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Highlights: 

 Mg-MOF-74 and PVAc show good compatibility at interface.  

 Competitive adsorption in Mg-MOF-74/PVAc membranes increases both permeability 

and selectivity. 

 Mg-MOF-74 activation time influences permeability and selectivity of Mg-MOF-74/PVAc  

membranes. 

 Mg-MOF-74 incorporation in MMMs reduces the effect of plasticization.  

Abstract 

In this study, Mg-MOF-74 crystals were synthesised in order to prepare polymer/Mg-MOF-74 

mixed matrix membranes (MMMs) for CO2/CH4 separation. Activation temperature and time 

of the Mg-MOF-74 crystals were determined in order to enhance the performance of 

polymer/Mg-MOF-74 mixed matrix. The Mg-MOF-74 crystals were then incorporated into 

polyvinyl acetate (PVAc) matrix to form dense MMMs by a solvent-casting method. After the 

structural characterisation of the prepared membranes, their CO2/CH4 separation properties 

were determined by measuring mixed gas permeabilities at 6 and 15 bar with a Wilke-

Kallenbach method at steady-state. SEM image of MMM showed there were no visible voids 

at the MOF/polymer interface. The highest BET area of Mg-MOF-74 crystals was measured 

when activiation was performed at 150 oC for 24 h under vacuum. Mixed gas permeability 

measurements of the membranes showed that both CO2 permeability and selectivity were 

improved with the increasing amount of MOF suggesting strong adsorption selectivity of Mg-

MOF-74 for CO2. Activation time of Mg-MOF-74 crystals influenced the permeability and 

selectivity of MMMs. Incorporation of Mg-MOF-74 helped reducing the effect of 

plasticization.  

1. Introduction 
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Carbon dioxide/methane separation is important for natural gas processing because 

CO2, which is a contaminant in natural gas wells, decreases the energy content of the gas, 

and becomes acidic and corrosive in the presence of water. Conventional CO2 capture 

processes (e.g. cryogenic distillation and absorption using amines) require high levels of 

energy consumption [1]. Therefore an efficient, environmental friendly, economically viable 

capture process is needed. Membrane-based separation technologies have been prefered  

due to their ease of operation and energy-saving potential [2].  

Polymeric membranes are the current state-of-the-art for CO2/CH4 separations [3]. 

However there is a trade-off between permeability and selectivity that limits their 

performance [4]. Incorporation of inorganic filler particles to produce mixed matrix 

membranes (MMMs) can overcome these issues. Porous filler particles, such as zeolites 

and carbon molecular sieves [5-10], can increase the permselectivity of membranes. 

However, poor interaction at the interface between inorganic and polymer phases is a major 

challenge to be addressed [11].  

Metal–organic frameworks (MOFs), which comprised of metal ions connected by 

organic linkers, can be the most promising candidates for MOF-polymer MMMs due to their 

diversity and flexibility in structure. They possess ultra-high porosity (up to 90% free volume) 

and enormous internal surface areas [12, 13]. They can be synthesised with controlled pore 

sizes [14], surface functionalities and chemical properties [15] by changing the combination 

of metal and linker. Another advantage of MOFs lie in the fact that the organic linker in the 

structure improves their affinity to the polymer chains of membranes above that of other filler 

particles. 

Several MOF-based MMMs have been prepared with improved performance for gas 

separations using both low and high flux glassy (e.g., Matrimid, Polyvinyl Acetate (PVAc) 

and Ultem) and high flux rubbery (e.g., Polydimethyl siloxane) polymers [16-19]. Some of 

these studies investigated MOFs with small pores, which can separate molecules by size 

exclusion. Adams et al. added CuTPA to PVAc and the MMM exhibited increased selectivity 

for various gas mixtures [16]. Incorporation of 15 wt% MOF particles into polymer matrix 

improved the CO2/CH4 selectivity of pure polymer up to 34%. Ordonez et al. reported 4 times 

higher ideal CO2/CH4 selectivity for ZIF-8/Matrimid MMMs with 50 wt% ZIF-8 loading  [20]. 

