed of methane (CH,),
which accounts for 70% to 90% of its composition. However,
the presence of other impurity gases, such as carbon dioxide
(CO,), requires a purification step to increase the heat value
and prevent corrosion of pipelines*®. Although there are
currently available separation processes, such as amine
absorption, for this purpose, the use of these processes poses
several operation and environment challenges that can be
overcome by membrane separation processes. Nevertheless,
further improvements are needed for membrane separation
processes to be able to replace conventional separations in all
industrial-scale applications. Natural gas treatment processes
typically occur at relatively high pressures, ranging from 30 to
60 bars. Additionally, natural gas streams contain a variety of
components, some of which (such as water, carbon dioxide,
and C,+ hydrocarbons) can cause membrane degradation
and plasticization. In addition to these components, the
gas flow may contain entrained oil mist, fine particles, and
hydrocarbon vapors, which can easily accumulate on the
membrane surface’ .
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The predominant constraint within membrane separation
processes lies in the endeavor to attain elevated purity levels
at substantial throughput rates. This predicament arises from
the intricate balance between membrane permeability and
selectivity. Augmenting membrane permeability diminishes
the requisite surface area for processing a given volume
of gas, thereby mitigating capital expenditures. However,
heightened membrane selectivity becomes imperative for
the attainment of superior gas product purity. This delicate
equilibrium represents an empirical threshold grounded in
experimental data, constituting a pivotal hurdle in the realm
of membrane science®”!"'2. Within conventional polymer
membranes, a well-documented trade-off exists between
selectivity and permeability, wherein elevated selectivity
often coincides with diminished permeability. This trade-
off in separation membranes is widely acknowledged and
was mathematically elucidated by Robeson in 1991, with
subsequent revisitations in 2008. Generally, polymers with
higher permeability tend to exhibit lower selectivity, and
vice versa’!>13,

The chemical structure of the polymer used in membrane
fabrication plays a crucial role in determining its permeability
and selectivity. Additionally, structural characteristics such
as thickness, density, and porosity also have a significant
impact on these properties'*'¢. In gas permeation processes
involving membranes, the transport of gas molecules is
governed by permeability (P). Permeability is defined as the
product of the diffusion coefficient (D) and the solubility
coefficient (S), as represented by Equation 1. This equation
characterizes the diffusive flux (J) of the permeating molecule
across a polymeric membrane with a specific thickness (1),
influenced by the pressure gradient across the membrane
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(AP). The ideal selectivity (0 A/B) characterizes a membrane’s
effectiveness in separating a gas mixture comprising gases A
and B. It is quantifiable using Equation 2, where P, denotes
the permeability of the more permeable gas in the gas pair
under consideration, divided by the permeability of the less
permeable gas (P,)"*"". The kinetic diameter and shape of
gas molecules emerge as pivotal parameters influencing
the diffusion coefficient due to the constrained mobility of
polymer chains'®. The membrane’s ability to impede penetrants
with minor steric differences significantly shapes membrane
selectivity, thereby directly influencing the outcome of the
gas separation process. Gas molecules exhibiting solubility
parameters similar to those of the membrane polymer are
more likely to manifest higher permeation rates'®!.
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Because the relationship between selectivity and
permeability is a common challenge in all polymeric
membranes, researchers are constantly searching for new
materials and developing structures with improved chemical
and thermal stability, high permeability, and high selectivity
compared to conventional polymeric membranes?!-%.
A promising approach to improve these characteristics is the
use of copolymers, which allow the combination of desirable
properties through the selection of suitable polymers'>?2%,
Copolymers are materials composed of one or more monomers
with different chemical structures, which confer the desired
properties. An example is the formation of a copolymer that
combines rigid groups and more flexible groups, resulting
in a material with a favorable combination of properties,
depending on the specific application?>?+27,

One notable example is PEBAX® MH-1657, a
commercially available copolymer of great interest in the
field of polymeric membranes. Its composition consists of
60% by weight of poly(ethylene oxide) (PEO) and 40% of
polyamide-6 (PA). The presence of polyamide in the polymer
chain provides mechanical strength to the material, while
the poly(ethylene oxide) (PEO) segment imparts higher
permeability to CO,%*2%3. PEBAX® exhibits superior
selectivity for CO, compared to light gases such as N, and
CH,. This selectivity is attributed to the higher affinity of the
PEO segment of PEBAX® with CO, due to the presence of
polar groups, in contrast to N, and CH,, which are nonpolar
gases. However, the presence of PEO segments would not
be sufficient to provide the necessary mechanical strength
for membrane application®*?!. Therefore, it is necessary to
combine this segment with a more rigid polymer block,
such as polyamide (PA). The presence of polyamide gives
PEBAX® high mechanical strength, which is related to the
crystallinity present in the PA fraction. Although PEBAX®
exhibits great flexibility and processability, its gas separation
performance is limited by the trade-off between permeability
and selectivity*>3*,

A promising strategy to improve the selectivity-
permeability relationship in polymeric membranes is the
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use of mixed matrix membranes composed of PEBAX® and
zeolitic imidazolate frameworks (ZIF) like ZIF-673*%. These
membranes have the potential to outperform conventional
polymeric membranes in terms of selectivity and permeability.
The combination of the sieving properties of metal-organic
frameworks (MOFs) with the film-forming capability of
the polymer matrix allows the production of mixed matrix
membranes for different application requirements**°. These
membranes are obtained by mixing polymers to form the
continuous phase (Phase A) and adding molecular sieves such
as zeolites, carbon molecular sieves, and their derivatives to
form the dispersed phase (Phase B). This arrangement enables
the separation of gases based on the size and geometry of
the gas molecules®®3840,

Excellent candidates for the separation of small kinetic
diameter gas molecules such as CO,, N,, and CH, are
ZIFs. The imidazolate ligands present in the structures of
ZIFs confer them with higher hydrophobicity compared to
other fillers, promoting good interfacial compatibility with
polymers?314142 A notable example is ZIF-67, formed by
linking 2-methylimidazolate anions and cobalt cations, with
a pore size of approximately 0.34 nm. This dimension is
intermediate to the kinetic diameters of CO, (0.33 nm) and
larger gases such as N, (3.64 nm) and CH, (0.38 nm). Thanks
to its suitable pore size and selective CO, adsorption ability,
ZIF-67 exhibits excellent performance as a molecular sieve
in separating CO,/N, and CO,/ CH, gas pairs, with kinetic
diameters 0f 0.33/0.36 nm and 0.33/0.38 nm, respectively*+,

