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ABSTRACT 

The current study summarizes the findings of the single gas transport performances of the mixed 

matrix thin-film composite membranes (TFCM) consisting of metal-organic frameworks (MOFs) 

incorporated into the polymer of intrinsic microporosity (PIM-1). The Mg-MOF-74, MIL-53, 

TIFSIX-3, and Zn2(bim)4 were investigated as stand-alone materials and as incorporated into the 

PIM-1 polymer matrix serving as a selective layer of thin-film composite membranes by various 

methods: Fourier-transform infrared spectroscopy (FTIR), solid-state NMR (SSNMR), X-ray 

diffraction (XRD), thermogravimetric analysis (TGA), and scanning electron microscopy (SEM). 

The effect of MOF-loading and nature on mixed-matrix membrane (MMM) morphology and 

operation were analyzed by varying the MOF content in the polymer matrix from 2 to 10 wt.% 

with respect to dry polymer weight. The results show that the incorporation of MOFs into the PIM-

1 polymer matrix boosts the permeance and selectivity of H2 and O2 over N2, and the prepared 

PIM-1/TIFSIX_4 mixed matrix membrane shows better separation performance for CO2/CH4 than 

that of pure PIM-1. Such membranes can be good candidates for ammonia purge gas, oxygen 

enrichment, and acid gas treatment applications. 

 

KEYWORDS: mixed matrix membrane, metal-organic framework, polymers of intrinsic 

microporosity, gas separation, thin-film composite membrane, gas adsorption 
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The thin-film composite membranes based on PIM-MOF potentially allow for improved and 

sustainable gas separation combined with low energy consumption.   

 

INTRODUCTION 

Gas separation with polymer-based membranes is a promising approach due to its low 

relative energy consumption, ease of operation, and cost-effectiveness. The main challenge in the 

operation of the pristine solution-diffusion based membranes, based on, e.g., the polymer of 

intrinsic microporosity (PIM), is the lack of selectivity and permeability, which is usually below 

the Robeson upper bound 1. Such a phenomenon has motivated the development of new gas 

separation membranes known as mixed-matrix membranes (MMM) 2-3 synergistically comprising 

advantages of highly selective but mechanically disadvantaged porous organic or inorganic 

materials, and mechanically stable but having limited selectivity polymers. The nanoporous fillers 

such as “drilled” graphene, “defective” graphene oxide 4, and their modifications 5-7, metal-organic 

frameworks, etc. being embedded into the polymer matrix positively influence the gas transport 

properties of the polymer membranes. 

PIM-1 possesses high free volume build of large, well interconnected free volume elements 

that are formed as a result of the highly contorted and extremely rigid polymer backbone structure 

8. The presence of the large free volume elements makes this polymer more attractive in terms of 

highly permeable polymer membrane preparation. The large free volume providing relatively low 

selectivity can be utilized for the delivery of penetrants to the nanoporous filler particles in order 

to improve the transport properties of the PIM-1 membranes 9-10.  

Recently, metal-organic frameworks (MOFs) have received a growing interest as a potential 

filler in the field of MMMs. This new group of materials made by the covalently linking of the 
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metal centers to organic building blocks 11. The metal centers form the vertices of a framework, 

while organic linkers generate a porous structure with the defined structure and shape, which plays 

an important role in mass transport.  

Due to the presence of nanometer-scale pores, MOFs are used in different applications such 

as water purification and gas separation by adsorption. Akpinar et al. 12 used three different MOFs 

for water purification from atrazine contamination. Experiments conducted on MOF supported 

polymers showed that the utilization of a continuous MOF layer exhibits much higher technical 

barrier than polymer gutter layer in 30 nm-thick polymer membranes with an ideal selectivity of 

34 for CO2/N2 gas pair 13. ZIF-8 membranes formed inside porous γ - Al2O3 support showed a 

marked hydrogen separation performance with a maximum H2/CO2 separation factor of ~9.9 at 

250 °C 14. The exfoliated two-dimensional Zn2(bim)4 showed an H2/CO2 selectivity greater than 

200 15. Recently synthesized UTSA-220 MOF nanoparticles exhibit high C2H2 uptake capacity, 

which is very interesting in terms of acetylene separation from light hydrocarbons in downstream 

industrial applications 16. Go et al. 17 revealed that in-situ grown ZIF-7 membranes show higher 

selectivity (~16) for H2/CO2 than ZIF-7 membranes prepared by other methods.  