However, the CO2 permeability decreased 80% (to 4.72 Barrer) in comparison to pure 

Matrimid (22.31 Barrer). Polyimide MMMs containing ZIF-90/6FDA, on the other hand, 

showed permeability and selectivity reaching up to 3000 Barrer and 19.6 at 1 bar pressure 

drop, respectively [21].  
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MOFs with mesoporous cavities have also been investigated in order to overcome 

sorption and mass transfer limitations. These MOFs exhibit extremely high CO2 adsorption 

capacities [22]. Perez et al. showed that with incorporation of 30 wt% MOF‐5 in a Matrimid®‐

PI polymer, permeability of gases can be increased by 120% while ideal selectivity remained 

constant [23]. Zornoza et al. fabricated MMMs using amine functionalized MIL‐53 in 

polysulfone [24]. Mixed matrix membranes containing 40 wt% MIL‐53 exhibited 30 selectivity 

for CO2/CH4 separation. Shahid et al. enhanced the single gas CO2 permeability and ideal 

CO2/CH4 selectivity two times to 24 Barrer and 66, respectively, with 30 wt% MIL-53(Al) 

incorporation into Matrimid® polymer [25]. 

Selecting the appropriate type is a challenge for successful MOF-polymer MMM 

preparation. In addition, activation of the MOF crystals in order to access the internal 

porosity and remove the trapped molecules/solvents are critical [26]. Sometimes activation 

can be incomplete or distructive as a result of retention of molecules or collapse of the 

porous structure upon removal of the supporting solvent molecules, respectively. One of the 

key criteria for effective CO2/CH4 separations is selecting a MOF with a high CO2 adsorption 

capacity. M-MOF-74 particles (also known as CPO-27-Mg; where M is a metal e.g. Ni, Mg) 

incorporated into polymer membranes has received attention for CO2 separations, due to 

their exceptional CO2 adsorption capacities. Mg-MOF-74 in particular has displayed high 

adsorption capacity of 380 mg.g-1 [27]. In addition, several studies reported the high 

separation selectivity of CO2 over CH4. Dietzel et al. showed a strong preference for 

CO2 with respect to CH4 or N2 under dynamic conditions using Ni-MOF-74 powder [28]. Britt 

et al. exhibited that Mg-MOF-74 crystals adsorbs 3.9 mmol CO2 per gram during 

breakthrough experiments with a 80% CH4/20% CO2 mixture at atmospheric pressure and 

room temperature [29]. Krishna reported CO2/CH4 seperation selectivities up to 200 via 

simulating CO2/CH4 separation in an adsorption bed [30]. High CO2 adsorption capacity and 

separation selectivity suggest that Mg-MOF-74 is a good candidate for synthesizing high-

performance CO2 selective membranes. 

A few studies investigated the performance of M-MOF-74 incorporated MMMs for gas 

separations. Bachman and Long showed that the incorporation of ~23% of Ni-MOF-74 

nanocrystals into a range of polymers can improve ideal CO2/CH4 selectivities from 6 to 12 in 

comparison to neat polymers [31]. The CO2 permeabilities are also improved significantly, 

where the polymer phases are 6FDA-DAM (626 to 1035 Barrer) and 6FDA-durene (518 to 

715 Barrer). Only for Ni-MOF-74/Matrimid® was a slight decrease in CO2 permeability 

observed from 9.55 to 9.31 Barrer with inclusion of MOF crystals. Bae and Long prepared 

MMMs with Mg-MOF-74 nanocrystals (in the range of 10-20 wt% particle loading) in two 

rubbery (PDMS and XLPEO) and one glassy (polyimide) polymer for CO2 removal from N2. 



  

4 

 

Ideal selectivities are improved 1.3-1.6 times for all MOF/polymer MMMs compared to neat 

polymers. However, the CO2 permeability (850 Barrer) is increased only for MOF/polyimide 

membranes, with 10 wt% MOF inclusion [32].  

In this study, we investigated the effect of activation and incorporation of Mg-MOF-74 

crystals on the performance of Mg-MOF-74/PVAc MMMs. PVAc was selected as a low Tg 

polymer that has low gas permeabilities that do not alter the contribution of the MOF phase 

to overall MMM transport [33]. Moreover, PVAc is a cheap polymer with high CO2 adsorption 

capability [34]. Mg-MOF-74 was chosen as it exhibits one of the highest CO2 adsorption 

capacity and adsorption selectivity when compared to other MOFs including other metal 

forms of MOF-74 [35, 36]. The separation properties of the MMMs prepared were 

characterized by CO2/CH4 mixed gas streams.  

2. Experimental 

2.1. Materials 

For Mg-MOF-74 (Fig 1) synthesis, magnesium acetate tetrahydrate 

(Mg(CH3COO)2·4H2O) (99%) and 2,5-dihydroxyterephthalic acid (H4DHTP) (98%) were 

purchased from Sigma-Aldrich. Dimethylformamide (DMF, 99.98%), ethanol (99.99%), 

methanol (99.99%) and toluene (99.99%) were obtained from Fisher Scientific UK Ltd. PVAc 

(Fig 1) was purchased from Sigma Aldrich with an average molecular weight of 500,000 by 

GPC and relative density of 1.191 g cm-3. All chemicals were used as received without 

further purification. 

