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ABSTRACT: Hydrogen (H2) emerges as a promising clean energy source, but its efficient purification from various sources needs
advanced separation technologies. This study explores the use of CO2-selective membranes, especially mixed matrix membranes
(MMM) incorporating KAUST-7 metal-organic framework (MOF), for hydrogen purification. The MMM was fabricated with
various KAUST-7 content in a polymer matrix (Pebax 1657) and characterized via Fourier transform infrared spectroscopy (FTIR),
scanning electron microscopy (SEM), thermogravimetric analysis (TGA), X-ray diffraction (XRD), and gas permeation tests. The
XRD analysis confirms the incorporation of KAUST-7 into the MMM, while SEM reveals a homogeneous particle distribution at
low content (below 10%) but agglomeration at higher ones (above 10%). FTIR confirms good interfacial interactions between the
MOF and polymer matrix. TGA results show that the MMM thermal stability slightly decreases with increasing MOF content. Gas
permeation results reveal improved CO; permeability (79%) and CO/H, selectivity (19%) for MMM compared to neat Pebax
membranes, with an optimal performance observed at 10 wt.% KAUST-7. Beyond this threshold, the performance deteriorates,
possibly due to polymer rigidity and MOF agglomeration. Overall, the study highlights the potential of KAUST-7/Pebax MMM for
enhanced hydrogen purification.
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1. Introduction

Hydrogen (Hz), known for its high calorific value for environmentally friendly combustion processes, stands out
as a promising clean energy source [1-3]. Presently, H; is predominantly generated from two sources: syngas, which is
a blend of H,, CO, and CO; originating from feedstocks such as biomass, natural gas, heavy oil, and coal [1]; and
biohydrogen, which is a compound comprising Hz, CO,, and N, often having traces of elements such as H.S and
saturated with water [4]. In both cases, an additional purification step is required to meet industrial standards [1,5,6].

For CO./H; separation, and can be classified into two groups: H.-selective membranes [7-11] and CO--selective
membranes [12,13]. For pure gases, H, has a smaller kinetic diameter (2.89 A) compared to CO, (3.30 A); achieving
preferential H, permeation is relatively straightforward. However, CO,-selective membranes facilitate the passage of
CO; and offer numerous advantages including separation costs, downstream uses, and membrane performances for
industrial applications [14,15].

In the hydrogen purification from shifted synthesis gas and biohydrogen process, CO»-selective membranes
function as reverse-selective membranes, allowing larger CO» molecules to permeate faster than smaller H, molecules
[5,16]. To achieve a preference for CO, permeation, these membranes must exhibit a strong affinity for CO,. This
requirement is controlled by the high condensability and acidic nature of the CO, molecule.

Currently, CO»-selective membranes come in several types, including microporous membranes (SAPO-34
membrane and polymers of intrinsic microporosity or PIM), CO»-philic polymeric membranes, and mixed matrix
membranes (MMM) [13]. Polymeric membranes for CO, selectivity aim to increase the CO»/H; solubility-selectivity
by introducing polar functional groups and decreasing the H»/CO, diffusivity-selectivity by modifying the chain packing.

https://doi.org/10.35534/ces.2024.10015
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Poly(ethylene oxide) (PEO), also known as poly(ethylene glycol) (PEG), with low molecular weight (less than 1500
g/mol), is commonly used in CO;-philic polymeric membranes, often in copolymer blending systems. Commercially
available copolymers, such as Pebax (poly(ether-b-amide, HO-(CO-PA-CO-O-PE-O)n-H), are extensively used as
matrices [17-20].

Mixed matrix membranes are made from a polymer matrix and nanofillers and were shown to have good properties
as CO,-selective membranes [21-23]. The polymer matrix generates excellent mechanical/rheological properties for
membrane fabrication and operation/handling [23,24]; while the nanofillers (zeolite molecular sieves [25-27]), metal-organic
frameworks (MOF) [28,29], and covalent organic frameworks (COF) [30-33], create porous channels for gas transport.

Lietal. (2011) developed MMM at the molecular level using Pebax MH 1657 with two types of POSS (polyhedral
oligomeric silsesquioxane) cages: amic acid-functionalized POSS and hydroxyl group-functionalized POSS [34]. For
low filler content (2—-3 wt.%), they observed an improvement in both CO, permeability and CO./H> selectivity due to
higher free volume. However, the performance declined at higher contents as the polymer chains became more rigid. The
best CO/H; selectivity obtained was 8.4-8.8 coupled with a CO, permeability of 108-127 Barrer at 8 bar and 308 K.