MOFs present good compatibility with the polymer due to its organic nature with a low 

density 18, which makes them a potential filler for the gas separation purposes. The organic nature 

of the MOF allows one to introduce various functional groups having an affinity to e.g., CO2. Tien-

Binh 19 et al. showed that Mg-MOF-74 crosslinked PIM-1 shows better gas transport properties, 

compared to PIM-1 due to the 1-D hexagonal nanochannels with a 1.1 nm diameter influence 

strongly the CO2 permeability and selectivity. Amine modified ZIF-8 and polyamide thin-film 

nanocomposite membranes prepared by in-situ interfacial polymerization show high separation 

performance for gas pairs, as reported by Yu 20. ZIF-11 incorporated 6FDA-DAM mixed matrix 
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membranes exhibited high permeability for H2, CO2, and CH4 gases 21. Experiments conducted on 

ZIF-71 nanoparticle incorporated 6FDA-Durene yielded an increase in the CO2 permeability by 

three times 22. Two-dimensional, layered CuBDC nanosheets incorporated ultrathin PIM-1 mixed 

matrix membrane exhibited a CO2/CH4 selectivity of 15.6, and CO2 permeance surpassed the pure 

PIM-1 performance 23. Mixed-matrix membranes based on UiO-66 loaded PIM-1 shows high 

selectivity for CO2/CH4 gas pairs surpassing the Robeson upper bound 24. ZIF-8 incorporated 

microporous polyimide polymer with a Tröger’s Base presents enhanced separation for H2/N2 and 

H2/CH4, surpassing the state-of-the-art 2008 Robeson upper bound 25. The MMMs prepared with 

the incorporation of the ultrathin α-Ni(im)2 nanosheets into the PEBAX MH 1657 polymer matrix 

performed an enhanced CO2/CH4 selectivity based on molecular sieving properties. Thus, the 

addition of 2 wt.% α-Ni(im)2 nanosheets increases the selectivity of CO2 over CH4 with a 

separation factor of 33.4 without compromising the CO2 permeability 26. A mixed-matrix 

membrane composed of ZIF-94 filler and 6FDA-DAM polymer matrix presented the increasing 

trend in CO2 permeability, depending on filler loading. It was revealed that at 40 wt.% loading, 

the CO2 permeability reached at 2310 Barrer and the CO2/N2 mixed gas selectivity was ~22 27. 

The current paper investigates the single gas transport properties of MMMs, containing Mg-

MOF-74, MIL-53, TIFSIX-3, and layered Zn2(bim)4 particles embedded into the PIM-1 polymer 

matrix. The selected MOF structures have range of pore sizes (0.2-1.1 nm) and affinity towards 

CO2 that influences the permeability and selectivity of the membrane separation properties. For 

the rationalization of the incorporation of these metal-organic frameworks into the PIM-1 polymer 

matrix, these questions were taken into consideration: 

a) How would the dimensionality of the particles influence the gas transport properties of 

the mixed matrix membranes?  
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b) How do the pore sizes affect the gas transport through such kind of membranes? 

c) Can we develop highly permeable and selective membranes for the sustainable progress 

in the industry? 

Our results revealed that the MOF inclusion improved both permeability and selectivity of 

composite membranes for selected gases. In addition, it was determined that the incorporation of 

layered Zn2(bim)4 particles into the PIM-1 polymer matrix substantially decreases the aging 

phenomena of the PIM-1, which is a drawback for these membranes. Thus, PIM-1 is considered 

as a highly permeable and selective material for gas separation technology. Such kind of an 

improvement regarding the decrease in the aging of the membrane opens up a new way for the 

sustainable development of the industry.  

  

EXPERIMENTAL SECTION 

Materials. Magnesium acetate tetrahydrate (Mg(CH3COO)2·4H2O) (99%), 2,5-

dihydroxyterephthalic acid (H4DHTP) (98%), aluminum nitrate nonahydrate (Al(NO3)3·9H2O), 

1,4-benzenedicarboxylic acid (H2BDC) (>98%), nickel nitrate hexahydrate (Ni(NO3)2·6H2O), 

nickel(II) carbonate (basic) hydrate (NiCO3·2Ni(OH2)·nH2O), pyrazine, Hexafluorotitanic 

acid (H2TIF6, 60 wt.% in water), and zinc nitrate hexahydrate (Zn(NO3)2·6H2O, 98%) were 

purchased from Sigma Aldrich. Benzimidazole (BI, 99%) was purchased from Alfa Aesar. The 

solvents N,N-Dimethylformamide (DMF), and methanol (MeOH) were purchased from Fischer 

Scientific. All chemicals were reagent grade and used as received. Deionized water (DI water) was 

collected from Millipore Direct-Q 5 UV water purification system. 

Synthesis of Mg-MOF-74 powders. An elevated temperature method was applied for the 

synthesis of Mg-MOF-74 crystals reported by Campbell et al.  28. This technique resulted in the 

reduction of the synthesis time. In a typical synthesis, 0.39 to 0.41 g H4DHTP was completely 
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dissolved in 10 mL DMF using a magnetic stirrer. Metal salt solutions were prepared by complete 

dissolution of between 1.15 to 1.21 g magnesium acetate tetrahydrate in a 10:0:0 mL of the mixture 

of DMF:water:ethanol.  