Mixed matrix membranes have been considered as
promising candidates for gas separation because they combine
the processability and mechanical properties of polymer
membranes with the selectivity and permeability of zeolites.
Nevertheless, the production of mixed matrix membranes
has proved to be a challenge due to the incompatibility
between the polymer matrix and the inorganic zeolites®' 354,
The application of zeolitic imidazolate frameworks promises
to reduce or eliminate the interface problems observed in
conventional mixed matrix membranes which has encouraged
several publications in the area. Moreover, a lot of effort
has been devoted to the incorporation of ZIFs in glassy
polymers, but there were not many publications on mixed
matrix membranes produced with rubbery polymers or
copolymers until PEBAX® has been discovered as a promising
candidate for gas separation. Among these publications, there
is no information on the effect of upstream pressure on the
properties of ZIF-based mixed matrix membranes®®-3%4343,

Mixed matrix membranes composed solely of PEBAX®
MH-1657 and ZIF-67 have been the subject of few studies in
the literature. Other investigations have reported the use of
PEBAX® MH-1657 MMM s with other fillers, such as Zeolites
(4A) and ZIF-8, or the addition of other polymers alongside
PEBAX® in the continuous matrix phase***. Meshkat et al.*®
produced PEBAX® MH-1657 /ZIF-67 membranes to
evaluate the incorporation of ZIF-67 in polymeric matrices
for gas separation properties. The study investigated the
performance of MMMs composed of PEBAX® MH-1657 /
ZIF-67 and PEBAX® MH-1657 /ZIF-8 in the separation
of gases, including CO, from N, and CH,. The addition
of ZIF-67 and ZIF-8 led to a 130% and 85% increase in
CO, permeability compared to pure PEBAX® MH-1657.
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ZIF-67 outperformed ZIF-8 in terms of ideal selectivity
for CO,/N, and CO,/CH, gas pairs, attributed to its role
in facilitating CO, diffusion and ZIF-8’s enhancement
of CO, solubility due to strong electrostatic interactions
between the Zn metal center of ZIF-8 and CO, molecules®.
Zhao et al.>® fabricated MMMs of PEBAX® MH-1657,
ZIF-67, and ZIF-67-L for CO,/N, separation. Optimal
performance was achieved with PEBAX® MH-1657 /ZIF-
67-L MMMs with a 10% by weight loading, surpassing
pure PEBAX® MH-1657. It exhibited a 74.1% improvement
in CO, permeability and a 23.6% improvement in CO,/
N, selectivity. Tien et al.** developed defect-free microporous
ZIF-8 and ZIF-67 membranes on alumina supports using
the secondary growth technique for propylene separation
from propylene/propane gas mixtures. ZIF-8 outperformed
ZIF-67 with a separation factor of 76 compared to 5 for
ZIF-67. Although ZIF-67 did not achieve the expected
selectivity, it exhibited higher permeability than ZIF-8.
The significant improvement in ZIF-8’s selectivity was
attributed to structural “gate-opening” alterations, which
widened the membrane pores and allowed propylene to
permeate while retaining larger propane molecules.

One of the main challenges in producing MOF-based
MMMs using green solvents is the instability of MOFs in
an aqueous environment. Most MOF structures are unstable
in aqueous solutions and cannot be used in the preparation
of PEBAX® membranes due to their weak hydrothermal
stability. The instability of ZIF-67 in water can be attributed
to the specific presence of methylimidazole and Co*"
iong?”36:4647.50 Fyrthermore, the hydrophobic surfaces hinder
the homogeneous dispersion of the fillers in water, making
the fabrication of these membranes even more challenging.
Previous studies have shown the degradation of ZIF-8 in
aqueous media, both in dynamic stability tests and static
durability tests in pure water. The hydrolysis of ZIF-8 under
ambient conditions in aqueous media has been identified as
the cause of this instability?643-1:52,

Recent studies have demonstrated that it is possible to
improve the stability of MOFs in aqueous environments through
changes in their morphology. For example, modifying the
traditional tetrahedral morphology of ZIF-67 to preferential
growth in a single direction, such as ZIF-67 nanosheets, has
resulted in improved thermal stability in water. This is due
to the less exposed Co-N bonds and lower surface energy of
the crystal faces. Additionally, membranes containing lower
concentrations of ZIF-67 nanosheets have shown enhanced
performance compared to pure polymer membranes and
unstable ZIF-67-based MMMs?74346:52-54 On the other hand,
Meshkat et al.*, produced MMM/ZIF-67 in methanol with
particles of an average size of approximately 300 nm and
did not observe significant chemical interactions between the
polymer and ZIF-67 particles, except for a slight interaction
between the metal lone pair and the amide nitrogen in PEBAX®.

Considering the importance of mixed matrix membranes
to improve the scope of applications of membrane separation
processes and the properties of ZIF-67, in this study, our
focus lies on the characterization of synthesized ZIF-
67 structures, achieved through solvothermal synthesis
employing methanol as the solvent and cobalt nitrate as the
metallic source. The investigation into the drying conditions

becomes imperative considering the substantial impact this
variable imparts on various properties of the formed particles.
In the process of MOF synthesis, with a specific emphasis
on ZIFs, the drying stage plays a critical role in defining the
final material characteristics. The predominant effects of the
drying temperature encompass particle size, morphology,
surface area, crystallinity, stability, and interconnection
among particles. These variables, in turn, play a crucial role
in the gas separation process®>*. An experimental approach
at higher pressures, ranging from 10 to 15 bar, will provide
a deeper understanding of the impact of feed pressure on
PEBAX® MH-1657/ZIF-67 MMMs and how the presence
of synthesized ZIF-67 influences the gas transport properties
of these membranes. Therefore, this study is relevant for
optimizing the synthesis and performance of MOFs in
various applications, such as gas storage and purification,
catalysis, and controlled drug release™.

