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Abstract: MOF-74 (metal–organic framework) is utilized as a filler in mixed-matrix membranes
(MMMs) to improve gas selectivity due to its unique one-dimensional hexagonal channels and high-
density open metal sites (OMSs), which exhibit a strong affinity for CO2 molecules. Reducing the
agglomeration of nanoparticles and improving the compatibility with the matrix can effectively avoid
the existence of non-selective voids to improve the gas separation efficiency. We propose a novel, layer-
by-layer modification strategy for MOF-74 with graphene oxide. Two-dimensional graphene oxide
nanosheets as a supporting skeleton creatively improve the dispersion uniformity of MOFs in MMMs,
enhance their interfacial compatibility, and thus optimize the selective gas permeability. Additionally,
they extended the gas diffusion paths, thereby augmenting the dissolution selectivity. Compared
with doping with a single component, the use of a GO skeleton to disperse MOF-74 into Pebax®1657
(Polyether Block Amide) achieved a significant improvement in terms of the gas separation effect. The
CO2/N2 selectivity of Pebax®1657-MOF-74 (Ni)@GO membrane with a filler concentration of 10 wt%
was 76.96, 197.2% higher than the pristine commercial membrane Pebax®1657. Our results highlight
an effective way to improve the selective gas separation performance of MMMs by functionalizing
the MOF supported by layered GO. As an efficient strategy for developing porous MOF-based gas
separation membranes, this method holds particular promise for manufacturing advanced carbon
dioxide separation membranes and also concentrates on improving CO2 capture with new membrane
technologies, a key step in reducing greenhouse gas emissions through carbon capture and storage.

Keywords: mixed-matrix membranes; Pebax®1657 (polyether block amide); metal–organic
framework; CO2/N2 separation

1. Introduction

In recent years, the significant rise in global greenhouse gas emissions caused by
industrial development has intensified environmental concerns and exacerbated climate
change [1,2]. Accelerating the development of efficient and environmentally friendly gas
separation technology is crucial for achieving carbon neutrality and supporting carbon
capture, utilization, and storage (CCUS) efforts [3,4]. Membrane separation technology
is particularly attractive due to its energy efficiency, environmental friendliness, and cost-
effectiveness [5–8]. Mixed-matrix membranes, which are composites of organic polymers
and inorganic particles, integrate the easy processability of polymer membranes with the en-
hanced permeability and selectivity of inorganic membranes. Nevertheless, homogeneous
polymeric membranes are constrained by the intrinsic permeability–selectivity trade-off
dilemma [9]. This hybrid structure has demonstrated potential for improved performance
in gas separation applications [10].
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Among the fillers, metal–organic frameworks (MOFs), which are a novel class of
coordination polymers, have emerged as compelling fillers for the development of high-
performance MMMs. This attraction stems from their exceptional attributes, including high
porosity, tunable uniform micro-pores, mechanical stability, and chemical stability [11,12].
MOF-based MMMs are primarily used to distinguish gaseous molecules with similar
molecular dimensions and/or physicochemical characteristics, such as O2, N2, CO2, and
CH4. The integration of MOFs within these matrices is known to enhance selectivity
and permeability, thereby facilitating the efficiency and efficacy of gas separation [13–15].
However, the interfacial affinity between the polymer and MOF particles decreases as
the MOF content in the matrix increases. Concurrently, there is an increased tendency
towards particle agglomeration, which consequently impairs the uniformity of the filler
distribution [16,17]. To address this issue, a spectrum of surface modification techniques
has been explored and implemented. The prevalent approach involves functionalizing
MOFs, a process that not only enhances the separation selectivity of the MMMs, but
also ameliorates the dispersion of MOFs within the membrane matrix [18–20]. However,
functional groups that induce excessive hydrophilicity or hydrophobicity may lead to poor
interfacial compatibility and phase separation [21].

Beyond functionalizing with organic groups, an alternative approach involves con-
jugating graphene oxide (GO) with metal–organic frameworks (MOFs). This method
enhances the dispersion of MOFs and improves their interfacial adhesion within polymeric
matrices [22–24]. GO is known to have a high aspect ratio, which can increase the path
length, twists, and turns of the channels in MMMs, allowing only small molecules to pass
and restricting larger ones [25]. Most notably, this method effectively addresses the com-
mon issues of inadequate polymer–filler compatibility and filler aggregation. Anastasiou
et al. [25] developed PSF-based MMMs with a ZIF-8/GO filler using solution casting. This
approach resulted in improving CO2 selectivity and permeability, specifically for CO2/N2
and CO2/CH4 gas separation. The microporosity of ZIF-8 promoted CO2 adsorption,
while GO created a convoluted pathway that selectively permitted smaller CO2 molecules
and hindered larger N2 and CH4 molecules, thereby enhancing gas separation efficiency.
However, research on the gas separation performance of MOF@GO-based MMMs still has
a long way to go.

In this study, we propose a strategy for modifying MOF-74 (Ni) with GO to bolster
both gas diffusion and solubility selectivity of the MMMs. The MOF-74(Ni) grew in situ
on the stratified platform of GO. And after uniform dispersion into the matrix membrane
synthesized with Pebax®1657, the MMMs showed an excellent gas separation efficiency
of 76.96 of CO2 towards N2. Different loadings of GO and MOF-74(Ni) on the separation
efficiency of MMMs were systematically investigated, unveiling the trade-off between
facilitated transport and separation selectivity. Furthermore, this circumvented the high
energy demands and expensed associated with traditional separation technologies.

2. Experimental Methods
2.1. Materials

2,5-Dihydroxyterephthalic acid (H4DOBDC, 98%) was obtained from Energy Chemical
(ZeSheng, Guangzhou, China). Nickel(II) nitrate hexahydrate (Ni(CH3COO)2·4H2O, AR)
was obtained from Sinopharm Chemical Reagent Co., Ltd. (Sinopharm, Shanghai, China).
GO aqueous dispersion (2 mg/mL) was purchased from XFNANO Nanotechnology Ma-
terials (Jiangsu) Co., Ltd. (XFNANO, Nanjing, China). Pebax®1657 was obtained from
Arkema (Shanghai, China) Co., Ltd. (Arkema, Shanghai, China) and ethanol (AR) was
supplied by TongGuang Fine Chemical Company (Beijing, China).