Synthesis of MIL-53 powders. MIL-53 was synthesized according to a synthesis protocol 

described earlier 29. In a brief description, Al(NO3)3·9 H2O (5.99 mmol; 2.246 g) and H2BDC 

(5.38 mmol; 0.895 g) were mixed together and dispersed in 30 mL of solvent (DMF and MeOH) 

and stirred vigorously at room temperature for 15 min and transferred to a 45 mL Parr Teflon® 

lined stainless steel reaction vessel. The reaction mixture was heated to 150 °C for 5 h, and the 

obtained product was separated by centrifugation (4500 rpm for 30 min). The solution was 

decanted, and the powder was washed with DMF (2 x 50 mL) and acetone (1 x 50 mL). The 

powder was dried at 150 °C for 17 h. The removal of the unreacted starting materials and residue 

solvent were performed by the heating of the powder at 333 °C for 3 days. 

Synthesis of TIFSIX-3. The synthesis of TIFSIX-3 was performed via two-step procedure. 

In the first step, NiCO3·2Ni(OH2)·4H2O (3 g, 4.93 mmol) was dissolved in 15 mL water containing 

flask for 15 min at room temperature (RT).  Subsequently, 60% aqueous solution of H2TiF6 ( 1.5 g, 

10.98 mmol) was added into the flask, followed by 5 minutes stirring, and the resulting final 

mixture was stored at RT for 2 days. A green and highly hygroscopic solid was obtained  by the 

evaporation of the solvent at 90 °C for 24 h after filtration of the mixture.. The resulted powder 

kept at 90 °C until a solid green product was formed. After approx. 72 h, 2.152 g (87% yield) 

powder (NiTiF6) was collected. The next synthesis procedure was done by the method presented 

previously elsewhere 30. Briefly, NiTiF6 (0.5 g; 2.22 mmol) and pyrazine (1 g; 12.48 mmol for 

excess pyrazine or 0.356 g; 4.44 mmol for equimolar reaction) were dissolved in 5 mL of solvent 

(water, MeOH, acetone or DMF) each and stirred at RT. After 15 min, these two solutions were 
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mixed together and stirred for an additional 15 min. The reaction mixture was poured into a beaker 

and covered with a lid (for RT reaction) or poured into a 45 mL Teflon®-lined stainless steel 

pressure vessel (Parr Instruments 4744 General Purpose Acid Digestion Vessel, for 85 °C 

reaction).  Centrifugation at 4000 rpm for 30 min was utilized for the separation of the product, 

after 24 h reaction (in DMF at 85 °C for 15 h), and the solution was decanted. The product was 

washed with water and activated in MeOH for 3 days. The product was obtained as a purple 

powder after heating in the vacuum at 120 °C for 24 h.  

Synthesis of Zn2(bim)4 particles. Zn2(bim)4 nanosheets were synthesized via a 

hydrothermal method 15. Thus, 0.3 g (1.00 mmol) of Zn(NO3)2 6 H2O was mixed with 0.77 g (6.52 

mmol) of benzimidazole in a 250 mL round-bottom flask and dissolved in 100 mL anhydrous 

DMF. After dissolution, the flask stirred for 48 hours at room temperature, and it was subsequently 

kept still for another 2 days. The product was centrifuged at 10000 rpm for 30 minutes in order to 

separate the synthesized ZIF-7 nanocrystals from DMF. The ZIF-7 nanocrystals washed carefully 

with ultrapure water and methanol. The yield was 55% with respect to Zn2+ salt. After drying, 0.15 

grams of ZIF-7 nanocrystals placed in a 100 mL round-bottom flask and refluxed for 24 hours at 

100 °C in water. The product was vacuum-filtered on Qualitative Grade 1 Whatman filter paper, 

washed with ultrapure water, methanol, and dried. The product is denoted as Zn2(bim)4, and the 

yield was 75% with respect to ZIF-7 nanocrystals. 

Thin-film composite membrane preparation. The thin-film composite membranes 

(TFCM) from PIM and MOF particles were cast on microporous ultrafiltration polyacrylonitrile 

(PAN) support (made in-house, an average pore size of 22 nm and 15% surface porosity, polyester 

non-woven as mechanical stability provider)  using a house-built membrane casting apparatus 31. 

The particles of Mg-MOF-74, MIL-53, TIFSIX-3, and Zn2(bim)4 were dispersed in 1wt.% PIM-1 
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solution  in THF at 2, 4, 6, 8 and 10 wt.% loadings with respect to polymer dry weight. After the 

preparation of the composite dispersions, they were sonicated for 30 minutes in the sonication bath 

before casting. The selective layer deposition was done by a modified dip-coating method. Thus, 

the porous support was first brought into contact with the polymer solution and then lifted by 1-2 

mm. This caused to the formation of a meniscus between the porous membrane and solution 

surface. The selective layer was formed at ambient conditions by dragging the polymer solution 

(at 1.56 m/min speed) out of the meniscus. As a result, the uniform, and reproducible coating was 

achieved. The evaporation of the solvent was not controlled or influenced as the formed membrane 

was allowed to dry at ambient conditions. 