Zhao et al. (2013) incorporated amino group-functionalized multi-walled carbon nanotubes (MWCNT) into Pebax
MH 1657 [35]. The gas permeability (360 Barrer) was found to increase with higher filler content (33 wt.% of MWCNT-
NH,) without significant modification of the CO»/H, selectivity [9].

KAUST-7, also known as NbOFFIVE-1-Ni, was first synthesized by Eddaoudi and co-workers in 2016 using a co-
solvent method [36]. This material consists of Ni(ll)-pyrazine square grid layers with (NbOF5)2—pillars showing
exceptional sorption selectivity for CO; over N,, CH4 and H,. Featuring an ultra-micro aperture size of around 3.5 A,
KAUST-7 holds promise for CO, separation from natural gas or flue gas related to Kkinetic separation principles.
However, the large crystals reported (~30 wm) were unsuitable to prepare high-quality MMM [37]. To overcome this
limitation, nano-sized (<100 nm) KAUST-7 crystals having a uniform particle size distribution were effectively used
as a CO»-philic MOF to prepare MMM for different gases, such as CO,/CH. separation [38], as well as the removal of
CO; and H,S from natural gas [39].

Chen et al. [38] produced MMM using KAUST-7 and 6FDA-durene (6FDA: 4,4'-(hexafluoroisopropylidene)
diphthalic anhydride) for CO,/CHs separation. In this case, significant improvements for CO,/CHjs selectivity and CO;
permeability were reported, and the basic principles are presented in Figure 1. Compared to neat 6FDA-durene
membranes, a MMM containing 33 wt.% KAUST-7 nanocrystals showed a 36% increase in CO; permeability and a
50% increase in CO,/CHys4 selectivity related to the improved sorption selectivity generated.

Liu et al. [39] prepared MMM using several fluorinated MOF, NbOFFIVE-1-Ni (KAUST-7), AIFFIVE-1-Ni with
6FDA-DAM (DAM: 2,4,6-trimethyl-1,3-diaminobenzene) for H,S/CO,/CH,4 separation. The test condition was a very
aggressive model natural gas feed (20% H,S, 20% CO; and 60% CH.) and at 6.9 bar, 35 <C. The removal performance
of the MMM was reported based on the total acid gas permeability [Pcoz) + Pr2s)] and selectivity [Pcoz) + Pgzs)l/P(cha).
The separation of 6FDA-DAM membrane (672 Barrer and 39.7 selectivity) was highly improved by adding 20 wt.%
NbOFFIVE-1-Ni (948 Barrer and 48.9 selectivity) or 20 wt.% AIFFIVE-1-Ni (1047 Barrer and 42.4 selectivity). These
fluorinated MOF-based membranes were shown to have excellent CO; capture properties.

As arubbery polymer, the block copolymer Pebax MH 1657, comprises two parts: a 60% polyethylene oxide (PEO)
section and a 40% polyamide (PA) section. The PEO block provides a strong affinity with CO. due to quadrupole—
dipole interaction, while the PA block offers good mechanical properties. Good interfacial interaction with the OH groups
in PA can attract the hydrogen (H) of the pyrazine part in KAUST-7, enhancing the compatibility inside the MMM.

Based on the information from the literature, using KAUST-7 MOF as a CO»-philic represents an interesting
possibility to increase the separation performances of mixed matrix membranes (MMM) designed for hydrogen
purification. The strong affinity of KAUST-7 MOF towards carbon dioxide molecules facilitates their selective
adsorption and separation from hydrogen gas streams (Figure 1). When incorporated into MMM, KAUST-7 MOF can
significantly enhance the gas separation properties, especially regarding CO, capture efficiency and permeability. Its
high surface area and tunable pore structure provide efficient gas diffusion and adsorptionand opportunities leading to
improve membrane performance. Additionally, the compatibility between KAUST-7 MOF and CO;-philic polymers,
such as Pebax (poly(ether-block-amide)), ensures excellent interfacial adhesion and compatibility within the polymer
matrix. This synergistic combination of CO,-philic MOF and polymer constituents results in MMM with enhanced
selectivity, permeability, and mechanical strength, making them well-suited for membrane-based hydrogen purification
applications. So, the objective is to determine the effect of KAUST-7 concentration on the properties of Pebax for
CO./H; separation.
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KAU S‘T-7 Pebax-1657

Figure 1. Structures of KAUST-7/Pebax MH 1657 mixed matrix membrane (MMM). Oxygen (O): Red; Nitrogen (N): Blue;
Carbon (C): Dark gray; fluorine (F): light blue, Nickel (Ni): Gold-colored; Niobium (Nb): green polyhedral shapes (octahedral
structures) in the KAUST-7 MOF.