                                

Fig. 1. Chemical structures of PVAc and Mg-MOF-74 (red: oxygen, grey: carbon, 

green: Mg, white: hydrogen) [37]. 

2.2. Synthesis of Mg-MOF-74 crystals 

The Mg-MOF-74 crystals were prepared using the synthesis devised by Campbell and 

Tokay [38]. First, approximately 0.4 g of H4DHTP was mixed in 10 ml DMF using a magnetic 

stirrer until the ligand had completely dissolved. A metal salt solution was then prepared by 

dissolving 1.2 g of magnesium acetate tetrahydrate in a mixture of 6 ml of DMF, 2 ml of 

PVAc Mg-MOF-74 
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water and 2 ml of ethanol. The organic ligand solution was added dropwise to the metal salt 

solution. Once all the ligand solution added to the metal salt solution, the mixture was 

transferred to a 45 ml Parr reaction vessel with a Teflon® liner. The sealed vessel was 

placed into an oven at 125 °C for 6 h. After solvothermal synthesis, crystal samples were 

washed with 25 ml of DMF three times over 48 h, followed by washing with 25 ml of 

methanol three times over 6 days. The samples were then allowed to dry at ambient 

conditions before activation under vacuum at 100 and 150 oC up to 48 h. 

2.3. Preparation of Mg-MOF-74 incorporated PVAc mixed matrix membranes 

Membranes were prepared by solution-casting technique [39]. The MOF/PVAc 

membranes containing up to 20 wt% Mg-MOF-74 crystals were first dispersed in toluene, the 

suspension was mixed overnight on a magnetic stirrer before adding the polymer (with a 

25/75 polymer/solvent wt% ratio). After the polymer addition, the mixture was stirred 

overnight. The film was cast on to a Teflon® surface after cleaning with ethanol. The initial 

thickness of the films was set to 550 µm using a casting knife. The film was placed in a fume 

cupboard at 25 oC overnight and then dried in a vacuum oven at 60 oC for 48 h in order to 

remove residual solvent. Membranes were cooled down to room temperature inside the 

vacuum oven and stored in a desiccator. The thickness of the dried membranes varied from 

45 μm to 75 μm. Pure PVAc membranes were also prepared using a similar protocol but 

omitting the particle dispersion step.  

2.4. Characterisation of MOF crystals and membranes 

Structural and morphological characterisation of MOF particles and membranes was 

performed by X-ray diffraction (XRD) and scanning electron microscopy (SEM). XRD 

patterns were obtained by a Siemens D500 using CuKα (λ = 1.54 Å) as a radiation source. 

The X-ray scans were taken in the 2θ range of 4o and 20o (MOFs) and 5° to 50° 

(membranes) at a rate of 0.05° s-1. To determine the morphology and crystal size, SEM 

analysis was carried out using JEOL 6400 scanning electron microscope. MOF particles 

were attached on sample holder with an adhesive carbon foil. Membrane cross-sections 

were obtained by cryogenic fracturing in liquid nitrogen. The samples were then coated with 

platinum (using a Polaron sputter coater) to avoid charging of sample surfaces. The images 

were used to evaluate the MOF crystals, MOF-polymer interface, the dispersion of MOF 

particles and the final membrane thickness. Brunauer–Emmett–Teller (BET) surface areas 

and CO2 and CH4 adsorption/desorption isotherms (at 25 oC) were determined using a 

Micromeritics, TriStar II 3020, Norcross, GA gas adsorption analyser. Thermal Gravimetric 

Analysis (TGA, TA Q500) of Mg-MOF-74 crystals, pure PVAc and and Mg-MOF-74 

containing membranes were performed by heating ∼20 mg of sample in an alumina crucible. 

The measurements were carried out under nitrogen flow (20 ml min-1) between 25 and 600 
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°C with a heating rate of 2 and 20 oC min-1 for crystals and membranes, respectively. 

Differential scanning calorimetry (DSC, TA Q100) was carried out to determine the glass 

transition temperature of the membranes, thus allowing the interaction between PVAc and 

MOF fillers to be understood. The samples were heated under a nitrogen atmosphere (flow 

rate= 50 ml min-1) with a heating rate of 5 °C min-1 from 0 °C to 100 °C. Sample weight was 

maintained at 10 mg. All measurements were repeated three times.   

2.5. Mixed gas separation measurements 

The mixed gas separation performances of the pure and mixed matrix membranes 

were measured via Wicke–Kallenbach technique [40], using binary mixtures of CO2:CH4 

(50:50 and 90:10 vol%) with He as a sweep gas. The measurements were conducted at 25 

oC with a feed pressure of 6 bar. For plasticization effect, feed pressure was set to 15 bar. 