2.2. Synthesis of MOF-74(Ni)

MOF-74(Ni) was prepared through a one-pot method, as shown in Scheme 1a. First,
H4DOBDC (5.16 g, 26 mmol) was dissolved in 200 mL of de-ionized water and then
kept under reflux with constant stirring at 160 ◦C (heating device). In another flask,
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Ni(CH3COO)2·4H2O (12.60 g, 50 mmol) was dissolved in 50 mL of deionized water and
heated to 80 ◦C with stirring. The Ni(CH3COO)2·4H2O was then transferred into the
H4DOBDC solution. After refluxing for 2 h, the mixture was cooled to room temperature
and washed three times with de-ionized water. The resulting yellow-colored MOF-74(Ni)
nanoparticles were obtained by centrifugation, washed with ethanol, and dried under
vacuum at 80 ◦C for 12 h.
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2.3. Synthesis of MOF-74(Ni)@GO

The schematic illustration of the preparation of MOF-74@GO is shown in Scheme 1.
Initially, H4DOBDC (0.516 g, 2.6 mmol) was dissolved in a 17.60 mL GO aqueous dispersion,
followed by ultrasonic mixing for 10 min. This mixture was then refluxed at 160 ◦C (heating
device) for 2 h. Concurrently, a solution of Ni(CH3COO)2·4H2O (12.60 g) in 5 mL deionized
water was introduced into the flask at 80 ◦C, and the mixture was further refluxed for
an additional 2 h. The resultant precipitate was centrifuged and repeatedly washed with
deionized water until a neutral pH was achieved. A dark green powder, designated
as MOF-74(Ni)@GO-1, was obtained through centrifugation, washed with ethanol, and
freeze-dried.

MOF-74(Ni)@GO composites were synthesized with varying GO loadings, achieved
by adjusting the volume of GO aqueous dispersion to 17.60 mL, 35.20 mL, and 53.28 mL.
These were designated as MOF-74(Ni)@GO-1, MOF-74(Ni)@GO-2, and MOF-74(Ni)@GO-
3, respectively.

2.4. Fabrication of Composite MMMs

2.4.1. Preparation of Pebax®1657 Polymer Membrane

The Pebax®1657 polymer membrane was fabricated using a solvent casting method.
Pebax®1657 polymer (5 g) was dissolved in an ethanol (88.7 mL) and deionized water
(30 mL) mixture, and then heated to 80 ◦C with continuous stirring under reflux for 3 h.
The resulting 5 wt% Pebax®1657 solution, termed the casting solution, was then applied
to a polytetrafluoroethylene (PTFE) mold. After solvent evaporation, the membrane was
gently removed from the mold. A final drying step at 40 ◦C for 12 h produced a Pebax®1657
polymer membrane with a thickness of 70 µm.
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2.4.2. Preparation of MMMs

MMMs were produced using blending and solution casting techniques, following
the method outlined for Pebax®1657 polymer membrane fabrication (see Scheme 1). For
these membranes, varying quantities of fillers were incorporated into a 5 wt% Pebax®1657
casting solution, accompanied by 30 min of ultrasonic dispersion. The following steps were
mirrored for Pebax®1657 membrane production.

Different MMMs were synthesized by adding specific amounts of MOF-74(Ni) (0.0264 g,
0.0559 g, 0.0890 g, and 0.1260 g), resulting in varying MOF loadings. These were designated
as Pebax®1657-MOF-74(Ni)-x%, where x indicated the MOF loading percentage (5, 10, 15,
or 20). Similarly, substituting MOF-74(Ni) with MOF-74(Ni)@GO composites led to the
successful preparation of Pebax®1657-MOF-74(Ni)@GO membranes.

3. Results and Discussion
3.1. Characterization of MOF-74(Ni) and MOF-74(Ni)@GO

The SEM images in Figure 1 revealed the nanorod structure of MOF-74(Ni) and its
composites with varying GO loadings. The images of MOF-74@GO revealed distinct
wrinkles and folds on the surface. This change was attributed to the strong interaction
between the metal sites of MOFs and the epoxy groups on GO. These epoxy groups
played a dual role in MOF-74(Ni) crystallization: firstly, as nucleation sites for crystal
growth initiation, and secondly, as promoters of crystal growth and development [26]. This
interaction inhibited crystallite aggregation and enhanced dispersion, leading to smaller,
well-distributed MOF-74(Ni) crystallites. As demonstrated in Figure 1 and Table S1, MOF-
74(Ni)@GO-2 exhibited the smallest crystal size and the highest surface area among the
composites. In contrast, MOF-74(Ni)@GO-3 had a similar size, but the lowest surface area,
with a significant presence of layered GO. This observation suggested incomplete GO
dispersion in the composite, causing structural distortions. The addition of GO improved
MOF dispersion and interfacial compatibility with the polymer matrix, thereby effectively
reducing MOF particle agglomeration.
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The structure of MOF particles were verified by X-ray diffraction (XRD), as shown
in Figure 2a. MOF-74(Ni) exhibited two characteristic peaks at 6.8◦ and 11.9◦, aligning
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with both simulated MOF-74(Ni) patterns and previous reports [27,28]. These sharp, well-
defined peaks indicated the high crystallinity of MOF-74(Ni). Notably, the peak positions
and intensities remained unchanged after GO modification, confirming the preservation
of the original structure and illustrating the crystalline maintenance. The crystal structure
of MOF-74 (Ni)@GO remained intact when integrated into a Pebax polymer matrix. In
addition, the prepared MMMs had good stability and tensile strength (Figure S3). The Ni
content in the composite materials was accurately quantified using inductively coupled
plasma mass spectrometry (ICP-MS), facilitating the determination of MOF-74 and GO
proportions in the composites. Consequently, the calculated percentages of GO in MOF-
74@GO-1, MOF-74@GO-2, and MOF-74@GO-3 were found to be 0.83 wt%, 1.30 wt%, and
1.72 wt%, respectively.
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Fourier transform infrared spectroscopy (FTIR) analysis, as shown in Figure 2b, further
confirmed the interaction between GO and MOF-74(Ni) during the reaction process. The
peak at 3400 cm−1 was attributed to the presence of coordination water and crystal water
within the materials [29]. The peaks observed at 1560 cm−1 and 1415 cm−1 were associated
with the asymmetric and symmetric stretching vibrations of C=O in the coordinated
carboxyl group, while the asymmetric and symmetric stretching vibrations of C-O were
evident at 1363 cm−1 and 1242 cm−1 [30,31]. Additionally, the peak at 826 cm−1 originated
from the out-of-plane bending vibration of C–H on benzene rings [32]. After the GO
coating, the characteristic peak of MOF-74(Ni) remained discernible in the spectra, and no
new peaks emerged. The spectra around 3390 cm−1 and 1735 cm−1 were assigned to the
O-H stretching vibration and C=O stretching vibration of the carboxyl group in the GO,
respectively. Notably, in the MOF-74(Ni)@GO composite, as the GO content increased, the
peak intensity at 1735 cm−1 diminished. This reduction suggested an interaction between
the carboxyl groups of GO and Ni 2p, providing further affirmation of the successful
growth of MOF-74(Ni) on the GO substrate.