 

RESULTS AND DISCUSSION 

 Characteristics of the MOF fillers. The FTIR experiments (Figure S1) were conducted for 

the synthesized ZIF-7 and Zn2(bim)4 particles to understand the coordination of benzimidazole 

molecules to Zn2+ metal centers. IR analysis of the benzimidazole molecules conducted by 

Pashchevskaya et al. 32 showed that in-plane and out-of-plane N-H stretching vibrations of the 

linker (benzimidazole molecule) are between 2540 and 3060 cm-1. However, such stretching 

vibrations overlap with the combination bands of C=C stretching and C-H in-plane bending 

vibrations of the benzimidazole molecule, making separation of these vibrations complicated. The 

presence of the combination bands was firstly described by Mohan et al. 33. They have indicated 

that the benzimidazole 33 shows the stretching vibrations between 2900 and 3100 cm-1, which are 

the combination bands of C=C stretching and C-H in-plane bending vibrations. Those peaks at 

2900-3100 cm-1 are also seen for our materials. Since this stretching vibration range belongs to the 

aliphatic compounds and the synthesized compounds do not possess any aliphatic groups, they are 
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assumed as the combination bands of two different vibrations. For example, the peak at 2900 cm-

1 is the combination band of the peaks at 1621 and 1273 cm-1, which are C=C stretching and C-H 

in-plane bending vibrations of the benzene rings. The peak at 1772 cm-1 is not a stretching vibration 

of the carboxylic groups; thus, it can be attributed to the combination band of the N-H in-plane 

bending vibrations at 1545 cm-1 and out-of-plane (C-C-C) bending of the organic linker at 228 cm-

1 33. Hence, the identification of the C-N and C=N stretching vibrations is a difficult task for the 

benzimidazole molecules. Mohan and Sundaraganesan 33 suggested that the C=N stretching 

vibration is at 1689 cm-1; however, we did not observe this peak in the FTIR spectra of our 

materials. Moreover, the peak at 1675 cm-1 likely belongs to the C=O stretching vibrations of the 

residual DMF molecules that are trapped in the pores of the ZIF-7 nanoparticles. After the 

transformation of the ZIF-7 nanoparticles into the Zn2(bim)4 particles, this peak reduces 

significantly, which we claim it is the effect of the solvent exchange. According to the FTIR 

experiment, the residual DMF content in the pores of the ZIF-7 nanoparticles is ~10%. The C=C 

stretching vibrations of the aromatic ring is observed between 1241 and 1611 cm-1. The strong 

peak at 750 cm-1 is attributed to the C-H out-of-plane bending vibration of the organic linker. Fully 

deprotonation of benzimidazole linker can occur in an alkaline medium. However, during the 

synthesis procedure, no alkaline medium was used. In finalizing the FTIR experiments, we can 

claim that some percent of the benzimidazole linkers were not deprotonated. Additionally, it is not 

claimed that the reaction was unsuccessful; thus, FTIR peaks below 600 cm-1 manifest the Zn-N 

stretching vibrations. The change in the feature of the spectra of ZIF-7 and Zn2(bim)4 particles 

demonstrates the structural difference between the particles. 

For detailed information, 13C solid-state NMR experiments were conducted for the 

synthesized ZIF-7 and Zn2(bim)4 particles (Figure 1). ZIF-7 shows two resonances for each carbon 
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with significant line broadening, suggesting the presence of two crystallographically different 

types of linkers and additional disorder. This is consistent with the crystallographic structure of 

ZIF-7 containing two crystallographically inequivalent linkers 34-35. The spectra clearly show the 

existence of the solvent molecules trapped in the pores of the ZIF-7 nanoparticles, which is in 

agreement with the FTIR results. By contrast, a single sharp resonance is seen for each carbon of 

the Zn2(bim)4 sample, indicating that one type of crystallographically different linker exists in the 

layered structure. In comparison with the benzimidazole monomer, the signal for C1 carbon shifts 

to a high frequency significantly. This phenomenon suggests that the Zn atoms are coordinated via 

bonding to the nitrogen atoms. 13C NMR results demonstrate that ZIF-7 and Zn2(bim)4 possess 

different crystallographic structure and crystallinity. 

 
Figure 1. 13C cross-polarization (CP) magic-angle spinning (MAS) NMR analysis of ZIF-7 and 

Zn2(bim)4 particles. 

  Thermogravimetric analysis showed that the ZIF-7 particles degrade in three steps while 

Zn2(bim)4 particles possess only one degradation step (Figure S2). The first degradation step for 
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ZIF-7 is observed between 30 and 200 °C, with a mass loss of ~8 %. This data overlaps with the 

FTIR and NMR data and confirms the existence of the trapped DMF molecules in the pores of the 

ZIF-7 particles. The second degradation step starts at 220 °C and ends at 700 °C with a ~37% mass 

loss, which corresponds to the decomposition of the framework. The last decomposition step could 

be attributed to the destruction of the benzimidazole molecules. Conversely, the Zn2(bim)4 

particles are stable up to 550 °C. A plateau is followed by a ~46% mass loss between 550 and 800 

°C, corresponding to the decomposition of the framework. The decomposition of TIFSIX-3 and 

Mg-MOF74 follows four degradation steps in comparison with the ZIF-7 and Zn2(bim)4 particles. 