We also investigated the influence of temperature separation peformace at 35 oC, near Tg. 

The gas flowrates were controlled by Bronkhorst mass flow controllers at CO2= 20 ml.min-1, 

CH4= 20 ml.min-1 and He= 5 ml.min-1. The steady state permeate and retentate gas mixture 

compositions were measured using a Thermo Electron Focus Gas Chromatograph 

(Czechia) equipped with a methanizer and flame ionisation detector and an Agilent 7890 

GC/MS system (Nottingham).  

The permeability, 𝑃𝑖 (cm3.cm.cmHg-1.s-1.cm-2) of permeating species, i was defined by 

the following equation [35] [41] 

𝑃𝑖 =
𝑦𝑖

𝑃.𝐹𝑠.𝑙

𝐴(𝑦𝑖
𝑅.𝑃𝑅− 𝑦𝑖

𝑃.𝑃𝑃)
      (1) 

Where  𝐹𝑠, is the flow rate of sweep gas (cm3.s-1), 𝑙 ,the thickness of the membrane (cm), 𝐴, is 

the membrane area (cm2), 𝑦𝑖
𝑅 , 𝑎𝑛𝑑 𝑦𝑖

𝑃 are the mole fraction of i, in the retentate and permeate 

stream respectively, 𝑃𝑅 (cmHg) and  𝑃𝑃 (cmHg) are the pressure in retentate and permeate 

respectively. It is also convenient to express permeability in Barrer (1 Barrer = 10-10 cm3 (STP) 

cm s-1 cm-2 cmHg-1). 

The separation factor was calculated using Equation 2, 

𝛼𝐶𝑂2 𝐶𝐻4⁄ =
𝑦𝐶𝑂2     𝑦𝐶𝐻4

⁄

𝑥𝐶𝑂2       𝑥𝐶𝐻4
⁄

     (2) 

Where 𝑦𝐶𝑂2   and 𝑦𝐶𝐻4
 are the mole fractions of the CO2 and CH4 in the permeate stream 

respectively, 𝑥𝐶𝑂2
 and 𝑥𝐶𝐻4

 are their corresponding mole fractions in the feed stream. 

3. Results and Discussions 

3.1. Characterisation of Mg-MOF-74 

The XRD pattern of activated (at 150 oC for 24 h under vacuum) and SEM image of as-

synthesised Mg-MOF-74 crystals was shown in Fig 2. The crystalline structure of samples 
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were confirmed by the most prominent characteristic peaks of Mg-MOF-74 peaks, indicated 

by dashed lines in Fig 2a (6.7°, 11.7° and 18°) [32]. The SEM image of the as-synthesised 

MOF-74 particles in Fig 2b shows regular structure of Mg-MOF-74, with particle size ranging 

from 1 to 5 μm. Some of the larger particles are agglomerates of smaller crystals.  

 

  

Fig. 2. (a) The XRD pattern of activated (at 150 oC for 24 h under vacuum) and (b) SEM 

image of as-synhesised Mg-MOF-74 crystals.  

 

Table 1 summarizes the BET areas of Mg-MOF-74 crystals activated at various 

temperatures and durations. Activation at 100 oC under vacuum resulted with the BET areas 

of around 250 and 283 m2 g-1 for 24 and 36 h, respectively. This suggests 100 oC is not 

adequate to clear the pores from solvent residue. Increasing the activation temperature to 

150 oC for 16 h was increased the BET area up to 325 ± 2.7. The data showed that the 

highest BET area (402 m2 g-1) was measured for 24 h after increasing the activation 

temperature to 150 oC. This may be attributed to removing more solvent residues and thus 

increasing pore accesibility. However, after activation at 150 oC for 36 h under vacuum, the 
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BET area was reduced. This may be an indication of degradation. Interestingly, for 48 h 

activation, there was no porosity and thus no BET area was estimated. This may be due to 

the long activation times, especially under vacuum, at 150 oC that degrades the MOF 

stucture. Mg-MOF-74 is expected to be stable between ca. 350-400 oC, shown via TGA 

result [42]. However, solvent, which is used during the synthesis may have an influence on 

the stability of Mg- MOF-74 crystals under vacuum at high temperatures. In literature, 

various activation conditions was reported for Mg-MOF-74 crystals such as 200 oC for 6 h 

under vacuum when only DMF was used as solvent [29]. In contrast, Pu et al activated Mg-

MOF-74 crystals at 120 oC for 2 h that were synthesised using DMF/water/ethanol mixture 

as solvent [43]. In another study, crystals were activated at 200 oC for 4 h under vacuum 

[44]. We did not investigate this further whilst we fixed the activation conditions as 150 oC for 

24 h for Mg-MOF-74 crystals. 