2. Materials and Methods

2.1. Materials

Polyether-b-amide copolymer PEBAX® MH-1657 from
Arkema Brazil was used as matrix to produce the membranes.
Ethanol PA (MW=46.07 g/mol, 98.5%) was used as co-solvent
with distilled water. The materials used for the synthesis of
ZIF-67 nanoparticles were 2-methylimidazole (MW=82.10 g/
mol, 99%) from Sigma Aldrich, cobalt nitrate hexahydrate
(MW=291.03 g/mol, 98%) and methanol (MW=32.04 g/mol,
98%) from Exodo Cientifica. CO,2.8(99,8%), N, industrial
grade and CH, 2.5 (99.5%) were used to test the permeability
of the membranes.

2.2. Synthesis of ZIF 67 nanoparticles

The synthesis of ZIF-67 was adapted from Meshkat et al.*.
Two solutions were prepared: (a) 2.872 g of cobalt nitrate
hexahydrate Co(NO,),"6H,0 was dissolved in 200 mL of
methanol; (b) 6.488 g of 2-methylimidazole (2-MeIM)
was dissolved in 200 mL of methanol. The molar ratio was
1:8:1000 Co(NO,),"6H,0: 2-MeIM: Methanol). Then, solution
(a) was quickly mixed into (b) under vigorous stirring for
1 min and left undisturbed overnight. The nanoparticles
were separated by centrifugation using an Edutec digital
centrifuge at 4.000 rpm for 30 minutes and washed with
methanol three times. Finally, the resulting material was
divided into 2 portions and dried in a Fanem model 515/2-
C drying oven: (a) at 100 °C for 24 hours and (b) at 25 °C
for 48 hours.

2.3. Membrane Preparation

2.3.1. PEBAX® Membranes

Neat PEBAX® MH-1657 membranes were prepared
using a reflux system consisting of a flask and condenser
under an inert N, atmosphere. The polymer was dissolved in
a 70/30 ethanol-water solution at a concentration of 3 wt%.
The dissolution process took place under constant stirring at
a temperature of 90 °C for approximately 3 hours. Once the
polymer was completely dissolved, the solution was poured
into Teflon® petri dishes, covered with glass slides, and left
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to dry at room temperature for 48 hours to allow for gradual
solvent evaporation. After the drying period, the glass slides
were removed, and the membranes were further dried in a
vacuum oven at 50 °C for 24 hours to ensure the complete
removal of any remaining solvent.

2.3.2. Mixed Matrix Membranes (MMMs)

PEBAX® MH-1657 /ZIF-67 mixed matrix membranes
were prepared using a reflux system and constant stirring,
following the procedure previously described. An ethanol-water
solution with a ratio of 70/30 was divided, and two-thirds of
this solution were employed for dissolving the PEBAX® at a
concentration of 3 wt%. Concurrently, the different concentrations
of nanoparticles (1%, 3%, and 5% wt% relative to the polymer
weight) were dispersed in one-third of the final solvent quantity
using an ultrasonic bath for 30 minutes. Subsequently, the ZIF-
67 suspension particles were added to the PEBAX® solution
and stirred for 24 hours under the same conditions. Once again,
the resulting solution was poured into Teflon® petri dishes and
left at room temperature for 48 hours. To ensure the thorough
removal of solvents, the membranes were then dried in a vacuum
oven at 50 °C for 24 hours. Table 1 presents the compositions
and nomenclature adopted in this study for the MMM dried at
different temperatures.

3. Analysis

The morphology of ZIF-67 nanoparticles was characterized
by SEM using a JEOL JMS 6360-LV microscope with
accelerating voltage of 15kV, magnification of 75kx, and
resolution of 500nm. The membranes were cryofractured by
immersion in liquid nitrogen for 1 hour. The nanoparticles
were poured on a carbon tape and coated with a film of gold.
Wide Angle X-Ray Diffraction (WAXD) was employed
to evaluate the crystalline structure of PEBAX® and the
influence of ZIF- 67 nanoparticles in the crystallization of
PEBAX®. Fourier Transform Infrared Spectroscopy (FTIR)
was performed using a Bruker FTIR 70v instrument with an
attenuated total reflection (ATR) accessory. The Brunauer-
Emmet-Teller surface area analysis (BET) was performed
in a Quantachrome NovaWin equipment with N, at 73K.
The samples were degassed overnight before analysis. Twenty
points were analyzed between 0 and 1 (P/P ). The analysis
of the surface area was performed by the Data Acquisition
and Reduction software from NOVA instruments.

Differential Scanning Calorimetry (DSC) was used
to evaluate the glass transition temperature, the melt and
crystallization behavior of PEBAX® and PEBAX® MH-1657/
ZIF-67 membranes. The tests were conducted ina NETZSCH
DSC 200F3 calorimeter with two heating sequences. The samples

Materials Research

were heated to 120°C to remove moisture, cooled to -70°C, and
then heated to 250°C to remove thermal and processing history.
Then the samples were cooled to -70°C and heated to 250°C.
The heating rate was 10°C/min, and the nitrogen flux was
20 mL/min. The degree of crystallinity (%X .) of PEBAX® MH-
1657 was determined using fusion enthalpy and crystallization
enthalpy, as defined in Equation 3. Equation 4 was then applied
to calculate the total degree of crystallinity in the membranes
(%X, )..AH_represents the enthalpy associated with the melting
peak (T ), while AH, denotes the fusion enthalpy of the 100%
crystalline phases, which are 230 J/g for PA and 166.4 J/g for
PEQ!%4, The variables # represent the mass fractions of PEO
and PA within PEBAX® MH-1657 (PEO=60%; PA=40%), and
$PEBAX® MH-1657 corresponds to the proportion of PEBAX®™
MH-1657 in the mixed matrix membranes, considering the
percentage of added particles.

AH

%X, :[ m }*100 3)
¢*AH

%X, pEO *PpEO + %X pa * Ppa)

%X, = (
PPEBAX1657

4)

3.1. Gas permeation tests

The permeability and ideal selectivity of N,, CH, and
CO, were determined using a variable volume/constant pressure
permeation cell (Figure 1). The system consists of a stainless
still cell that is connected to the feed gas on the upstream and
a bubble soap flowmeter on the downstream. The gases were
industrial grades, the test temperature was 35 °C and the upstream
pressures were 10 and 15 bar for each gas. The separation
area was 17.34 cm?. For each membrane the flow rate on the

Figure 1. Schematic representation of the permeation cell used
in this work. 1- Gas Cylinder; 2-Manometer; 3- Oven; 4- Gas
reservoir; 5- Permeation cell; 6- Temperature Control; 7- Permeate;
8- Flowmeter; 9- Retentate.