The thermogravimetric analysis curves (TGA) in Figure 2c illustrated the thermal
stability of both MOF-74(Ni) and its composites, showing a two-step weight loss process.
The first significant weight loss, accounting for about 10% of the total, occurred below
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150 ◦C. This loss was primarily due to the desorption of water and solvent molecules
from the pores [33]. This desorption extended from 150 ◦C to 280 ◦C, and was associated
with molecules binding to the unsaturated Ni2+ sites [34]. A second major weight loss,
comprising approximately 35% of the total, was observed between 280 ◦C and 400 ◦C,
attributed to the breakdown of the crystal framework [35]. The range of 400 ◦C to 525 ◦C
saw further degradation of the crystal structure. After calcination at 700 ◦C in O2, the final
residue (30.30%) of MOF-74(Ni) was identified as NiO. In the case of MOF-74(Ni)@GO,
the residue contents were 30.06%, 29.96%, and 29.85%, and GO had been burned off. The
actual percentages of GO in MOF-74(Ni)@GO were calculated to be 0.79 wt%, 1.12 wt%,
and 1.49 wt% (detailed calculations were shown in Equations (S5) and (S6)), which were
very close to the ICP test results.

To assess the effect of GO loading on the specific surface area, pore volume, and
pore distribution of the composite materials, the MOF-74(Ni) and composites were further
characterized through nitrogen adsorption–desorption analysis, as illustrated by Figure 2d
and summarized in Table S1. As shown in Figure 2d, all the samples demonstrated a
pronounced adsorption capacity at an extremely low P/P0 (<0.05), characteristic of a type I
adsorption equilibrium isotherm, as per the IUPAC classification. This suggested that the
materials were all microporous. As shown in Table S1, the N2 adsorption capacity of MOF-
74(Ni)@GO-1&2 was higher compared to MOF-74(Ni), signifying an increase in porosity
following the incorporation of GO into the composites. Specifically, MOF-74(Ni)@GO-2
displayed a surface area of 837.34 m2g−1 and a pore volume of 0.42 cm3g−1, showing
remarkable increases of 73.69% and 49.57%, respectively, compared to the original material.
This increase was attributed to improved pore accessibility due to the presence of missing
cluster defects. Conversely, higher GO loadings resulted in reduced surface areas; MOF-
74(Ni)@GO-3, with the highest GO content, had the lowest surface area of 343.99 m2g−1,
likely due to GO agglomeration [36]. As indicated by the data presented in Table S1, the
fluctuations in micropore volume aligned with changes in total pore volume. Additionally,
the introduction of GO (as depicted in Figure S1) was associated with an increase in the
pore width, indicating a potential enhancement of pore formation facilitated by GO.

3.2. Characterization of MMMs

Figure S2 and Table S2 demonstrated that the pristine Pebax®1657 membrane was
transparent; flexible; and featured a smooth, nonporous surface, making it an ideal matrix
material for membrane separation. Compared to the original Pebax®1657 membrane, the
MMMs showed changes in color that aligned with the respective fillers, as depicted in
Figure S3. Importantly, there was no visible agglomeration of filler on the membrane
surface, suggesting effective dispersion of the filler within the Pebax®1657 matrix.

Figure S4 presented SEM images that detail the morphology of MMMs, highlighting
the effects of various fillers and their loadings. With MOF-74(Ni) as a filler, the particles
were dispersed across the polymer matrix surface, but also showed signs of agglomeration,
negatively impacting gas permeation. Conversely, at a 10 wt% MOF-74(Ni)@GO loading,
the morphology was uniform and continuous, with no evidence of agglomeration or defects.
This uniformity suggested an effective combination of polymer and filler, implying that GO
positively influenced the interaction between them. This interaction significantly reduced
aggregation and defects, thereby enhancing the integration of the filler with the polymer.

Figure 3 illustrated the chemical compatibility analysis of each component in the
composite matrix membrane using XRD. The diffraction peaks of MOF-74(Ni) and MOF-
74(Ni)@GO-2 were sharp and intense, indicative of their highly crystalline nature. In
contrast, the Pebax®1657 membrane showed a broad peak between 15◦ and 25◦, confirming
its amorphous character [37,38]. The characteristic peak of MOF-74(Ni) remained visi-
ble in the XRD pattern of the Pebax®1657-MOF-74(Ni)-10% membrane, indicating that
MOF-74(Ni) preserved its crystallinity post-membrane fabrication. Similarly, the MOF-
74(Ni)@GO series maintained its integrity during the membrane’s preparation, as seen
in Figure 3. Additionally, Figures 3b and S5 revealed an increase in the intensity of the
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characteristic diffraction peaks as the filler loading rose from 5% to 20%, suggesting the
physical mixing of the composite material.
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FTIR analysis, as depicted in Figure 3c, was performed to examine the composition
and physical binding of the composite matrix membrane. For pristine Pebax®1657, the
band at 1099 cm−1 was due to the stretching vibration of C-O-C groups in PEO. Peaks
at 1544 and 1638 cm−1 were associated with the -NH in PA, and the peak at 1733 cm−1

corresponded to the C=O bond from the rigid PA and the ester. Symmetric and asym-
metric stretching vibration peaks of the C-H bonds in aliphatic chains were observed at
1943 and 1864 cm−1, respectively. Additionally, N-H stretching vibration peaks were ob-
served at 3308 cm−1 [39–41]. The characteristic peaks of Pebax®1657-MOF-74(Ni)-10% and
Pebax®1657-MOF-74(Ni)@GO-10% aligned with those of pristine Pebax®1657 and MOF-
74(Ni), showing no new peaks or shifts. This alignment suggested that the interactions
between Pebax®1657 and the fillers were purely physical, corroborating the XRD findings
and confirming the successful creation of the MMMs.