Table 1. BET areas of Mg-MOF-74 crystals activated at 100 and 150 oC for 16-48 h 

under vacuum (Degassing at 150 oC, 12 h). 

Temperature (oC) Time (h) BET area (m2 g-1) 

100 
24 

36 

250 ± 5.3 

283 ± 6.7 

150 

16 

24 

36 

48 

325 ± 2.7 

402 ± 3.8 

355 ± 7.2 

N/A 

 

Adsorption and desorption isotherms of CO2 and CH4 on the Mg-MOF-74 crystals at 

298 were plotted in Fig 3. The steep slope in the low-pressure region of the CO2 isotherm 

indicates a strong adsorption of CO2 onto Mg-MOF-74. On the other hand, the CH4 isotherm 

was linear, which demonstrates a weak interaction between CH4 and MOF crystals, agreeing 

with the reports in literature [28, 29, 42, 45, 46]. The CO2 uptake at 25 oC, 1 bar is approx. 

20.6 cm3 g−1 while the CH4 uptake is only 2 cm3 g−1. Adsorption and desorption branches 

shown in these plots overlap with each other, without hysteresis. These suggest that the 

adsorption process is reversible and fast adsorption and desorption kinetics are probably 

expected. 
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Fig. 3. Adsorption and desorption isotherms of CO2 and CH4 on Mg-MOF-74; open 

symbols, adsorption; filled symbols, desorption.  

 

In Fig. 4, the TGA diagram of activated (150 oC, 24 h) sample was presented. There is 

a slight weight loss (5%) until 150 oC that is attributed to the trapped DMF (boiling point 153 

oC), water and methanol in the pores. There was a slight weight loss (~5%) between ca. 150 

and 350 °C for Mg-MOF-74 crystals, most probably resulted from the loss of crystal water 

[43]. This may be the reason for loss of porosity and thus the BET areas observed for 

crystals, which are activated at 150 oC for 48 h, under vacuum. At temperatures above 350 

°C, the decomposition of the framework started, showing a more dramatic weight loss, which 

was in good agreement with those reported in literature [42, 43].   
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Fig. 4. TGA curve for activated (150 oC, 24 h under vacuum)  Mg-MOF-74 crystals. 

3.2 Membrane characterization 

3.2.1. Structural properties 

Fig 5 shows the XRD patterns of MMMs in comparison to Pure PVAc and Mg-MOF-74 

crystals. The comparison shows that Mg-MOF-74 particles retained their crystallinity (peaks 

at 6.8° and 11. 7°) as there was no considerable loss in crystallinity. This suggests that MOF 

particles conserved their crystallinity after all mechanical and thermal treaments through 

MMM preparation. In the meantime, the intensity of broad PVAc peaks between 15° and 23° 

was reduced, which may indicate the disruption of the primary crystalline pattern in the PVAc 

by the incorporation of MOF particles [47]. Alternatively, the –OH group on the surface of 

Mg-MOF-74 and –H groups of the PVAc may link to form hydrogen bonding [1].  
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Fig. 5. The XRD patterns of Mg-MOF-74 crystals, pure PVAc membrane and the MMMs 

loaded with 5, 10 and 15 wt% of Mg-MOF-74 crystals (activation: 150 oC for 24 h under 

vacuum). 

The cross section SEM image of the MMM containing 20 wt% of Mg-MOF-74 crystals. 

showed generally good interface contact between MOF particles and polymer phase since 

no significant voids were observed at the particle/polymer interface, as similar in previous 

reports (Fig S1, see Supporting Information, SI) [16, 39]. The SEM image also showed that 

there was a uniform distribution of Mg-MOF-74 particles in the polymer matrix.  In addition, 

particle agglomeration was observed The uniformity suggests that the mixing protocol 

applied in the membrane preparation was sufficient for good dispersion of crystals whilst 

they were agglomerated.  