Table 1. Compositions and nomenclature adopted for the PEBAX® MH-1657/ZIF-67 MMMs.

Sample Composition of PEBAX 1657 Composition of ZIF-67 Drying temperature of ZIF-67
1% T.25 °C 3% PEBAX 1% ZIF-67 25°C
3% T.25 °C 3% PEBAX 3% ZIF-67 25°C
5% T.25 °C 3% PEBAX 5% ZIF-67 25°C
1% T.100 °C 3% PEBAX 1% ZIF-67 100 °C
3% T.100 °C 3% PEBAX 3% ZIF-67 100 °C
5% T.100 °C 3% PEBAX 5% ZIF-67 100 °C
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downstream was measured until the difference between two
measurements was within 5%. Two membranes were tested
for each sample unless the deviations between the duplicates
were too high in which case more tests were conducted'>!*°.
Gas permeability was calculated using Equation 5 and ideal
selectivity was calculated using Equation 6.

x1010 [Barrer]. %)

_av[ e [213[K] t[em]
P= Az|: s } T[K] A[cmz}AP[cmHg]
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In which E is the flow rate measured with the flowmeter, T

is the test temperature, t is the membrane thickness, A is the
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Figure 2. ZIF-67 nanoparticles curves.
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permeation area, AP is the difference between upstream and
downstream pressure, and P, and P, are the permeabilities of
the most permeable and less permeable gases, respectively.

4. Discussion

4.1. Synthesis of ZIF-67 particles

WAXD characterization was performed to investigate
the crystalline structure and phase purity of the synthesized
ZIF-67 nanoparticles. The characteristic diffraction peaks
revealed that the synthesized particles are consistent with
reported ZIF-67 patterns, indicating successful particle
synthesis. The XRD spectra shown in Figure 2 exhibit sharp
and clean peaks characteristic of ZIF-67 at 7.3°, 10.3°, 12.6°,
and 18.03°, corresponding to the (0 11), (002), (112), and (222)
planes, respectively, for both cases presented. The similarity
between the presented diffraction patterns was expected, as
according to the theory of crystal nucleation and growth,
the crystalline core of ZIF-67 is produced when cobalt ions
react with MeIM at room temperature. The fact that the
particles were dried at different temperatures does not alter
the material’s structure®*>*%, The respective values of the
specific surface area (BET) for the ZIF-67 crystals showed
a high surface area of 1,852 m?/g for the structures dried
at 25 °C and 1,678 m?g for the crystals dried at 100 °C.
The higher surface area exhibited by the ZIF dried at 25°C
can be justified by the presence of residual solvent from
the synthesis within the structure, resulting in a larger pore
VOlume44’46'48‘50.

Figure 3 shows the scanning electron microscopy (SEM)
images of particles dried at 25°C (a) and 100°C (b), in both
cases, a typical ZIF-67 structure is observed, with well-defined
facets, edges, and corners. This morphology is consistent
with the results reported in the literature. The presence of
well-defined facets indicates high purity and homogeneity of

VEGA3 TESCAN|
Det: SE 2um
CME-UFPR

Figure 3. ZIF-67 particles synthesized and dried at different temperatures: (a) ZIF- 67 dried at 25°C (b) ZIF- 67 dried at 100 °C, both

at 20 kx magnification.
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the synthesized particles, while the sharp edges and corners
suggest good crystallinity of the material***’. However, it is
also possible to notice the presence of ZIF-67 agglomerates
for both drying conditions. The particle size and morphology
are related to the reactivity of cobalt salt, molar ratios MeIM/
Co?", and experimental conditions. The excess of imidazolic
ligand relative to cobalt increases the nucleation rate of
crystals. Consequently, as the molar proportion of the ligand
increases, the particle size in the crystal decreases. The small
crystals formed by nucleation are covered with the excess
ligand, preventing the 2-MeIM/Co?* linkage. In the case of
the synthesis of ZIF-67 with Co(NO,),, a rapid nucleation
occurred due to the high instantaneous concentration of
Co* and 2-MeIM ions. Consequently, many small nuclei
were formed, shortening the crystal growth stage, resulting
in small particles? 347,

The average particle size found for both cases was
280 nm, indicative of nanoparticle synthesis. The particles
dried at 25°C exhibited greater uniformity compared to
those of ZIF-67 dried at 100°C, which can be attributed to
variations in drying and solvent evaporation rates during
the synthesis process. The presence of residual solvent
within the structure can increase the pore volume and,
consequently, the surface area, as evidenced by the BET
results. These findings are consistent with the literature,
which reports an average particle size ranging from 200 to
400 nm for ZIF-67 synthesized in methanol. For instance,
Meshkat et al.’¢ obtained an average particle size of 300 nm,
and other studies have reported similar findings, with ZIF-
67 particles mainly falling within the range of 280 to 400 nm.
The particle size and morphology of ZIF-67 are influenced by
various factors, such as the solvent used, the concentration
of reactants, and the synthesis conditions3®>-¢!,

4.2. Membrane Characterization

Figure 4, WAXD curves are presented for PEBAX®
MH-1657, ZIF-67, and PEBAX® MH-165/ZIF-67 MMMs.
The first image represents MMMs containing ZIF-67,
dried at 25 °C, while the second image illustrates MMMs
containing ZIF-67 composite membranes, dried at 100 °C.
In the neat PEBAX® membrane, the broad peak at 26 = 19°

] ZIF-67 T 25°C

1% ZIF-67 T 25°C

" \ 3% ZIF-67 T 25°C

5% ZIF-67 T 25°C

T
10 20 30 40
20 (deg)
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corresponds to the characteristic amorphous segments of
polyethylene oxide (PEO), while the narrow peak at 26 =
23.5° represents the semicrystalline polyamide (PA) blocks
of PEBAX®. The width of the PEO peak is related to the
composition of PEBAX®, which consists primarily of PEO
(60%). Conversely, the narrower and more intense peak is
attributed to the crystallinity of the polyamide component,
which constitutes 40% by weight of the copolymer!¢-23:38:4962:63,
The WAXD curves of the MMM s indicate the absence of
characteristic peaks associated with ZIF-67, which can be
attributed to the low concentration of ZIF in the membrane
or to a possible chemical interaction between PEBAX® and
ZIF-67 particles. In the case of PEBAX® MH-1657 /5%
ZIF-67 MMMs, the presence of crystallographic planes
is evident, with higher intensity at approximately 20 = 7°,
10°, 12.5°, 16°, and 18°, corresponding respectively to the
characteristic crystallographic planes (011), (002), (112),
(013), and (222) of ZIFs?"4¢4833 The partial destruction of
the crystalline structure during membrane preparation could
be inferred, indicating the low stability of the synthesized
structure. Another aspect to consider is the low concentrations
of ZIF particles in the polymer matrix, which contribute to
the absence of characteristic ZIF peaks?’6.