Figure 3d showcased the thermal stability of Pebax®1657, revealing a two-step thermal
degradation process. The initial weight loss was attributed to the volatilization of water and
ethanol. The primary degradation step, occurring between 330 and 430 ◦C, corresponded
to the breakdown of the soft PEO segment. Above 430 ◦C, a minor weight loss in the
hard PA segment was observed, underscoring its contribution to the mechanical and
thermal stability of the polymer membranes [42,43]. As depicted in Figure S6, membranes
with various fillers and filler loadings exhibited similar behavior to neat Pebax®1657, all
demonstrating a consistent one-step decomposition pattern. These TGA results suggested
that MOF incorporation slightly alters the thermal properties, which was advantageous for
preserving the gas permeability of the blended membranes.

Figure 4a revealed that the pristine Pebax membrane had a porous microstructure,
characterized by an irregular network of voids and channels. In contrast, as shown in
the MMMs, there was a densely packed aggregation of particulates with closely spaced
inter-particulate boundaries. Despite this dense packing, the filler particles within the
MMMs were uniformly dispersed, retaining their original shape and size. This structural
configuration, with minimized voids, was beneficial for enhancing selective gas separation.
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3.3. Characterization of Gas Separation

The pure gas permeation experiments were performed at 25 ◦C and 2 bar using
the permeation rig schematic (Scheme S1) to assess CO2, N2 permeability, and CO2/N2
selectivity among MMMs with different fillers and filler loadings. The results can be found
in in Figure 5 and Tables S3–S5. It can be seen that the introduction of MOF-74(Ni)@GO
significantly influenced the transport properties of the membranes. In Figure 5, as the
filler content in the membranes increased, there was a gradual increase in the permeability
of CO2 while the permeability of N2 decreased. The enhancement of CO2 permeability
can be attributed to several factors. Firstly, the high porosity and flexible framework of
MOF-74(Ni) facilitated the diffusion of CO2 molecules, thereby enhancing the overall
CO2 permeability. In addition, the presence of polar functional groups on GO enabled
specific interactions with CO2, promoting its transport through the membrane. Finally, the
incorporation of MOF-74(Ni)@GO introduced more intricate transmission pathways within
the membrane, thus hindering the transport of a small fraction of CO2. However, this
hindrance proved to be fatal for larger-sized N2 molecules [44–46]. Meanwhile, the first two
factors selectively enhanced the permeability of CO2, and their effects were significantly
stronger compared to the negative impact caused by the introduction of more complex
pathways. As a result, a more pronounced increase in CO2 permeability, rather than
a decrease, was observed in comparison to N2. The CO2 permeability of Pebax®1657-
MOF-74(Ni)@GO-3 was lower than that of the neat Pebax®1657 membrane due to the
increase in tortuosity caused by the incorporation of MOF-74(Ni)@GO-3. This resulted in
the deterioration of gas diffusivity and subsequently led to reduced gas permeability [47].
The CO2 permeability of the Pebax®1657-MOF-74(Ni)@GO-3 composite was found to be
lower compared to the pristine Pebax®1657 membrane. This decrease in permeability was
attributed to the introduction of MOF-74(Ni)@GO-3, which increased the tortuosity within
the material. The increased tortuosity had a stronger effect than the specific selectivity
towards CO2, resulting in worsening gas diffusivity and consequently leading to lower
gas permeability.

When comparing all the mixed-matrix membranes (MMMs), the Pebax®1657-MOF-
74(Ni)@GO-2 composite with a 10% loading exhibited the highest CO2/N2 selectivity
among the membranes which were investigated. In comparison to the neat Pebax®1657
membrane, the CO2/N2 selectivity increased by 197.26%. However, it is important to note
that, at higher MOF-74(Ni)@GO-2 contents, such as those exceeding 15%, a significant
number of aggregations or defects would be formed. These aggregations or defects could
deteriorate the selectivity of the MMMs, as illustrated in Figure S4k,l,o,p.
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To understand the enhanced selectivity which we observed, the solubility and dif-
fusivity coefficients of Pebax®1657 and MMMs containing 10 wt% filler were examined
according to Equations (S3) and (S4) [45]. The addition of fillers, especially to Pebax®1657-
MOF-74(Ni)@GO-2-10%, significantly influenced the selectivity as shown in Table 1. The
improvement in CO2/N2 selectivity was attributed to two key factors: increased solubility
and reduced diffusion. The nanopore size of MOF-74(Ni)@GO-2 facilitated a size-sieving
effect, restricting N2 penetration. Additionally, CO2 adsorption followed Langmuir ad-
sorption, indicating that CO2 molecules predominantly underwent monomolecular surface
diffusion through pore channels. These observations implied that gas separation in MMMs
operated via a dissolution–diffusion mechanism. The inability to test this in a dusty envi-
ronment means that the robustness and efficiency of the membranes under such conditions
remain unverified.

Table 1. Solubility and diffusivity coefficients of Pebax®1657 and MMMs.

Sample
Solubility ×108 Diffusivity ×10−8

α(CO2/N2)
CO2 N2 CO2 N2

Pebax®1657 7.45 ± 0.4 0.24 ± 0.2 9.47 ± 0.9 11.47 ± 1.3 25.89 ± 1.2
Pebax®1657-MOF-74(Ni) 9.99 ± 1.1 0.12 ± 0.1 12.23 ± 2.3 12.13 ± 1.4 65.58 ± 1.5

Pebax®1657-MOF-74(Ni) @GO-1-10% 12.89 ± 0.5 0.48 ± 0.2 6.61 ± 1.6 4.18 ± 0.8 42.94 ± 1.7
Pebax®1657-MOF-74(Ni) @GO-2-10% 8.06 ± 0.6 0.13 ± 0.1 7.98 ± 1.3 6.38 ± 1.4 76.96 ± 1.3
Pebax®1657-MOF-74(Ni) @GO-3-10% 7.87 ± 1.2 0.15 ± 0.1 7.07 ± 2.2 1.63 ± 0.4 28.76 ± 1.5

Diffusivity coefficient (cm2/s); solubility coefficient (cm3(STP) per cm3 per cm Hg).