Fig. 6 exhibits the TGA curves of pure PVAc membranes and the MMMs loaded with 

5, 15 and 20 wt% of Mg-MOF-74 particles. For the pure PVAc membranes, there is no 

considerable weight loss up to approx. 325 °C. However, the amount of residual solvent 

removed (until 200 oC) was higher in mixed matrix membranes compared to the pure PVAc 

membrane. This difference may be attributed to the entrapped solvent molecules in the Mg-

MOF-74 cavities. The weight losses between 200 oC and 320 oC were relatively higher in 

MMMs than pure PVAc membrane, as the organic structure of Mg-MOF-74 was lost at 

nearly 320 oC. The weight loss at the temperature interval 200-320 oC was 34% for the MMM 

containing 20 wt% Mg-MOF-74, while it was 24% and 8% for the MMM containing 15 wt% 

and 5 wt% Mg-MOF-74, respectively. Hence, the weight loss almost fourfold in MMMs 

between 200 oC and 320 oC when the Mg-MOF-74 loading amount fourfold, due to the loss 

of organic linkers in Mg-MOF-74 framework at this temperature interval. 
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Fig. 6. TGA curves for pure PVAc membrane and the MMMs loaded with 5, 15 nd 

20wt% of Mg-MOF-75 particles.   

According to DSC measurements, pure PVAc showed a glass transition temperature 

(Tg) at about 30 oC ± 0.6. Tg  values were increased by 2 to 8 oC with the incorporation of 5 to 

20 wt% Mg-MOF-74 particles into PVAc matrix, respectively. This increase may suggest that 

the incorporation of MOFs reduces the chain flexibility of polymer [15]. Hydrogen bonding 

between –OH groups on the Mg-MOF-74 and the alkyl groups of polymer matrix may also be 

considered the increase in Tg [9, 48-50].  

3.2.2. Gas separation properties 

Table 2 summarizes the average mixed gas permeabilities and CO2/CH4 selectivities 

for the MMMs and the pure polymer membrane in order to compare their performances. The 

incorporation of the Mg-MOF-74 into the PVAc matrix successfully increased permeabilities 

with no considerable loss of selectivity. The increase in the permeability of CO2 was x1.21 

with 5 wt% Mg-MOF-74 loading while it was x2.42 for 15 wt% loading and x3.4 for 20 wt% 

loading. The permeability improvement was the result of paths inside the polymer phase 

generated by the Mg-MOF-74 crystals that gas molecules could pass through.  

Table 2. Mixed gas CO2/CH4 separation performance of pure PVAc and MMMs 

containing 5, 15 and 20 wt% Mg-MOF-74 (activation: 150 oC for 16 h under vacuum). 

Membrane 
CO2 permeability 

(Barrer) 
CH4 permeability 

(Barrer) 
CO2/CH4 

selectivity 

Pure PVAc 

5 wt% Mg-MOF-74/PVAc 

15 wt% Mg-MOF-74/PVAc 

    0.71 ± 0.1 

0.86 ± 0.1             

1.72 ± 0.03 

0.07 ± 0.03 

0.07 ± 0.01 

0.11 ± 0.02 

10.6 ± 0.03 

12 ± 0.1 

15.6 ± 0.1 
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20 wt% Mg-MOF-74/PVAc 2.42 ± 0.1 0.11 ± 0.1 21.2 ± 0.2 

Mixed gas selectivities improved in MMMs compared to the pure PVAc membrane. 

They gradually increased with the amount of Mg-MOF-74 particles. The selectivity was 

increased from 10.6 (for neat polymer) to 21.2 for 20 wt% loading. These results for MMMs 

suggest that the membrane has no significant interfacial defects, also validated by the SEM 

image. In addition to this, these results show a competitive adsorption mechanism existed 

between CO2 and CH4 as both gases can readily pass through Mg-MOF-74 pores. This 

indicates that the adsorption selectivity in MOF-74 favoring CO2 over CH4. 

We studied the effect of MOF activation time on CO2/CH4 separation performance of 

MMMs containing 20 wt% Mg-MOF-74 crystals (Table 3). The data show that  the CO2 

permeability and selectivity increased from 2.42 to 4.7 Barrer and 21.2 to 24.8, respectively, 

when MOF crystals were activated for 24 h rather than 16 h. This observation agrees well 

with the BET areas of MOF crystals shown in Table 1. As pore area in Mg-MOF-74 particles 

increases with longer activation time, the membrane could be said to have many more paths 

for gas passage. Therefore, it’s reasonable to have enhancement on the permeability and 

selectivity. Further increase of MOF activation time from 24 to 36 h reduced both the CO2 

permeability and selectivity. This result may suggest that some MOF pores are collapsed 

more than 24 h activation, shown by BET areas of crystals and thus the CO2 permeability 

and actual selectivity reduced. We expected that the reduction in the BET area also hinders 

the CH4 permeability. However, there was a slight increase in the permeability that might be 

the result of the size of the pores that collapsed favouring more CH4 permeation.  

Table 3. Mixed gas CO2/CH4 separation performance of MMMs containing 20 wt% Mg-

MOF-74 as a function of MOF activation time (at 150 oC under vacuum). 