In order to better understand the stability of ZIF-67 particles
produced in Mixed Matrix Membranes (MMMs), the Attenuated
Total Reflectance Fourier Transform Infrared Spectroscopy
(FTIR-ATR) technique allows for the evaluation of possible
chemical interactions between the polymers and ZIF-67.
Figure 5 presents the FTIR-ATR spectra obtained for MMMs
to analyze the interaction between polymers and ZIF-67.
Figure 5 a shows the spectra of MMMs with ZIF-67 dried
at 25°C, while Figure 5 b displays the spectra of MMMs
with ZIF-67 dried at 100°C. Analyzing the spectrum of pure
PEBAX® membrane, characteristic peaks are observed at
1094 cm’!, attributed to C-O-C stretching vibrations within
the polyether (PEO) segment, at 1634 cm’!, attributed to
stretching vibrations of the carbonyl (C=0) in amides, and
at 3298 cm!, attributed to stretching vibrations of N-H bonds
in amides and polyether groups. On the other hand, the peaks
observed in the ZIF-67 spectrum were mainly attributed to
the 2-methylimidazole ligand?’®.

b)

ZIF-67 T 100°C

1% ZIF-67 T 100°C

3% ZIF-67 T 100°C

5% ZIF-67 T 100°C

26 (deq)

Figure 4. WAXD diffractograms of PEBAX® MH-1657 /ZIF 67 membranes: comparison between the diffractograms of PEBAX® MH-
1657 /ZIF 67 membranes. (a) PEBAX® MH-1657, ZIF 67, PEBAX® MH-1657 /ZIF 67 membranes (25 °C) and (b) PEBAX® MH-1657,

ZIF 67, PEBAX® MH-1657 /ZIF 67 membranes (100 °C).
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Figure 5. FTIR-ATR spectra obtained for MMM PEBAX® MH-1657 /ZIF-67.

In the range of 600-1500 cm!, the peaks were related to
the stretching vibration of the imidazole ring, while the peak
at 3140 cm™ was attributed to the stretching of the aromatic
ring of 2-MelIM. For the spectra of mixed matrix membranes,
no new characteristic peaks were observed, indicating that
no strong chemical interaction occurs between ZIF-67 and
PEBAX®. However, for all MMM s, there was a small shift of
the transmittance peak at 3298 cm to the left relative PEBAX®
MH-1657?73¢¢4_ In addition, in membranes containing 5%
ZIF-67 (25° C and 100° C), a change in the shape of the same
peak, corresponding to the -N-H bond in the secondary amide
of PEBAX®, was noted, evidencing a weak interaction between
the metal lone pair and nitrogen in the amide. It is concluded
that for membranes containing lower amounts of ZIF-67 (1%
and 3%), the absence of the discussed characteristic peaks is
mainly due to the low concentration of particles in MMMs?.
However, by increasing the load, as in this case for the 5%
membrane, a small interaction between the polymer and the
particle occurs due to its instability.

The instability of the synthesized structure in this work,
when in contact with an aqueous environment and higher
temperatures (~90 °C), can be attributed to the adopted
proportional ratio in the synthesis (1:8:1000)273647:50:53,
The high instantaneous concentration of Co*" ions and
2-MelM resulted in rapid nucleation of ZIF-67, forming
many tiny nuclei, and limiting crystal growth. This led to
the formation of small-sized particles with a high surface
area of the nanoparticles and exposed Co-N bonds?”3¢:47-50,

The absence of sharp peaks associated with ZIF-
67 confirms the images obtained by SEM (Figure 6), where
the visualization of particles within the matrix is challenging.
The provided images correspond to cross-sections of the
following samples: PEBAX® MH-1657 /5% ZIF at 25 °C,
PEBAX® MH-1657 /1% ZIF at 100 °C, PEBAX® MH-1657 /3%
ZIF at 100 °C, and PEBAX® MH-1657 /5% ZIF at 100 °C.
In these images, the presence of ZIF-67 agglomerates in the
PEBAX® matrix is highlighted by red circles.

DSC curves are displayed in Figure 7. For pure PEBAX®
MH-1657, the two endothermic peaks observed correspond
to the melting and crystallization temperatures of the polymer
components. The Tg of the PEO block was determined to be
-50.5 °C, which is consistent with literature’¢*°, The Tg,
Tm, and crystallinity values of the MMMs are listed in

Table 2. The crystallinity was found to be 18.6% for PEO
and 30.9% for PA, while the total crystallinity exhibited
by neat PEBAX® membrane was 23.5%. The degree of
crystallinity, both for the PEO and PA segments, decreased
in all membranes compared to neat PEBAX®, along with
the total crystallinity, indicating a transition towards more
rubbery states®>=03¢¢_ The crystallinity of the PEO and PA
segments is mainly governed by intermolecular bonding
(hydrogen bonds), and the addition of particles can disrupt
the arrangement of the crystalline phases, leading to reduced
crystallinity in the PEBAX® segments. In this case, a chemical
interaction between the particles and the matrix suggests a
modification in the ordered chain structure of PEBAX®,
resulting in increased free volume. This higher presence
of free volume also explains the observed variation in Tm
(PEO) among the samples®>>*¢7.

The decrease in crystallinity increases effective
permeation area since crystalline domains are impermeable
to gas molecules. Higher permeation area will result in
higher permeability which partially explains some of the
results obtained in permeation tests. Nevertheless, the
increase in permeability is expected with the incorporation
of ZIF-67 due to its capacity of adsorbing both CO, and
N, molecules.