The first degradation step with mass losses of ~10% for TIFSIX-3 and ~14% for Mg-MOF74 are 

recorded between 40 and 100 °C. This is related to water molecules adsorbed by the particles. The 

next degradation step is seen between 100 and 200 °C with a mass loss of ~10% in the case of 

TIFSIX-3, and between 100 and 350 °C with a mass loss of ~22% in the case of Mg-MOF74. 

Considering the boiling point of DMF (153 °C), it is highly accepted that in this temperature range 

the residual amount of the solvent evaporates from the particles. However, besides the solvent 

evaporation, the decomposition of the organic linker of Mg-MOF74 starts. The whole organic 

linker decomposition continues in the third step. The MIL-53 particles are stable up to 300 °C. It 

is followed with a ~32% mass loss corresponding the decomposition covalent bonds between the 

organic linkers and the metal centers of the framework in the temperature range between 300 and 

500 °C. The next step (500-800 °C) with a ~46% mass loss is related to the decomposition of 

organic linkers. 

Figure 2 depicts the X-ray powder diffraction spectra of the MOF particles both as 

experimental and simulated results. The spectra suggest that the transformation of the ZIF-7 

particles into the Zn2(bim)4 particles leads to a strong crystal structure alteration. According to the 
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results it is suggested that the crystallinity of the particles is considerably different. Using the 

Scherrer equation, it was calculated that the crystal size of the ZIF-7 particles has significantly 

changed after transformation into the Zn2(bim)4 particles from 60 nm to 200 nm, respectively. The 

simulated XRD pattern also confirms the formation of an ordered structure. 

     

 
Figure 2. XRD pattern of the synthesized (a) ZIF-7 and (b) Zn2(bim)4 particles. Red curves show 

the PXRD simulated patterns.  

A detailed explanation of XRD patterns of Mg-MOF-74, MIL-53, and TIFSIX-3 MOF 

particles is given elsewhere 28-30, 36-39. The particle sizes of Mg-MOF-74, MIL-53, and TIFSIX-3 

MOF particles used in this study were in consistent with the data reported previously.  

SEM images and the EDX elemental mapping of the ZIF-7 and Zn2(bim)4 MOF particles are 

shown in Figure 3. The ZIF-7 particles have successfully transformed into Zn2(bim)4 particles, 

which possess the ordered structure with dimensions of approximately 1000×1000×200 nm. 

However, the EDX elemental mapping of the particles did not show much difference. Both 

samples showed that the amount of the elements distributed through the particles are the same and 

confirms the solely transformation of the crystalline shape. Peng et al. 15 revealed that such 



 14 

particles have a layered structure. To support the argument we conducted exfoliation experiments 

and analyzed through the TEM microscopy (Figure S3). It was revealed that Zn2(bim)4 particles 

consist of layers and it is possible to exfoliate them. After exfoliation, a single layer is visible. 

SEM images of the Mg-MOF-74, MIL-53, and TIFSIX-3 MOF crystals are consistent with the 

previous reports. Crystals of such kinds of MOF particles possess spherical shapes and range in 

several micrometers.  

 
 

Figure 3. SEM images and EDX elemental mapping of the synthesized ZIF-7 and Zn2(bim)4 MOF 

particles.  

The BET areas for ZIF-7, Zn2(bim)4, Mg-MOF-74, and MIL-53 samples are reported 

previously 15, 29, 40-41. The BET area for TIFSIX-3 (Figure 4) was measured as 58 m² g-1 that is 

lower than the literature data published for SIFSIX (223 m² g-1), which is analogous of TIFSIX 36, 
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42. It seems that the porosity of the sample is low. The same behavior was seen in the case of 

SIFSIX-3-Ni 43.  

 
Figure 4. N2-isotherms of TIFSIX-3 prepared in DMF at 85 °C AsSyn (black), after activation by 

(blue) Adsorption: solid line; Desorption: dashed line. 

Morphology studies of the TFCMs. The cross-sectional structures of the thin-film 

composite membranes are shown in Figure 5. The Mg-MOF-74, MIL-53, and TIFSIX-3 particles 

are in micron range that require to control the crystal growth to reduce the size of the crystals to 

few nanometers. This will ensure controlling the incorporation of the filler into the polymer matrix 

and the formation of the defect-free selective layer of a TFC membrane. However, due to the 

presence of large particles inside the thin-film mixed-matrix membranes, defect zones are 

introduced between the polymer matrix and the particles, which lead to losses in gas transport 

performances of the proposed membranes. Therefore, the Zn2(bim)4 particles possess a layered 

structure that can undergo some degree of exfoliation during selective layer deposition, and the 

exfoliated layers could be oriented along the membrane surface. This phenomenon is expected due 

to the presence of shear force applied to the forming selective layer during TFC membrane 
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preparation. The capillary force applied by the porous support results in a strong suction of the 

solvent accompanying a complete wetting of the porous PAN sublayer, which gives an additional 

force for the orientation of the particles parallel to the membrane surface. Such forces were 

incapable for the penetration of the polymer into the porous PAN support due to the high molecular 

weight of PIM-1. A well-defined border line between the continuous polymer layer and porous 

substrate in the SEM images of the membranes (pure PIM-1 and MOF reinforced PIM-1 mixed-

matrix membranes) supports our thesis. In order to see the dispersion of MOF particles in the 

polymer matrix, the cross-sectional EDX analysis were conducted and all data is presented in 