Figure 6 and Table S6 illustrate the separation performance plotted against the Robeson
upper bound of 2008 [9]. Although the prepared MMMs showed significantly improved per-
formance compared to Pebax®1657, the overall performance still did not surpass Robeson’s
upper bound. Specifically, the Pebax®1657-MOF-74(Ni)@GO-2-10% membrane exhibited
the best CO2/N2 separation performances, approaching the upper bound. The separation
efficiency and sensitivity of the membrane when separating between different gases suggest
that it could potentially be adapted for sensing applications.
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4. Conclusions

In conclusion, we reported high-performance MMMs for the efficient separation of
CO2/N2 by impregnating GO-modified MOF-74(Ni) into a Pebax®1657 matrix. The op-
timal inclusion of 10 wt% MOF-74(Ni)@GO-2 in the MMMs led to a substantial increase
in CO2/N2 separation selectivity, achieving a 196.72% enhancement over the pristine
Pebax®1657 membrane. This significant improvement was primarily due to the synergistic
interplay between GO and MOF-74(Ni), which bolstered interfacial compatibility, curtailed
nonselective defects, and deterred MOF agglomeration. Furthermore, the GO contributed
to enhanced diffusivity selectivity, while the MOF-74(Ni), with its OMSs, amplified both
the gas permeability and solubility selectivity of the membranes. Notably, a GO concentra-
tion exceeding 4 wt%, specifically at 6 wt%, inversely affected the separation selectivity,
resulting in a 37.37% reduction. This finding underscores the critical need for precise GO
concentration optimization in MMM fabrication. The successful incorporation of 4 wt%
MOF-74(Ni)@GO into Pebax®1657 membranes not only exemplifies a robust strategy for
augmenting gas separation performance, but also sheds light on the versatile applications
of MOF-74(Ni)@GO composites in CO2 capture. The insights gleaned from this investi-
gation are substantial, offering a feasible and scalable approach that could significantly
improve the efficacy of gas separation processes within the industrial sector. This study
paves the way for future research to explore the full potential of MOF-based composites in
environmental and energy applications.

Supplementary Materials: The supporting information can be downloaded at: https://www.mdpi.
com/article/10.3390/nano14010024/s1, Scheme S1: The schematic diagram of the permeation rig.
Figure S1: The pore size distribution curves of MOF-74(Ni) and MOF-74(Ni)@GO with different
GO loadings. Figure S2: (a) Apparent picture and (b) SEM pattern of Pebax®1657 membrane.
Figure S3: Pebax®1657-MOF-74(Ni) membranes with different filler loadings (a–d); Pebax®1657-
MOF-74(Ni)@GO-1 MMMs with different filler loadings (e–h); Pebax®1657-MOF-74(Ni)@GO-2
MMMs with different filler loadings (i–l); Pebax®1657-MOF-74(Ni)@GO-3 MMMs with different filler
loadings (m–p). Figure S4: SEM images of Pebax®1657-MOF-74(Ni) membranes with different filler
loadings (a–d); SEM images of Pebax®1657-MOF-74(Ni)@GO-1 MMMs with different filler loadings
(e–h); SEM images of Pebax®1657-MOF-74(Ni)@GO-2 MMMs with different filler loadings (i–l); SEM
images of Pebax®1657-MOF-74(Ni)@GO-3 MMMs with different filler loadings (m–p). Figure S5:

https://www.mdpi.com/article/10.3390/nano14010024/s1
https://www.mdpi.com/article/10.3390/nano14010024/s1
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XRD patterns of composite membrane materials (a) MOF-74(Ni), (b) MOF-74(Ni)@GO-1, (c) MOF-
74(Ni)@GO-2, and (d) MOF-74(Ni)@GO-3. Figure S6: TGA curves of the membranes containing
different (a) filler loading and (b) fillers. Table S1: BET surface area and pore volume of MOF-74(Ni)
and MOF-74(Ni)@GO with different GO loadings. Table S2: The thickness of MMMs. Table S3: The
permeability and ideal selectivity of gases for Pebax®1657 and mixed matrix membranes. Table S4:
The permeability and ideal selectivity of gases for Pebax®1657-GO, which is the same as the GO
loading in Pebax®1657-MOF-74(Ni)@GO-2. Table S5: The permeability and ideal selectivity of gases
for MMMs with 10 wt% filler loadings. Table S6: Comparison of gas separation performance of this
work with those of reported MMMs. References [47–50].

Author Contributions: L.F. and Q.Z. contributed equally to this work. Conceptualization, R.Z.
(Ruiqin Zhong); data curation, L.F., Q.Z., J.S., B.M. and Y.W.; formal analysis, L.F., Q.Z., J.S., B.M.
and Y.W.; funding acquisition, R.Z. (Ruiqin Zhong) and R.Z. (Ruqiang Zou); investigation, L.F., Q.Z.
and J.S.; methodology, B.M., Y.W. and R.Z. (Ruqiang Zou); resources, R.Z. (Ruiqin Zhong) and R.Z.
(Ruqiang Zou); supervision, R.Z. (Ruiqin Zhong); validation, Q.Z. and J.S.; writing—original draft,
L.F.; writing—review and editing, B.M., Y.W., R.Z. (Ruiqin Zhong) and R.Z. (Ruqiang Zou). All
authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China, grant
numbers 51772329 and 51972340.

Data Availability Statement: The data presented in this study are available upon request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Wang, Q.A.; Luo, J.Z.; Zhong, Z.Y.; Borgna, A. CO2 capture by solid adsorbents and their applications: Current status and new

trends. Energy Environ. Sci. 2011, 4, 42–55. [CrossRef]
2. Zainuddin, M.I.F.; Ahmad, A.L. Mixed matrix membrane development progress and prospect of using 2D nanosheet filler for

CO2 separation and capture. J. CO2 Util. 2022, 62, 102094. [CrossRef]
3. Nanda, S.; Reddy, S.N.; Mitra, S.K.; Kozinski, J.A. The progressive routes for carbon capture and sequestration. Energy Sci. Eng.