4.3. Gas permeation properties of PEBAX® MH-
1657/ZIF-67 membranes

Gas permeation tests were conducted for 3wt% PEBAX®
MH-1657 membranes manufactured with a 70/30 ethanol/
water mixture at pressures of 3, 5, 10, and 15 bar for N,, CO,,
and CH,. Subsequently, permeation tests were carried out
for PEBAX® MH-1657 /ZIF-67 mixed matrix membranes
only at pressures of 10 and 15 bar for nitrogen and carbon
dioxide. The obtained permeability and selectivity values for
the respective gas pairs, along with the standard deviation in
relation to gas permeation test measurements, are presented
in Table 3. for PEBAX® MH-1657 membrane and PEBAX®
MH-1657/ZIF-67 mixed matrix membranes.

In general, the permeability of the PEBAX® membrane
for N, remained relatively unchanged with variations in
pressure, while there was a notable 2 Barrer increase in
CH, permeability at 10 and 15 bar. Conversely, a substantial
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Figure 6. SEM of MMM (Mixed Matrix Membrane) PEBAX® MH-1657 /ZIF-67 at: (a) PEBAX® MH-1657 /5% ZIF T25 °C, (b)
PEBAX® MH-1657 /1% ZIF T100, (¢) PEBAX® MH-1657 /3% ZIF T100 °C, and (d) PEBAX® MH-1657 /5% ZIF T100 °C.
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Figure 7. DSC of PEBAX® MH-1657 /ZIF-67 membranes: (a)DSC of PEBAX® MH-1657 /ZIF-67 membranes (25 °C) and (b) PEBAX®

MH-1657 /ZIF-67 membranes (100 °C).

increase in CO, permeability was evident with escalating
pressure. Notably, at 15 bar, the recorded value of 132 Barrer
represented a remarkable 79 Barrer increase (150% rise)
compared to the initial pressure of 3 bar. This significant
surge in gas permeability under increasing pressure can be

ascribed to the enhanced mobility of polymeric chains and the
strong interactions between CO, and PEO blocks of PEBAX®.
The permeability of gases in polymeric membranes is a
complex phenomenon influenced by various factors, including
pressure, temperature (where higher operating temperatures
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Table 2. Thermal properties of PEBAX® and PEBAX® MH-1657/Z1F-67 membranes.

Sample Tg (°C) T (°C)PEO T (°C)PA X, (%) PEO X, (%) PA X (%)
PEBAX 1657 -50.5 13.5 204.1 18.6 30.9 23.5
1% T.25 °C -50.3 17.8 205.0 16 23.4 19.2
3% T.25 °C -50.4 16.1 205.2 18.4 25.4 21.9
5% T.25 °C -50.2 17.8 206.4 18.5 28.5 23.9
1% T.100 °C -50.1 14.1 206.1 17.7 24.1 20.5
3% T.100 °C -49.5 20.1 206.1 14.6 23.8 18.9
5% T.100 °C -49.7 17.1 206.3 16.6 22.5 19.9

Table 3. Permeability and selectivity values for PEBAX® and PEBAX® MH-1657/Z1F-67 MMMs at different test pressures.

P (bar) Sample PN, (Barrer) (}I;acrrl:‘;) (}[;acrr(zzr) a (CO/N,) a (CH/N,) a (CO,/CH,)
3 PEBAX 1657 2+0.1 4+0.4 53+0.2 27+0.3 2+0.1 13+1
5 PEBAX 1657 2+0.2 4+0.3 62+1.5 38+2.2 2+0.8 18+0.8

PEBAX 1657 2+0.2 6+0.7 11444 55+0.05 3+1.6 18+0.2
1% T.25 °C 3+0.21 - 143+4.5 54+2.3 - -
3% T.25 °C 3+0.02 - 11743 44+0.7 - -
10 5% T.25 °C 4+1 - 14446 4043 - -
1% T.100 °C 3+0.08 - 152+0.2 59+1.9 - -
3% T.100 °C 3+0.03 - 1264 46+3.6 - -
5% T.100 °C 3+0.02 - 136+2.4 44+3.2 - -
PEBAX 1657 2+0.2 6+0.57 132+3.5 67+0.03 3+0.1 24+0.3
1% T.25 °C 2+0.03 - 160+3.8 75+4 - -
3% T.25 °C 3+0.01 - 136+3.5 48+1.5 - -
15 5% T.25 °C 440.9 - 181.6+5 49+3.5 - -
1% T.100 °C 2+0.01 - 164+2.7 74+0.85 - -
3% T.100 °C 3+0.4 - 157+0.07 55+3.7 - -
5% T.100 °C 3+0.1 - 169+1.3 60+0.6 - -

1 Barrer = 10'° cm*(STP).cm/cm?.s.cmHg.

enhance the penetration of gas molecules), and interactions
between gas molecules and polymeric chains**#+*°, In the
specific context of this study, a noteworthy augmentation
in gas permeability was observed, primarily attributed to
the heightened mobility of polymeric chains and strong
interaction of CO, with PEBAX®. The augmentation in gas
pressure in the feed intensified chain mobility, facilitated by
a higher concentration of CO,»!5222%4044,

The membranes exhibited higher permeability to
CO, compared to other gases (N, and CH,). Higher
CO, permeability is attributed not only to its kinetic diameter,
but also to its solubility in the membrane due to strong dipole-
quadrupole interactions between the polar CO, molecules
and the PEO chains of the polymer*>>*2¢7 Furthermore, the
energy distribution of CO, molecules is lower compared
to N, and CH,, resulting in a more significant interaction
between CO, and the polymeric chains of the membranes,
especially in the C=0 interactions***. Regarding selectivity,
larger variations were observed for the CO,/N, pair, followed
by CO,/CH, and CH/N,. The CO,/N, pair showed a 150%
increase, followed by CO,/CH, with 85% and CH /N, with
50% when comparing the extreme pressure values tested.