MOF 
activation (h) 

CO2 permeability 
(Barrer) 

CH4 permeability 
(Barrer) 

CO2/CH4 

selectivity 

16 
 

24 
 

         36 

2.42 ± 0.11 
 

4.7 ± 0.1 
 

3.98 ± 0.13 

0.11 ± 0.1 
 

0.19 ± 0.02 
 

0.22 ± 0.04 

21.2 ± 0.2 
 

24.8 ± 0.2 
 

18.1 ± 0.1 

Table 4 summarizes the mixed gas permeation properties of pure PVAc membranes 

and 20 wt% Mg-MOF-74 (activated at 150 oC for 24 h) incorporated MMMs at feed 

pressures of 6 and 15 bar. The effect of plasticization on pure PVAc is clearly evident by 

approx. 3 times increase in the CO2 permeability along with 33% reduction in actual 

selectivity. Under the high pressure feed, the CO2 permeability and selectivity of the MMMs 

reduced, in line with previously reported literature [51]. At both pressures the MMMs show 

higher selectivity than pure PVAc. Almost constant selectivity in favour of CO2 with 
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increasing pressure is due to the high adsorption selectivity even at high pressures that 

favors CO2 over CH4  [52]. Yazaydin et al explained that the higher density of open metal 

sites in Mg-MOF-74 allows enhanced CO2 adsorption than other MOFs containing open 

metal sites [53]. High CO2 sorption in pure PVAc increases the chain mobility and thus the 

plasticization occurs. However, the incorporation of MOFs improves selectivity of MMMs at 

both pressures investigated, compared to pure PVAc matrix.  

Table 4. Mixed gas permeation properties of pure PVAc membranes and the MMMs 

loaded with 20 wt% of Mg-MOF-74 particles at feed pressures of 6 and 15 bar 

(activation: 150 oC for 24 h under vacuum). 

Mg-MOF-74 
wt% in PVAc 

Feed Pressure 
(Bar) 

CO2 permeability 
(Barrer) 

CH4 permeability 
(Barrer) 

CO2/CH4 

selectivity 

0 
 
 
 
 

20 

          6 

         15 

 

          6 

         15 

      0.71 ± 0.1 

2.11 ± 0.2 

 

4.7 ± 0.1 

      4.01 ± 0.1 

0.07 ± 0.03 

0.4 ± 0.1 

 

0.2 ± 0.04 

0.4 ± 0.02 

 10.6 ± 0.03 

   7.2 ± 0.11 

 

24.8 ± 0.2 

22.6 ± 0.3 

 

These results also suggest that low performance and low cost polymers such as PVAc, 

may have be used in real gas separation applications after MOF corporation. The 

enhancement obtained by Mg-MOF-74 incorporation may be much more significant for 

blending PVAc with other polymers showing high permeability [54].  

The permeabilities and CO2/CH4 selectivities for the low and high CO2:CH4 feed ratio 

are reported in Table 5. CO2 permealities and CO2/CH4 selectivities reduced around 70% and 

85% respectively, when CO2 ratio in the feed was reduced from 50 to 10. This indicates the 

strong CO2 adsorption affinity of Mg-MOF-74 crystals. 

Table 5. Mixed gas permeation properties of pure PVAc membranes and the MMMs 

loaded with 20 wt% of Mg-MOF-74 particles for two CO2:CH4 ratios at feed pressure of 

6 bar (activation: 150 oC 24 h under vacuum). 

Mg-MOF-74 
wt% in PVAc 

CO2:CH4  

ratio 

CO2 

permeability 
(Barrer) 

CH4 

permeability 
(Barrer) 

CO2/CH4 

selectivity 

0 
50:50 

10:90 

0.71 ± 0.1 

     0.3 ± 0.02 

0.07 ± 0.03 

0.09 ± 0.003 

10.6 ± 0.03 

3.3 ± 0.1 

      20 
50:50 

10:90 

4.7 ± 0.1 

1.92 ± 0.1 

0.2 ± 0.04 

0.4 ± 0.03 

24.8 ± 0.2 

4.8 ± 0.1 

The effect of increasing the temperature to 35 oC (near Tg) on the permeabilities and 

selectivities of pure PVAc membranes and MMM loaded with 20 wt% of Mg-MOF-74 
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particles were investigated at 6 bar (Table S1, see SI). The results showed that both the CO2 

and CH4 permeabilities were increased, whereas the CO2/CH4 selectivities decreased. This 

can be expected since permeability increases and selectivity decreases with increasing 

temperature for the glassy polymers. In addition, changes in diffusion coefficients generally 

dominate the temperature dependence of the overall permeability [55]. On the other hand, 

for CO2, reductions in solubility with increasing temperature are more significant than for 

CH4. Changes in the diffusion coefficient with increasing temperature cause larger increases 

in diffusion coefficient for the larger penetrant in a given pair and thus overall selectivity 

generally drops with increasing temperature. Moreover, this temperature is almost the same 

as the Tg of this MMMs and thus rigid polymer chains become more flexible. Therefore, the 

stability of MMMs was reduced and repeatability of the results were effected (Table S1).  