2016, 4, 99–122. [CrossRef]
4. Mao, H.Y.; Tang, J.; Day, G.S.; Peng, Y.C.; Wang, H.Z.; Xiao, X.; Yang, Y.F.; Jiang, Y.W.; Chen, S.; Halat, D.M.; et al. A scalable

solid-state nanoporous network with atomic-level interaction design for carbon dioxide capture. Sci. Adv. 2022, 8, eabo6849.
[CrossRef] [PubMed]

5. Dai, Y.; Ruan, X.H.; Bai, F.; Yu, M.; Li, H.; Zhao, Z.C.; He, G.H. High solvent resistance PTFPMS/PEI hollow fiber composite
membrane for gas separation. Appl. Surf. Sci. 2016, 360, 164–173. [CrossRef]

6. Mao, H.Y.; Tang, J.; Chen, J.; Wan, J.Y.; Hou, K.P.; Peng, Y.C.; Halat, D.M.; Xiao, L.G.; Zhang, R.F.; Lv, X.D.; et al. Designing
hierarchical nanoporous membranes for highly efficient gas adsorption and storage. Sci. Adv. 2020, 6, eabb0694. [CrossRef]

7. Sandru, M.; Sandru, E.M.; Ingram, W.F.; Deng, J.; Stenstad, P.M.; Deng, L.Y.; Spontak, R.J. An integrated materials approach to
ultrapermeable and ultraselective CO2 polymer membranes. Science 2022, 376, 90–94. [CrossRef]

8. Murali, R.S.; Ismail, A.F.; Rahman, M.A.; Sridhar, S. Mixed matrix membranes of Pebax-1657 loaded with 4A zeolite for gaseous
separations. Sep. Purif. Technol. 2014, 129, 1–8. [CrossRef]

9. Robeson, L.M. The upper bound revisited. J. Membr. Sci. 2008, 320, 390–400. [CrossRef]
10. Lin, R.J.; Ge, L.; Liu, S.M.; Rudolph, V.; Zhu, Z.H. Mixed-Matrix Membranes with Metal-Organic Framework-Decorated CNT

Fillers for Efficient CO2 Separation. ACS Appl. Mater. Interfaces 2015, 7, 14750–14757. [CrossRef]
11. Baker, R.W.; Low, B.T. Gas Separation Membrane Materials: A Perspective. Macromolecules 2014, 47, 6999–7013. [CrossRef]
12. Sánchez-Laínez, J.; Gracia-Guillén, I.; Zornoza, B.; Téllez, C.; Coronas, J. Thin supported MOF based mixed matrix membranes of

Pebax® 1657 for biogas upgrade. New J. Chem. 2019, 43, 312–319. [CrossRef]
13. Zhang, X.H.; Chuah, C.Y.; Dong, P.P.; Cha, Y.H.; Bae, T.H.; Song, M.K. Hierarchically Porous Co-MOF-74 Hollow Nanorods for

Enhanced Dynamic CO2 Separation. ACS Appl. Mater. Interfaces 2018, 10, 43316–43322. [CrossRef] [PubMed]
14. Babaei, H.; McGaughey, A.J.H.; Wilmer, C.E. Transient Mass and Thermal Transport during Methane Adsorption into the Metal

Organic Framework HKUST-1. ACS Appl. Mater. Interfaces 2018, 10, 2400–2406. [CrossRef]
15. Fan, L.L.; Kang, Z.X.; Shen, Y.T.; Wang, S.S.; Zhao, H.R.; Sun, H.Y.; Hu, X.T.; Sun, H.X.; Wang, R.M.; Sun, D.F. Mixed Matrix

Membranes Based on Metal-Organic Frameworks with Tunable Pore Size for CO2 Separation. Cryst. Growth Des. 2018, 18,
4365–4371. [CrossRef]

16. Liu, B.; Li, D.; Yao, J.; Sun, H. Improved CO2 separation performance and interfacial affinity of mixed matrix membrane by
incorporating UiO-66-PEI@ [bmim] [Tf2N] particles. Sep. Purif. Technol. 2020, 239, 116519. [CrossRef]

https://doi.org/10.1039/C0EE00064G
https://doi.org/10.1016/j.jcou.2022.102094
https://doi.org/10.1002/ese3.117
https://doi.org/10.1126/sciadv.abo6849
https://www.ncbi.nlm.nih.gov/pubmed/35921416
https://doi.org/10.1016/j.apsusc.2015.11.014
https://doi.org/10.1126/sciadv.abb0694
https://doi.org/10.1126/science.abj9351
https://doi.org/10.1016/j.seppur.2014.03.017
https://doi.org/10.1016/j.memsci.2008.04.030
https://doi.org/10.1021/acsami.5b02680
https://doi.org/10.1021/ma501488s
https://doi.org/10.1039/C8NJ04769C
https://doi.org/10.1021/acsami.8b17180
https://www.ncbi.nlm.nih.gov/pubmed/30480425
https://doi.org/10.1021/acsami.7b13605
https://doi.org/10.1021/acs.cgd.8b00307
https://doi.org/10.1016/j.seppur.2020.116519


Nanomaterials 2024, 14, 24 12 of 13

17. Habib, N.; Shamair, Z.; Tara, N.; Nizami, A.S.; Akhtar, F.H.; Ahmad, N.M.; Gilani, M.A.; Bilad, M.R.; Khan, A.L. Development
of highly permeable and selective mixed matrix membranes based on Pebax®1657 and NOTT-300 for CO2 capture. Sep. Purif.
Technol. 2020, 234, 116101. [CrossRef]

18. Jun, H.J.; Yoo, D.K.; Jhung, S.H. Metal-organic framework (MOF-808) functionalized with ethyleneamines: Selective adsorbent to
capture CO2 under low pressure. J. CO2 Util. 2022, 58, 101932. [CrossRef]

19. Dong, H.; Li, L.H.; Feng, Z.D.; Wang, Q.N.; Luan, P.; Li, J.; Li, C. Amine-Functionalized Quasi-MOF for Direct Air Capture of CO2.
ACS Mater. Lett. 2023, 5, 2656–2664. [CrossRef]

20. Zhu, Z.T.; Parker, S.T.; Forse, A.C.; Lee, J.H.; Siegelman, R.L.; Milner, P.J.; Tsai, H.H.; Ye, M.S.; Xiong, S.Y.; Paley, M.V.; et al.
Cooperative Carbon Dioxide Capture in Diamine-Appended Magnesium-Olsalazine Frameworks. J. Am. Chem. Soc. 2023, 145,
17151–17163. [CrossRef]