For the mixed matrix membranes (MMMs), a slight increase
in N, permeability was observed, but it was not possible to
identify a clear relationship between the pressure increase

and gas permeability. The presence of fillers disrupts the
arrangement of the polymeric chains, increasing the fraction of
free volume (FFV) and reducing crystallinity, which influences
the gas permeability results. The introduction of ZIF-67 and
the resulting structural instability led to an increase in free
volume within the matrix, causing the membrane to acquire a
rubbery state. This perturbation may be related to the decrease
in crystallinity observed in the DSC tests!®28:36:68:69,

The observed increase in chain mobility with the rise
in pressure should theoretically enhance gas permeation.
However, the slight increase in N, permeability despite the
increased chain mobility and pressure can be attributed to the
restricted polymer chain mobility inherent in the membrane
material. This inherent limitation may constrain the extent
to which permeability can increase, even with elevated
pressure and improved chain mobility. The phenomenon
observed aligns with findings in other studies where the
permeability of N, and other gases demonstrated enhancement
with increased upstream pressure, but the magnitude of
the increase was not as pronounced as that observed for
CO, permeability’”. These observations are influenced by
a complex interplay of factors, including the size of the gas
molecules and their condensability. As highlighted in the
literature, the Langmuir constant increases with a decrease in
gas size, and the affinity follows the order CO,>CH,>N,.
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Consequently, the selective separation of CO, from CH, in
PEBAX® is primarily governed by the higher sorption level of
CO, in the membrane. This suggests that, despite the increase
in chain mobility and pressure, the specific properties of the
gases and their interactions with the membrane material can
lead to varied permeability responses’.

The significant increase in CO, permeation with the
addition of ZIFs is attributed to the electrostatic interactions
between the non-coordinated nitrogen atom in the imidazolate
ligand and the unsaturated metal sites of the ZIF with
CO, molecules. The polar nature of CO, bonds (C=0) results
in their preferential adsorption on the polar walls of the ZIF
due to the interaction with the non-coordinated nitrogen atoms
present in the polar bonds of the imidazolate. In other words,
the nitrogen atoms that are not involved in the coordination
bonds of the imidazole ligands and the unsaturated cobalt
ions facilitate the dissolution of CO, molecules, promoting
separation based on CO, solubility**6%6%7,

Another contributing factor is that, in addition to the
strong dissolution of carbon dioxide in the PEBAX® MH-
1657/Z1F-67 membrane, CO, molecules not only perform
diffusional jumps from one free volume to another, but the
pores present in ZIF-67 also act as additional pathways for the
gas. Therefore, the substantially enhanced CO, permeability
in PEBAX® MH-1657/ZIF-67 MMM is a consequence of
the simultaneous increase in gas diffusivity and solubility.
Membranes containing 1% ZIF-67 exhibited the highest
CO, permeability and selectivity at 10 bar pressure, with
selectivities of 54 and 59 for ZIF-67 MMMs at 25 °C and
100 °C, respectively. The same behavior is observed with
the pressure increase to 15 bar. The membranes with 1%
ZIF at 25 °C and 100 °C exhibited a CO,/N, selectivity
of 75, an increase of approximately 28% compared to
the same concentration and pressure of 10 bar. For better
visualization, the obtained values are shown in Figure 8 in
the form of a graph, illustrating the effect of pressure on
CO, permeability and ideal selectivity of CO,/N, and CO,/
CH, for PEBAX® membranes (a), and for MMMs, the
obtained values and concentration graphs of ZIF-67 as a
function of CO, permeability and ideal selectivity of CO,/
N, at pressures of (b) 10 bar and (c) 15 bar.

The performance of the investigated membranes was
evaluated using Robeson’s upper bound, which is widely
recognized as a reference standard in the membrane scientific
community. The upper bound sets a metric that new membranes
should surpass, with the ideal selectivity/permeability being
directed towards the upper right corner of Robeson’s plot'!13.
Although the trade-off and upper bound are not decisive in
membrane separation processes, they serve as practical tools
for comparing the properties of different materials. In the
case of pure PEBAX® MH-1657 membranes (Figure 9a),
the CO,/CH, selectivity relative to the CO, permeability
remains below the limit proposed by Robeson in 1991 at
all tested pressures. As the feed pressure increases, there is
a noticeable increase in the selectivity/permeability ratio
of the membranes. At 10 bar, the results indicate a similar
selectivity range to that obtained in the membranes tested
at 5 bar. It is important to note that at these two pressures,
although the CO, permeability has almost doubled with the
increase in pressure, the methane permeability also follows
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Figure 8. CO2 permeability and ideal selectivity for: (a) PEBAX®
MH-1657 under different pressures. (b) Effect of filler loading on
PEBAX® MH-1657/ZIF-67 membranes at 35 °C and 10 atm (c)
Effect of filler loading on PEBAX® MH-1657 /Z1F-67 membranes
at 35 °C and 15 atm.

the same trend. At a pressure of 15 bar, the membrane is
positioned above and to the right of the membrane tested at
10 bar. This suggests that at higher pressures, the selectivity
between the CO,/CH, gas pair improves, as well as the
CO, permeability, suggesting better CH, retention. Therefore,
membranes located higher and to the right on the graph are
considered to have better performance!!+!>1537,

As observed from the CO,/N, upper bound (Figure 9b),
the PEBAX® MH-1657/ZIF-67 MMMs exhibited inferior
performance compared to pure PEBAX®. For tests conducted
at a pressure of 15 bar, the membranes composed only of
PEBAX® MH-1657 performed better than the PEBAX® MH-
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Table 4. Values derived from the literature, presenting gas permeation data for PEBAX® MH-1657/ZIFS MMMs with different loadings.

Sample Z1Fcontent P (bar) PN, P CH4 PCO, o o Ref.
(% wt) (Barre) (Barre)  (Barrer) (CO,/N,) (CO/CH,)

PEBAX®-5%-GO/core shell ZIF 5 1 2.8 9.9 173.2 61.9 11.6 Liu et al.*

PEBAX® -10%-GO/core shell ZIF 10 1 2.1 6.1 95.1 46.2 8.4 Liu et al.®
PEBAX® / ZIF-94 10 3 - - 137 36 - Hasan etal.”