Figure S4. The metal centers were detected where the concentration of the metal atoms were 

measurable. During analysis, it was revealed that the concentration of Zn atoms was low and for 

this reason, the exfoliated Zn2(bim)4 nanosheets were undetectable. 

 

 
Figure 5. Cross-sectional SEM images of pure PIM-1 (a), PIM1-Zn2(bim)4_2 (b), PIM1-

MOF74_8 (c), PIM1-MIL53_4 (d) and PIM1-TIFSIX3_4 (e) mixed-matrix membranes. 
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Gas separation results of the PIM-1/MOF thin-film composite mixed matrix 

membranes. Prepared TFC membranes whose selective layer consists of MOF incorporated PIM-

1 as were used for the single gas transport experiments with H2, CH4, N2, O2, and CO2 using in-

house built gas permeation facility. Data of the single gas transport properties and the ideal 

selectivities of the prepared MMMs were obtained for at least four different stamps of the same 

membrane batch, and the permeances and selectivities were calculated as an average value of the 

20 experimental points using the equations S2 and S3. The standard deviations and the mean values 

of the permeance were calculated on the base of the experimental results of four samples, and the 

ideal gas selectivity error was taken as a multiplication of the corresponding gas permeances. The 

experimental errors were determined based on the accuracy of the measurement system, which 

originates from the accuracy of permeate volume calibration, pressure and temperature sensors 

accuracy, determination of membrane surface. Permeability coefficients were derived from 

membrane permeance using selective layer thickness determined from the SEM cross-sectional 

images of membranes. Inputs for the selectivities and permeability coefficients and the comparison 

to the results with other PIM-1 and filler incorporated PIM-1 membranes are presented in Table 1 

and Table S1. The membranes those showed better performances during the experiments are 

detailed in these tables. The results for 10 wt.% loading of Mg-MOF-74 and Zn2(bim)4 particles 

are shown as data for the aging experiments even though they showed low selectivities during 

experiments. However, this amount of loading was chosen for the aging experiments due to their 

comparable high permeabilities. 
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Table 1. Ideal selectivities for the MOF-incorporated PIM-1 TFC membranes. Experiments were 

conducted at 30 °C. 

Membrane 

code 
Filler 

Wt.% 
of 

filler 

Selectivities 
Ref. 

H2/N2 CH4/N2 CO2/N2 O2/N2 CO2/CH4 

Literature data 

PIM-1 - - 14.0 1.36 25.0 4.00 18.4 44 

PIM-1/UiO-
66 UiO-66 9 12.0 1.45 23.0 3.95 16.0 24 

PIM-1/CAU-
21-ODB 

CAU-21-
ODB 15 39.0 - - - - 45 

PIM-1/ZIF-
67 ZIF-67 20 16.0 1.44 23.7 - 16.5 46 

Experimental data of current studyǂ 

PIM-1 - - 10.5  1.59 21.0 3.23 13.2 

 

This 
work 

 

PIM1- 
Zn2(bim)4_2 Zn2(bim)4 2 15.5 1.43 19.6 4.25 13.7 

PIM1- 
Zn2(bim)4_10 Zn2(bim)4 10 10.5 1.50 15.4 3.37 10.2 

PIM1-
MOF74_8 

Mg-
MOF-74 8 16.1 1.40 17.1 4.12 12.2 

PIM1-
MOF74_10 

Mg-
MOF-74 10 15.0 1.39 16.4 3.94 11.8 

PIM1-
MIL53_4 MIL-53 4 18.3 1.34 17.0 4.00 12.7 

PIM1-
TIFSIX3_4 TIFSIX-3 4 19.4 1.37 19.2 4.30 14.1 

ǂ 10 wt.% of loadings of Mg-MOF-74 and Zn2(bim)4 particles are shown here as data for aging 
experiments. 
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Tables and Figure S6 show that with the increase of the MOF particles loadings into the 

PIM-1 matrix, mainly, the selectivity of hydrogen over nitrogen increases. However, there is also 

a slight but statistically relevant increase in the selectivity of O2/N2 and almost non-changing 

selectivity for CO2/N2 and CH4/N2. The incorporation of the MOF particles into the PIM-1 matrix 

boosts the permeability of the mixed-matrix membranes (Table S1) for the gases investigated, 

except nitrogen in the cases of PIM1-Zn2(bim)4_2, PIM1-MIL53_4, and PIM1-TIFSIX3_4. We 

conducted the high-pressure adsorption experiments on the Mg-MOF-74 to understand the 

interaction of the particles with the gas molecules (Figure 6 and Figure S5).  