2. Experimental
2.1. Materials

Pebax® MH 1657 (Arkema Inc., King of Prussia, PA, USA) was used as received in pellet form. Ethanol (95% purity),
supplied by GreenField Specialty Alcohols Inc. (Mississauga, ON, Canada), was used to prepare the samples via solvent
casting. KAUST-7 nanocrystals were provided by the Eddaoudi group at King Abdullah University of Science and
Technology (Thuwal, Saudi Arabia).

2.2. Fabrication of Mixed Matrix Membrane

To prepare neat membranes, a 5 wt.% solution of Pebax in a mixture of 30% distilled water and 70% ethanol was
continuously mixed for 4 h at 90 <C under reflux. Subsequently, the solution was cast into a Teflon dish, and solvent
evaporation took place for 48 h at room temperature. A thin sheet of paper was placed on top to control the evaporation
rate. Then, the membranes were placed overnight in a vacuum oven (60 <C) to eliminate the remaining solvent. The
resulting membrane was transparent and uniform, with a thickness of 50-70 microns. For the mixed matrix membranes
(MMM), various MOF contents (5, 10, 15, and 20 wt.%) were dispersed into the solvent via continuous mixing for 2 h
at 90 <C under reflux. Next, the solution was placed into a sonication bath and sonicated (30 min). Half of the polymer
was then added and mixed under the same conditions. After 12 h, the solution underwent another 30 min of sonication.
Subsequently, the other half of the polymer was added and the solution was continuously mixed under the same conditions
for 24 h. A final 30 min of sonication was performed and the solution was rapidly cast before drying as described.

2.3. Characterization

The KAUST-7 crystals and MMM structure were determined via X-ray diffraction (Rigaku Smartlab TM 9 kW
powder diffractometer at 40 kV, 40 mA) using CuKa as a source of radiation.

Fourier transform infrared (FTIR) spectra were obtained by scanning (400 to 4000 cm™). A Nicolet iS10 FTIR
spectrometer was combined with an attenuated transmission (ATR) accessory. A total of 128 scans were used to average
the spectra with a resolution of 4 cm™,
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The morphologies/structures of the KAUST-7 crystals and membranes were characterized (different
magnifications) via scanning electron microscopy (SEM) using an Inspect F50 (FEI, Hillsboro, OR, USA) at 15-20 kV.
The membrane cross-section was exposed via cryogenic fracture (liquid nitrogen) before sputter-coating with palladium.

Thermogravimetric analysis (TGA) was used to determine the stability from a Q5000IR (TA Instruments, New
Castle, DE, USA). The tests were done in nitrogen between 50 and 800 <C with a heating rate of 10 <T/min.

2.4. Gas Permeation Test

The gas transport properties were determined using a variable pressure (constant volume) setup. The initial test
focused on single-gas permeation and was conducted using a home-made setup, as detailed in a prior publication [40].
Circular membranes (42 mm in diameter) were positioned within a blind flange and secured using silicone rings. The
permeation setup was placed in a temperature-controlled oven. Each side of the membrane was subjected to evacuation
for 1-2 h at either 35 or 55 <C, followed by a leak test to ensure integrity. Before starting, the permeation gas was placed
on one side at 2 bar while the other remained under continuous evacuation (vacuum). Subsequently, the pressure (p) on
the permeate side was measured until steady-state. The slope (dp/dt) (cmHg s™) was then used to calculate the
permeability in Barrer (107 cm? (STP)cm cm™2 s cmHg ™) as:

22414 V| dp
P= —

—— X—=X—X
A RT " Ap ™ dt )
where A is the membrane surface (14.5 cm?), V is the volume on the permeate side (cm?), R is the gas constant (6236.56
cm® cmHg mol K™?), T is the temperature (K), | is the membrane thickness (cm), and Ap = (p2 — p1) where p1 and p2
are the permeate pressure and feed pressure (psi) respectively. The ideal selectivity (aag) is determined from single gas
permeability (P) measurements. It represents the ratio between the most permeable gas (A) and the least permeable one (B):
Py

dap = E 2

3. Results and Discussion
3.1. XRD Analysis

The XRD (X-ray diffraction) analysis depicted in Figure 2 reveals crucial insights into the structural characteristics
of the mixed matrix membranes (MMM) containing KAUST-7 MOF. In particular, the diffraction peaks observed in
the XRD patterns of the MMM align well with the diffraction peaks expected for the crystalline structure of KAUST-7
MOF, as evidenced by the prominent peak at 20 (angle of diffraction) around 12.5°[36]. Furthermore, an intriguing
observation from the XRD analysis is the gradual broadening and weakening of the characteristic peaks as the KAUST-
7 MOF content increases. This phenomenon is noteworthy when compared to the peak intensity and width of the neat
KAUST-7 crystals.

Peak broadening in XRD patterns suggests a reduction in the crystallite size or an increase in structural disorder
within the MMM due to KAUST-7 MOF incorporation. This could be attributed to the interaction between the polymeric
matrix and MOF, generating a more disordered arrangement of MOF crystallites inside the composite material.

Moreover, the weakening of the characteristic peak (12.6 < indicates a decrease in the crystallinity of the MMM
relative to the neat KAUST-7 crystals. This can be related to the disruption of the MOF crystallinity caused by its
dispersion inside the polymer and potential interfacial interactions between the polymer and MOF [41].
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Figure 2. X-ray diffraction (XRD) patterns of KAUST-7 powder, Pebax 1657 and the MMM (5, 10, 15 and 20 wt.%).

3.2. SEM Analysis

Metal-organic frameworks (MOF) are modular and tunable highly crystalline porous materials [38]. Figure 3
presents typical SEM micrographs of the KAUST-7 powder. The images confirm that the particle sizes are less than
100 nm, while their agglomerations can be up to several microns in size [38,39].

-
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Figure 3. SEM images of the MOF (KAUST-7) at different magnification: (A) 5378x and (B) 266,066x.

Figure 4 presents typical images of the MMM for various KAUST-7 concentrations. The membrane thickness is
90-120 microns.

For the neat Pebax membrane (Figure 4A), the image shows that the matrix is without voids or defects and exhibits
a smooth surface texture. This membrane serves as the base material for the MMM. The structure gets more textured
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when adding low KAUST-7 nanocrystals (Figure 4B,C). At low KAUST-7 content (5 and 10 wt.%), the SEM images
show a homogeneous MOF distribution throughout the polymer. This uniform dispersion suggests efficient mixing and
interaction between the MOF nanoparticles and Pebax. Upon closer examination at higher magnification, the MOF
nanocrystals are well-embedded within the Pebax matrix without visible defects or voids observed. This “sieve-in-a-
cage” structure indicates that the MOFs are encapsulated or surrounded by the polymer, enhancing their dispersion and
minimizing the possibility of particle detachment or aggregation. Additionally, a polymer network of a circular pattern
(morphology) is another confirmation of good interfacial interaction [40]. However, at higher KAUST-7 content (20
wt.% in Figure 4D), the image reveals notable differences compared to lower concentrations. In this case, clusters or
agglomerates of KAUST-7 nanocrystals become apparent within the matrix. This aggregation may lead to non-uniform
properties within the MMM, affecting its overall performance. The presence of agglomerated nanofillers alters the
MMM morphology, creating irregularities in the structure. This non-uniform morphology can lead to variations in
mechanical strength and gas transport properties, affecting the overall MMM performance. In regions where nanofillers
agglomerate, voids or gaps are seen in the matrix, compromising the MMM s structural integrity and barrier properties
(preferential channel) potentially leading to decreased performance or failure under lower stress conditions.

Figure 4. SEM images of the MMM with: (A) 0, (B) 5, (C) 10, (D) 15 and (E) 20 wt.% KAUST-7, (F) 15 wt.% KAUST-Pebax membrane.