PEBAX®/ZIF-67 3 11 2.1 5.7 154.3 72.5 - Meshkat3

PEBAX® /ZIF-67 5 11 2 6.5 162 81 - Meshkat

PEBAX" /ZIF-8 3 11 2.7 6.3 125 46.6 20 Meshkat*

PEBAX"™ /ZIF-8 5 11 2.8 7 130 47.6 18.6 Meshkat?
PEBAX® /ZIF-67-L 10 2 - - 91.6 51.8 - Zhao et al.®®

PEBAX®™ / ZIF-67 25°C 1 15 2.1 - 160 75 - This work

PEBAX® / ZIF-67 100°C 1 15 2.2 - 164 74 - This work

PEBAX® / ZIF-67 100°C 1 10 2.6 - 152 60 - This work

1657/Z1F-67 MMMs with 3% and 5% loading under both
drying conditions. This result is likely due to the incorporation
of ZIF-67 into the membrane and its effective destabilization of
the PEBAX" segments. Although CO, permeability remained
relatively constant with applied pressure, N, permeability
increased, and the ideal CO,/N, selectivity was moderately
reduced!®?233307 The only compositions that showed
improvements compared to pure PEBAX® MH-1657 at
15 bar were the 1% ZIF-67 concentrations at 15 bar. These
two samples not only outperformed pure PEBAX® but also
exceeded the Robeson upper bound of 2008.

The influence of ZIF-67 concentration on gas permeability
and selectivity could be explained by interactions between
ZIF-67 and PEBAX® MH-1657. These interactions could
reduce local molecular mobility increasing the selectivity
of the mixed matrix membranes. Based on these interface
effects, the higher selectivity of PEBAX® MH-1657/
ZIF-67 MMMs with 1wt% of ZIF-67 could be the result
of better dispersion of ZIF-67 particles. It is well known
that the dispersion of small particles is challenging
due to their higher surface energies and tendency to
agglomerate®**3483° Nanocomposites are usually produced
by incorporating low contents of nanofillers because of
the difficult in dispersion. Because ZIF-67 have the non-
coordinated nitrogen atom in the imidazolate ligand and
the unsaturated metal sites that interact with CO,, it is
likely that they will tend to agglomerate. With the increase
in ZIF-67 concentration, the presence of agglomerates
reduces the interactions between ZIF-67 and PEBAX®
and the selectivity decreases?¢:46-48:50,

In Table 4, we present permeability and selectivity results
taken from the literature for the purpose of comparison with
the values obtained in the MMMs PEBAX® MH-1657/
ZIF so far. We highlight the findings of Meshkat et al.*,
who examined membranes of PEBAX® MH-1657 and
ZIF-67 containing 3% and 5% of filler. They observed a
selectivity of 72.5 and 81, respectively, at a pressure of
11 bar. However, for ZIF-8, the values were 46.6 and 47.6.
This disparity arises from the effectiveness of ZIF-67 in
facilitating the diffusion of CO,, while ZIF-8 contributes
to enhancing the solubility of CO,. Meshkat et al.** explain
that the stronger electrostatic interactions between the Zn
metal center of ZIF-8 and CO, molecules limit the rapid
diffusion of CO,*.
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Figure 9. Performance of the Pebax® and PEBAX® MH-1657/
ZIF-67 membranes on Robeson plots for: (a) CO2/CH4 (PEBAX®
MH-1657) and (b) CO,/N,.

It is also relevant to consider the amount of added filler.
Filler concentrations above 10 wt% for ZIF-67 can compromise
the selectivity of the MMM due to particle agglomeration and
the formation of intergranular defects. Salahshoori et al.*,
in their research, found that increasing the addition of fillers
from 5 wt% to 20 wt% does not alter the performance of
the PEBAX® MH-1657/Z1F-67 membranes. In contrast,
Zhao et al.*® concluded that the ideal performance is achieved
with 10 wt% by weight, resulting in a CO, permeability of
91.4 Barrer and a CO,/N, selectivity of 51.7. The addition
of ZIF-67 fillers at this concentration showed significant
improvements, increasing the CO, permeability by 74.1% and
the CO,/N, selectivity by 23.6% in pure gas measurements.
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The values highlighted in the table were obtained under
different pressure conditions, and as mentioned earlier, pressure
has a significant effect on gas separation. In general, the low
concentration of 1 wt% of ZIF-67 added provided better results
among the produced MMMs. When compared with other
values in the table, both membranes containing PEBAX®
MH-1657/1% ZIF-67 resulted in higher CO, permeability
and selectivity for the CO,/N, gas pair. The superior results
obtained by Meshkat et al.>® were with a higher concentration
of 5% ZIF-67. However, in this study we report a challenge
in particle dispersion for loadings above 1%, especially
with results obtained for membranes containing 5%. This
challenge is justifiable due to the inefficiency of dispersion
during membrane production. Additionally, the smaller
average particle size of 280 nm is another factor that implies
greater particle agglomeration.

5. Conclusions

ZIF-67 particles, synthesized with a molar ratio of
1:8:1000 of cobalt nitrate hexahydrate, 2-methylimidazole,
and methanol, exhibited an average size of 280 nm and a
high surface area. The drying temperature influenced the
particle surface area, with crystals dried at 25°C showing a
higher surface area attributed to larger pores generated by
residual solvent presence. Analysis of PEBAX® MH-1657/
ZIF-67 MMMs with compositions of 1%, 3%, and 5% by
weight, regardless of drying temperature (25 °C or 100 °C),
revealed the absence or weak presence of characteristic ZIF-
67 peaks, confirmed by FTIR-ATR analysis. In membranes
with 5 wt% ZIF-67, a change in the shape of the -N-H bond
peak in PEBAX® indicated a weak interaction between the
metal lone pair and nitrogen in the amide. The absence of
characteristic peaks in MMMs with lower ZIF-67 amounts
(1 wt% and 3 wt%) was attributed to low particle concentration,
while the 5 wt% membrane exhibited a weak polymer-
particle interaction due to instability. This instability was
justified by the 1:8:1000 synthesis ratio, leading to rapid
ZIF-67 nucleation, hindering growth, exposing Co-N bonds,
and resulting in high nanoparticle surface area. The matrix-
particle interaction reduced the MMMSs’ crystallinity compared
to the pure PEBAX® membrane.

Gas permeation in PEBAX® MH-1657/ZIF-67 MMMs was
influenced by matrix-particle interaction, with CO, permeation
surpassing that of N, and CH, due to smaller kinetic diameter,
higher condensability, polarization capacity, and weaker
interaction with the ether (PEO) group of PEBAX® and ZIF-
67 particles. The reduced crystallinity further enhanced gas
molecule passage, achieving superior results to Robeson’s
2008 upper bound for CO,/N, in PEBAX" MH-1657/ZIF-
67 MMM s containing 1% load.
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