 

 
Figure 6. The Langmuir model adsorption isotherms of CO2, CH4, O2, and N2 for pristine Mg-

MOF-74 based upon the experimental results (see Figure S5). 

Table 2. The sorption model parameters of Mg-MOF-74 with comparison to the pristine PIM-1 

taken from 47. The 𝐶𝐶𝐻𝐻′  and b parameters shown for Mg-MOF-74 was obtained by nonlinear least-

squares fitting from Eq. S1. 

Sample Sorption model 
parameters 

Feed gases 

N2 CH4 O2 CO2 

PIM-1ǂ 
𝐶𝐶𝐻𝐻′ , cm3 (STP) cm-3 - 62.1 - 104 

b, atm-1 - 0.135 - 0.415 

Mg-MOF-74 𝐶𝐶𝐻𝐻′ , cm3 (STP) g-1 0.0758 12800 12.3 85600 



 20 

b, bar-1 0.0185 0.0003 0.0972 0.0001 
ǂ The sorption model parameters for the pristine PIM-1 was calculated based upon a dual-mode 

sorption isotherm. 

 

  The experiment showed that Mg-MOF-74 has a strong affinity towards CO2, while the 

adsorption of CH4 is moderate. The adsorption of nitrogen and oxygen is much lower than the 

adsorption of carbon dioxide and methane. All the adsorption isotherms are well described by the 

nonlinear form of Langmuir equation 48. 

This phenomenon can explain the reason for the high permeability coefficient for CO2 in the 

PIM1-MOF74 MMM. We suggest that the permeance of CO2 increases with the improved 

solubility of the gas in the composite membrane. Although there is no interaction of the particles 

with nitrogen, the permeance increases 1.4 times, which we claim that this is the effect of the 1.1 

nm diameter nanochannels of Mg-MOF-74 particles. Considering this result, we suppose the other 

particles (Zn2(bim)4, MIL-53, and TIFSIX-3) trap the gas molecules inside the composite 

membrane, and the withdrawal of the gas becomes complicated. (Table 2).    

At 2 wt.% loading of Zn2(bim)4, the increase in the permeability coefficients is seen in the 

cases of H2, and O2, while CO2, N2, and CH4 permeabilities decrease (Figure S6). This gives an 

increase in the selectivities of hydrogen and oxygen over nitrogen. The selectivity of CO2/N2 is 

almost unchanged. This result is higher rather than the reported data in Table 1. Peng et al. 15 

showed that Zn2(bim)4 particles are the stacked two-dimensional materials, and the layers have a 

~0.21 nm pore diameter, which makes such kind materials as the potential candidates for hydrogen 

separation. The pore size effect could be supportive for the explanation of the selectivity increase 

in the mixed-matrix membranes of PIM1-MIL53_4 and PIM1-TIFSIX3_4, where the pore sizes 

of the particles are 0.7 and 0.4 nm, respectively. When these particles are incorporated into the 
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PIM-1 matrix, it is supposed to get mixed-matrix membranes prone to hydrogen separation. The 

H2/CH4 selectivity increased from ~6.6 for pure PIM-1 to ~11.0 for PIM1- Zn2(bim)4_2, to ~11.6 

for PIM1-MOF74, to 13.7 for PIM1-MIL53_4 and to ~14.2 for PIM1-TIFSIX3_4 mixed-matrix 

membranes.  

Table 3. The effect of MOF particles on the H2/CO2 selectivity with regard to penetrant size. 

Gas 
molecule 

Kinetic 
diameters, 

nm 

H2/CO2 selectivities 

PIM-1 PIM1- 
Zn2(bim)4_2 

PIM1-
MOF74_8 

PIM1-
MIL53_4 

PIM1-
TIFSIX3_4 

H2 0.289 
0.52 0.79 0.94 1.1 1.0 

CO2 0.33 

 

Although hydrogen possesses small kinetic diameter (~0.289 nm), the permeability of pure 

PIM-1 follows the order of CO2 (~0.33 nm) > H2 (~0.289 nm) > O2 (~0.346 nm) > CH4 (~0.34 

nm) > N2 (~0.364 nm). It is worth noting that the reinforcement influences strongly on the gas 

transport properties of the mixed-matrix membrane (Figure S7). With the loading of MOF 

particles, the transport of hydrogen increases without any hindrance, while the transport of CO2 

decreases significantly. The reinforcement of PIM-1 with Mg-MOF-74 boosts the gas transport 

properties of the mixed-matrix membrane with a slight change in trend, which we claim that this 

is the result of either 1D nanochannels of Mg-MOF-74 or the defects formed between the polymer 

matrix and the nanoparticle. Table 3 shows how the particle loading affects H2/CO2 selectivities. 