3.3. FTIR Analysis

To confirm the MOF inclusion in the matrix, FTIR was done and the spectra are reported in Figure 5. The typical
Pebax bands are located at 845 cm™ due to —OH stretching, 1099 cm™ and 1734 cm™ related to —C=0 (saturated ester
groups) and -O—-C— (EO segments) [42]. The peaks at 1099 cm™* and 1734 cm™* (PEO segments of Pebax and saturated
ester groups) are shifted to lower frequencies with lower intensity and higher MOF concentration. For the MMM, the
appearance of Nb-O stretching (480 cm™), Ni-N stretching (450 cm™), and C=N from pyrazine (1473 cm™) indicate
the presence of KAUST-7. Bands shifting indicates good affinity and strong chemical interactions [43]. This confirms
that hydrogen bonding occurs between the H of the pyrazine in KAUST-7 and the EO segments of Pebax. This is why
good interaction between both phases was obtained without interfacial defects (Figure 4).



Clean Energy and Sustainability 2024, 2, 10015 7 of 13

KAUST-7

WW
W
AN T T Y
W
W

1000 2000 3000 4000

Wavelength (c:m'1 )
Figure 5. FTIR spectra of KAUST-7 powder, Pebax 1657, and typical MMM (5, 10, 15 and 20 wt.%).

3.4. Thermal Analysis

TGA-DTG results were used to determine the thermal stability of the materials (Figure 6). Table 1 presents the
temperatures derived from the TGA curves from the first peak in the DTG curves. Typically, temperatures at which 5%
(Tasw) and 10% (Ta100) Weight loss occur are reported (Table 1). These curves also provide insights into the degradation
rates. The results of Figure 6A show that KAUST-7 has a much lower thermal stability than Pebax as its Tse is 265 T
lower (63 vs. 328 <C). This is why the MMM is less stable with increasing MOF content.

Table 1. Characteristic temperatures (<C) obtianed from TGA-DTG curves.

: o Taso Td10% Residues
Sample KAUST-7 Content (wt.%0) (T) (T) (%)
KAUST-7 100 63 92 454
Pebax 0 328 360 2.6
MMM 5 264 303 6.7
10 255 303 7.4
15 234 302 8.4

20 181 301 9.5
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Figure 6. (A) TGA and (B) DTG curves of KAUST-7 powder, Pebax 1657 and the MMM (5, 10, 15 and 20 wt.%).

Figure 6A also shows that KAUST-7 exhibits a distinct weight loss pattern, elucidated by TGA and DTG plots.
Initially, the sample undergoes water loss between 30 <C and 150 <C, with a notable decline at 100 <C (Figure 6B-
DTQG), followed by a plateau extending from 150 <C to 250 <C. The first 8% weight loss (20 <C to 250 <C) corresponds
to the loss of two water (7.8 wt.%). Notably, material decomposition initiates above 250 <C, with a prominent peak at
328 <C followed by a smaller one at 720 <C [38]. Despite its decomposition, the metal element content persists, resulting
in residues comprising 45% wt.

The neat Pebax presents excellent thermal properties since its melting point is around 159 <C. It is also very stable
for high-temperature use, as evidenced by its high Tgse and Tqi0%, reaching 328 <C and 360 T, respectively.

For the MMM, negligible weight loss is observed up to 250 <C, suggesting an effective removal of most casting
solvents (water and ethanol) through the vacuum drying protocol. Consequently, the onset degradation temperatures
marginally decrease with increasing MOF content (Tase, Td10% in Table 2). This trend is expected as higher MOF content
leads to increased material degradation, consistent with observations for other MOFs (Cus(BTC)2, UiO-66-NH. and
MIL-53-NH>) [43]. Nevertheless, all the MMM have good thermal resistance as their Tsy are all above 181 <C, which
is much higher than the normal operating conditions for membrane gas separation.
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3.5. Gas Permeation Analysis

The permeability for H, and CO, was determined at 2 bar for two temperatures (35 and 55 <C). The effect of
temperature and MOF content are presented in Table 2 and Figure 7. The performances of the neat matrix and MMM
were obtained by permeation tests. Based on Table 2 and Figure 7, all the MMM have higher CO2, H, and CO./H; ideal
selectivity compared to the neat matrix. This is expected because KAUST-7 features an ultra-micro aperture size (3.5
A) and is CO.-philic. Although H, and CO, molecules can pass through the MOF, CO, permeation is favorized.

Table 2. Permeability (Barrer) and selectivity (-) of the MMM.

MMM

(KAUST Wt.%) Pcoz SD * Ph2 SD Pcoz/PHz SD Test Conditions
0 o1 1 102 01 8.9 01
5 146 1 147 03 9.8 01
10 163 8 162 05 101 0.2 35 T and 2 bar
15 115 2 109 24 10.6 0.1
0 136 3 275 15 4.9 0.2
5 209 1 323 02 6.4 0.1
10 229 2 366 05 6.4 0.1 55 T and 2 bar
15 176 1 275 15 6.3 11

* SD = standard deviation.