21. Han, G.; Studer, R.M.; Lee, M.J.; Rodriguez, K.M.; Teesdale, J.J.; Smith, Z.P. Post-synthetic modification of MOFs to enhance
interfacial compatibility and selectivity of thin-film nanocomposite (TFN) membranes for water purification. J. Membr. Sci. 2023,
666, 121133. [CrossRef]

22. Kudasheva, A.; Sorribas, S.; Zornoza, B.; Téllez, C.; Coronas, J. Pervaporation of water/ethanol mixtures through polyimide
based mixed matrix membranes containing ZIF-8, ordered mesoporous silica and ZIF-8-silica core-shell spheres. J. Chem. Technol.
Biotechnol. 2015, 90, 669–677. [CrossRef]

23. Rangaraj, V.M.; Wahab, M.A.; Reddy, K.S.K.; Kakosimos, G.; Abdalla, O.; Favvas, E.P.; Reinalda, D.; Geuzebroek, F.; Abdala,
A.; Karanikolos, G.N. Metal Organic Framework—Based Mixed Matrix Membranes for Carbon Dioxide Separation: Recent
Advances and Future Directions. Front. Chem. 2020, 8, 25. [CrossRef]

24. Yang, K.; Dai, Y.; Zheng, W.J.; Ruan, X.H.; Li, H.; He, G.H. ZIFs-modified GO plates for enhanced CO2 separation performance of
ethyl cellulose based mixed matrix membranesf. Sep. Purif. Technol. 2019, 214, 87–94. [CrossRef]

25. Anastasiou, S.; Bhoria, N.; Pokhrel, J.; Reddy, K.S.K.; Srinivasakannan, C.; Wang, K.; Karanikolos, G.N. Metal-organic frame-
work/graphene oxide composite fillers in mixed-matrix membranes for CO2 separation. Mater. Chem. Phys. 2018, 212, 513–522.
[CrossRef]

26. Liu, S.; Sun, L.; Xu, F.; Zhang, J.; Jiao, C.; Li, F.; Li, Z.; Wang, S.; Wang, Z.; Jiang, X.; et al. Nanosized Cu-MOFs induced by
graphene oxide and enhanced gas storage capacity. Energy Environ. Sci. 2013, 6, 818–823. [CrossRef]

27. Zhang, Y.; Wang, G.; Ma, W.; Ma, B.; Jin, Z. CdS p-n heterojunction co-boosting with Co3O4 and Ni-MOF-74 for photocatalytic
hydrogen evolution. Dalton Trans. 2018, 47, 11176–11189. [CrossRef]

28. Li, H.Y.; Gong, H.M.; Jin, Z.L. Phosphorus modified Ni-MOF-74/BiVO4 S-scheme heterojunction for enhanced photocatalytic
hydrogen evolution. Appl. Catal. B-Environ. 2022, 307, 121166. [CrossRef]

29. Ding, R.; Dai, Y.; Zheng, W.J.; Li, X.C.; Yan, X.M.; Liu, Y.; Ruan, X.H.; Li, S.J.; Yang, X.C.; Yang, K.; et al. Vesicles-shaped
MOF-based mixed matrix membranes with intensified interfacial affinity and CO2 transport freeway. Chem. Eng. J. 2021, 414,
128807. [CrossRef]

30. Maruthapandian, V.; Kumaraguru, S.; Mohan, S.; Saraswathy, V.; Muralidharan, S. An Insight on the Electrocatalytic Mechanistic
Study of Pristine Ni MOF (BTC) in Alkaline Medium for Enhanced OER and UOR. ChemElectroChem 2018, 5, 2795–2807. [CrossRef]

31. Jang, J.; Ha, J.; Cho, J. Fabrication of Water-Dispersible Polyaniline-Poly(4-styrenesulfonate) Nanoparticles For Inkjet-Printed
Chemical-Sensor Applications. Adv. Mater. 2007, 19, 1772–1775. [CrossRef]

32. Ranjbar, M.; Taher, M.A.; Sam, A. Mg-MOF-74 nanostructures: Facile synthesis and characterization with aid of 2,6-
pyridinedicarboxylic acid ammonium. J. Mater. Sci. Mater. Electron. 2015, 27, 1449–1456. [CrossRef]

33. Chen, C.; Feng, X.; Zhu, Q.; Dong, R.; Yang, R.; Cheng, Y.; He, C. Microwave-Assisted Rapid Synthesis of Well-Shaped MOF-74
(Ni) for CO2 Efficient Capture. Inorg. Chem. 2019, 58, 2717–2728. [CrossRef] [PubMed]

34. Lei, L.; Cheng, Y.; Chen, C.; Kosari, M.; Jiang, Z.; He, C. Taming structure and modulating carbon dioxide (CO2) adsorption
isosteric heat of nickel-based metal organic framework (MOF-74(Ni)) for remarkable CO2 capture. J. Colloid Interface Sci. 2022,
612, 132–145. [CrossRef] [PubMed]

35. Petit, C.; Burress, J.; Bandosz, T.J. The synthesis and characterization of copper-based metal–organic framework/graphite oxide
composites. Carbon 2011, 49, 563–572. [CrossRef]

36. Pazani, F.; Aroujalian, A. Enhanced CO2-selective behavior of Pebax-1657: A comparative study between the influence of
graphene-based fillers. Polym. Test. 2020, 81, 106264. [CrossRef]

37. Zhao, D.; Ren, J.; Li, H.; Li, X.; Deng, M. Gas separation properties of poly(amide-6-b-ethylene oxide)/amino modified multi-
walled carbon nanotubes mixed matrix membranes. J. Membr. Sci. 2014, 467, 41–47. [CrossRef]

38. Wang, H.; Zheng, W.; Yang, X.; Ning, M.; Li, X.; Xi, Y.; Yan, X.; Zhang, X.; Dai, Y.; Liu, H.; et al. Pebax-based mixed matrix
membranes derived from microporous carbon nanospheres for permeable and selective CO2 separation. Sep. Purif. Technol. 2021,
274, 119015. [CrossRef]

39. Azizi, N.; Mohammadi, T.; Behbahani, R.M. Synthesis of a new nanocomposite membrane (PEBAX-1074/PEG-400/TiO2) in order
to separate CO2 from CH4. J. Nat. Gas Sci. Eng. 2017, 37, 39–51. [CrossRef]