The CO2/CH4 separation performance data of membranes containing approximately 5-

20 wt% MOF are summarised on 2018 [56] and 2019 [57] upper bounds for mixed and 

single gases, respectively (Fig 7), which shows that the incorporation of Mg-MOF-74 crystals 

improved the separation performance of the MMMs [19, 21, 31, 58, 59]. 

 

Fig. 7. CO2/CH4 separation performance of pure PVAc membrane and and Mg-MOF-74 

incorporated MMMs, shown on the 2018 and 2019 upper bounds for mixed [56] and 

single [57] gas, respectively, in comparison with literature data (Black arrow shows 

increasing MOF content in PVAc matrix; filled circle 20 wt% Mg-MOF-74/PVAc MMM at 

15 bar). 

This can be attributed to the high CO2/CH4 sorption selectivity of Mg-MOF-74 crystals, 

as shown by CO2 and CH4 adsorption isotherms in this study and in literature [28-30]. 
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Moreover, MOF activation time significantly enhanced both CO2 permeability and actual 

selectivities of MMMs. Although MMMs performance not only depends on the MOF type and 

loading, MOF particle size and geometry but also on the separation porperties of polymer 

chosed as the continuous phase and the feed pressure, the literature data for MOF-based 

MMMs prepared using polymers other than PVAc and/or feed pressures higher/lower than 6 

and 15 bar have also included for comparison [60]. Although CuBTC/PVAc membranes 

show higher permeability than Mg-MOF-74/PVAc membranes, Mg-MOF-74 crystals are 

more stable especially in moisture. Furthermore, Mg-MOF-74/PVAc membranes show 

higher selectivity than Ni-MOF-74/CE and Ni-MOF-74/Matrimid membranes with comparable 

permeability [31]. This is significant since the performance of Mg-MOF-74/polymer MMMs in 

this study may be limited by the relatively low permeability of PVAc. Therefore, Mg-MOF-74 

can still be a promising additive in MMMs for CO2/CH4 separation compared to ZIF-8, ZIF-

90, HKUST-1, Cu2.6 NDC and Ni-MOF-74, if incorporated in polyimides such as 6FDA-

durene, 6FDA-DAM, PDMS, PEBAX and Matrimid® [19, 21, 31, 59] or polymer blends. 

Moreover, nano-sized and amine-functionalised Mg-MOF-74 crystals can provide better gas 

separation performance.  

4. Conclusions 

We successfully prepared Mg-MOF-74/PVAc MMMs for CO2/CH4 separation. The 

activation time and temperature for MOF crystals were determined as 150 oC and 24 h, under 

vacuum, respectively. The mixed gas permeability measurements showed that incorporation 

of Mg-MOF-74 particles into the PVAc matrix enhanced the CO2 permeability. The results also 

indicated that there were competitive adsorption favoring CO2 over CH4 as the selectivities 

increased with increasing loading of Mg-MOF-74 particles. The increase in temperature near 

Tg reduced the stability of MMMs. Our results indicated that a low performance and low cost 

polymer such as PVAc, may be used in gas separation applications with increased MOF 

loadings. The enhancement obtained by Mg-MOF-74 incorporation may be much more 

significant for blending PVAc with other polymers showing high permeability.  
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Fig. S1. SEM cross section image of MMM containing 20 wt% Mg-MOF-74. 

 

Table S1. Mixed gas permeation properties of pure PVAc membranes and the MMMs 

loaded with 20 wt% of Mg-MOF-74 particles at 25 and 35 oC. 

Mg-MOF-74 
wt% in PVAc 

Separation 
temperature 

(oC) 

CO2 

permeability 
(Barrer) 

CH4 

permeability 
(Barrer) 

CO2/CH4 

selectivity 

0 
25 

35 

0.71 ± 0.1 

1.3 ± 0.4  

0.07 ± 0.03 

0.22 ± 0.1  

10.6 ± 0.03 

6 ± 0.6  

      20 
25 

35 

4.7 ± 0.1 

5.1 ± 1.4 

0.2 ± 0.04 

0.7 ± 0.1 

24.8 ± 0.2 

7.5 ± 0.4 
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