All the MMM permeabilities are above the neat matrix and increase to a critical MOF content (10 wt.%). This is
in agreement with several previous works. Meshkat et al. [43] observed that 10 wt.% was the optimum content for NH»-
MIL-53 in Pebax, leading to a 174% increase in CO, permeability over the neat matrix, while Tien-Binh et al. [44]
observed that 10-15 wt.% was the optimum MIL-53 concentration in 6FDA-DAM for CO2/CH, separation with 4647
Barrer of CO; permeability and 58-78 of selectivity.

These results show that the CO, permeability of 10% KAUST-7/Pebax 1657 MMM is 79% and 68% higher than
the neat matrix at 35 and 55 <C, respectively, while the H, permeabilities are also above the neat matrix values because
of MMM porosity. However, in this case, the increases are lower (Table 2). Therefore, the ideal selectivity for CO2/H;
was improved by 14% and 29% at 35 and 55 <C, respectively.

Nevertheless, the permeability drops at 15% KAUST-7 because of a rigid polymer layer around the MOF and the
tortuosity associated with the rigid particles generating lower gas molecules mobility to a high volume of the porosity.
When the MOF content reaches 20%, MOF agglomeration generates membranes becoming too rigid and easy to break
so that no data can be obtained.
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Figure 7. Gas permeation properties of KAUST-7/Pebax 1657 MMM at P = 2 bar under different temperature: (A) 35 <T and (B) 55 <C.

3.6. Comparison of CO,-Selective MMM

Usually, gas separation performances for polymer membranes are compared based on Robeson’s upper bounds
[45], but the results are only presented for H,/CO; and not for CO2/H; separation. This is why Figure 8 reports the
properties of CO-selective membranes compared with the upper bound proposed by Freeman [46]. It can be seen that
few COy-selective mixed matrix membranes have been studied to compare the CO/H; selectivity.

Nevertheless, some CO»-selective MMM have been investigated, including Pl-Zeolite-5 MMM comprising
polyimide (PI-6FDA-TeMPD) with 15 wt.% zeolite (ZSM-5) in liquid sulfolane (SF) [47], Pebax-SAPO-34 MMM
with 23% nanofiller [48] and 8 wt.% SiO- [49], Pebax MH 1657 with amino group-functionalized MWCNT [33],
poly(ethylene oxide) (PEO)-silica of 10 wt.% [50], polyetheramine (PEA)-polyhedral oligomeric silsesquioxane (POSS)
MMM [51], Pebax® 1657 with ZIF-8 particles [52], and azide crosslinked poly(4-methyl-1-pentyne) (PMP) MMM with
nano-CuBTC MOF [53]. While some membranes showed enhanced gas permeability with increased filler content, but
the CO2/H; selectivity remains unchanged. The conditions also vary across the studies, with temperature and pressure
playing significant roles in membrane performance. Finally, these findings underscore the need for tailored MMM
design to optimize the CO; separation efficiency for diverse industrial applications.
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Figure 8. Comparison between the membranes prepared (163 Barrer/10.1 of selectivity; 229 Barrer/6.4 of selectivity) with the
upper bound [46] and MMM from the literature [35,47-53] for CO2/H; gas separation.

4, Conclusions

Incorporating KAUST-7 MOF in Pebax MH 1657 to form mixed matrix membranes (MMM) presents a promising
approach for hydrogen purification. This study confirmed that MMM based on KAUST-7 exhibited enhanced CO,/H;
selectivity and CO. permeability compared with the neat matrix (79% and 14% at 35 <C; 68% and 29% at 55 <C),
especially for the optimal MOF content (10 wt.%). However, the performance decreased beyond this threshold due to
potential factors such as polymer rigidity and MOF agglomeration. Nevertheless, the strong interfacial interactions
confirmed by FTIR and the thermal stability observed in TGA suggest the viability of KAUST-7/Pebax MMM for
practical gas separation applications. Further optimization and scale-up efforts could be made to develop improved
polymer membranes in the field of efficient hydrogen purification under industrial settings. Finally, more work is
needed to measure the membranes’ mechanical properties, especially their stability (long-term properties).
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