40. Ghadimi, A.; Amirilargani, M.; Mohammadi, T.; Kasiri, N.; Sadatnia, B. Preparation of alloyed poly(ether block amide)/poly
(ethylene glycol diacrylate) membranes for separation of CO2/H2 (syngas application). J. Membr. Sci. 2014, 458, 14–26. [CrossRef]

https://doi.org/10.1016/j.seppur.2019.116101
https://doi.org/10.1016/j.jcou.2022.101932
https://doi.org/10.1021/acsmaterialslett.3c00708
https://doi.org/10.1021/jacs.3c03870
https://doi.org/10.1016/j.memsci.2022.121133
https://doi.org/10.1002/jctb.4352
https://doi.org/10.3389/fchem.2020.00534
https://doi.org/10.1016/j.seppur.2018.04.080
https://doi.org/10.1016/j.matchemphys.2018.03.064
https://doi.org/10.1039/c3ee23421e
https://doi.org/10.1039/C8DT02294A
https://doi.org/10.1016/j.apcatb.2022.121166
https://doi.org/10.1016/j.cej.2021.128807
https://doi.org/10.1002/celc.201800802
https://doi.org/10.1002/adma.200602127
https://doi.org/10.1007/s10854-015-3910-6
https://doi.org/10.1021/acs.inorgchem.8b03271
https://www.ncbi.nlm.nih.gov/pubmed/30720271
https://doi.org/10.1016/j.jcis.2021.12.163
https://www.ncbi.nlm.nih.gov/pubmed/34992014
https://doi.org/10.1016/j.carbon.2010.09.059
https://doi.org/10.1016/j.polymertesting.2019.106264
https://doi.org/10.1016/j.memsci.2014.05.009
https://doi.org/10.1016/j.seppur.2021.119015
https://doi.org/10.1016/j.jngse.2016.11.038
https://doi.org/10.1016/j.memsci.2014.01.048


Nanomaterials 2024, 14, 24 13 of 13

41. Azizi, N.; Arzani, M.; Mahdavi, H.R.; Mohammadi, T. Synthesis and characterization of poly(ether-block-amide) copolymers/multi-
walled carbon nanotube nanocomposite membranes for CO2/CH4 separation. Korean J. Chem. Eng. 2017, 34, 2459–2470.
[CrossRef]

42. Jiang, H.; Bai, L.; Yang, B.; Zeng, S.; Dong, H.; Zhang, X. The effect of protic ionic liquids incorporation on CO2 separation
performance of Pebax-based membranes. Chin. J. Chem. Eng. 2022, 43, 169–176. [CrossRef]

43. Jiao, C.; Li, Z.; Li, X.; Wu, M.; Jiang, H. Improved CO2/N2 separation performance of Pebax composite membrane containing
polyethyleneimine functionalized ZIF-8. Sep. Purif. Technol. 2021, 259, 118190. [CrossRef]

44. Wang, Y.; Ren, Y.; Wu, H.; Wu, X.; Yang, H.; Yang, L.; Wang, X.; Wu, Y.; Liu, Y.; Jiang, Z. Amino-functionalized ZIF-7 embedded
polymers of intrinsic microporosity membrane with enhanced selectivity for biogas upgrading. J. Membr. Sci. 2020, 602, 117970.
[CrossRef]

45. Dai, Z.; Deng, J.; Peng, K.-J.; Liu, Y.-L.; Deng, L. Pebax/PEG Grafted CNT Hybrid Membranes for Enhanced CO2/N2 Separation.
Ind. Eng. Chem. Res. 2019, 58, 12226–12234. [CrossRef]

46. Meshkat, S.; Kaliaguine, S.; Rodrigue, D. Mixed matrix membranes based on amine and non-amine MIL-53(Al) in Pebax®

MH-1657 for CO2 separation. Sep. Purif. Technol. 2018, 200, 177–190. [CrossRef]
47. Dong, L.; Chen, M.; Li, J.; Shi, D.; Dong, W.; Li, X.; Bai, Y. Metal-organic framework-graphene oxide composites: A facile method

to highly improve the CO2 separation performance of mixed matrix membranes. J. Membr. Sci. 2016, 520, 801–811. [CrossRef]
48. Wang, J.; Xu, Y.; Qu, H.; Ma, H.; Chang, R.; Ma, J. A Highly Permeable Mixed Matrix Membrane Containing a Vertically Aligned

Metal-Organic Framework for CO2 Separation. ACS Appl. Mater. Interfaces 2021, 13, 50441–50450. [CrossRef]
49. Sasikumar, B.; Bisht, S.; Arthanareeswaran, G.; Ismail, A.F.; Othman, M.H.D. Performance of polysulfone hollow fiber membranes

encompassing ZIF-8, SiO2/ZIF-8, and amine-modified SiO2/ZIF-8 nanofillers for CO2/CH4 and CO2/N2 gas separation. Sep.
Purif. Technol. 2021, 264, 118471. [CrossRef]

50. Song, Z.; Qiu, F.; Zaia, E.W.; Wang, Z.; Kunz, M.; Guo, J.; Brady, M.; Mi, B.; Urban, J.J. Dual-Channel, Molecular-Sieving Core/Shell
ZIF@MOF Architectures as Engineered Fillers in Hybrid Membranes for Highly Selective CO2 Separation. Nano Lett. 2017, 17,
6752–6758. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1007/s11814-017-0152-8
https://doi.org/10.1016/j.cjche.2022.02.006
https://doi.org/10.1016/j.seppur.2020.118190
https://doi.org/10.1016/j.memsci.2020.117970
https://doi.org/10.1021/acs.iecr.9b01466
https://doi.org/10.1016/j.seppur.2018.02.038
https://doi.org/10.1016/j.memsci.2016.08.043
https://doi.org/10.1021/acsami.1c16085
https://doi.org/10.1016/j.seppur.2021.118471
https://doi.org/10.1021/acs.nanolett.7b02910

	Introduction 
	Experimental Methods 
	Materials 
	Synthesis of MOF-74(Ni) 
	Synthesis of MOF-74(Ni)@GO 
	Fabrication of Composite MMMs 
	Preparation of Pebax®1657 Polymer Membrane 
	Preparation of MMMs 


	Results and Discussion 
	Characterization of MOF-74(Ni) and MOF-74(Ni)@GO 
	Characterization of MMMs 
	Characterization of Gas Separation 

	Conclusions 
	References