The selectivity data is not relevant for the industrial applications; however, it shows a definite 

effect on the transport of these particular gas molecules. The CO2 solubility of PIM-1 does not 

allow us to reach high separation factors for H2/CO2.   
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Figure S6 shows the effect of particle loadings on gas permeability coefficients of different 

mixed-matrix membranes, while Figure 7 shows the effect on the relative selectivities. As it is 

seen, with the increase of filler content in the membrane, the permeability coefficients increase, 

which is related to the introduction of the defect sites into the polymer matrix.  

 

 
Figure 7. Relative selectivity of different gases as a function of MOF loadings in the PIM-1 

polymer matrix. 

In comparison to hydrogen, at 2 wt.% loading of Zn2(bim)4 particles, the transport of other 

gases is prohibited, which gives an increase in the corresponding selectivities. This can be 

explained by the exfoliation of some layered particles, which allows the transport of hydrogen. 

With the increase of the particle loading, the stacking effect of the layers allows other gases to by-
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pass the nanoparticles giving rise in the permeabilities and decrease in the selectivities. The 

permeabilities of all gases stabilize between 6 wt.% and 8 wt.% that we claim after 8 wt.% loading 

the defect formation between the particles occurs and the gas molecules transport through such 

type of the defects. The same trend is observed in other fillers with a slight difference, which 

attributes to the nature of the particles. This could be explained by the introduction of defects zones 

inside the mixed-matrix membranes, which facilitate mass transport. This phenomenon is 

supported by the investigations of the relative selectivities as a function of MOF loading in PIM-

1 (Figure 7).  

Figure S8 shows that after incorporation of MOF particles into the PIM-1 polymer matrix, 

the mixed-matrix membranes transcend the 2008 Robeson upper bound except Zn2(bim)4 

incorporated membrane.  

Although the prepared membranes show promising properties, PIM-1 suffers from “physical 

aging” 49. To understand the effect of the particle loadings on the aging of PIM-1, pure PIM-1, 

PIM1-MOF74_10, and PIM1-Zn2(bim)4_10 membranes were tested through nitrogen permeances. 

The membranes put for testing were cut 30 minutes after the membrane preparation as the start 

point. All the particle loadings were 10 wt.% with respect to polymer dry weight. The choice of 

the 10 wt.% loaded samples was related to their relatively high permeability coefficients than other 

counterparts even though their selectivities were low (Table 1). The cross-sectional SEM images 

of the MMMs used in aging experiments are shown in Figure S9. 
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. 

Figure 8. The aging behavior of pure PIM-1 and MOF-incorporated PIM-1 mixed-matrix 

membranes. 

As it is evident from Figure 8, TFCM of PIM-1 ages drastically losing 50% of permeance in 

the first 10 hours of the experiment. When 10 wt.% of Mg-MOF-74 particles were incorporated 

into the PIM-1 polymer matrix, the aging trend followed the same path as pure PIM-1 TFCM. 

Interestingly, the Zn2(bim)4 10 wt.% loading caused a very different effect on TFC membrane 

aging compared to the two aforementioned examples. The physical aging of PIM1-Zn2(bim)4_10 

mixed-matrix membrane is ~40% less than pure PIM-1 and PIM1-MOF74_10 MMMs. This 

phenomenon could be explained by the exfoliation of the layered particles in the selective PIM-1 

layer and formation of an enormous amount of polymer/particle interface which, probably has 

aging properties very different from bulk PIM-1. The later claim will further be analyzed after 

thorough exfoliation of the nanosheets. 

 

CONCLUSIONS 
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Several metal-organic frameworks possessing two-dimensional and three-dimensional 

structures were synthesized and successfully characterized by SSNMR, FTIR, XRD, BET, etc. 

XRD analysis showed that all synthesized MOFs have a high crystallinity degree. The high-

pressure adsorption experiments conducted on Mg-MOF-74 showed that such kind of particles 

adsorbs CO2 much higher than other gases. Gas separation experiments revealed that when MOF 

particles incorporate into the PIM-1 matrix, the gas separation performances of the latest boosts 

and the obtained mixed-matrix membranes transcend the 2008 Robeson upper bound. Such 

membranes can be good candidates for ammonia purge gas, oxygen enrichment, and acid gas 

treatment applications. Layered MOF crystals showed improved performances against the aging 

of PIM-1, and the experiments in this will be continued in the future.  

The results could answer the questions arisen in the introduction part of the manuscript. 

Thus: 

a) Two-dimensional layered materials can be exfoliated in the polymer matrix rather than 

three-dimensional particles, which gives us to use the low amount of the compound for 

better gas transport properties. 

b) It was revealed that the incorporation of the microporous particles into the PIM-1 

polymer matrix considerably influences the permeability coefficients and selectivities of 

hydrogen and oxygen over nitrogen. Such result improves the gas transport properties of 

PIM-1. 

c) Having 0.2 nm pore diameter, the layered Zn2(bim)4 is exfoliated in the polymer matrix 

and this factor influences the aging of the membrane, which might be useful for the 

sustainability character of the industrial progress.  
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