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A B S T R A C T   

Compared with traditional separation methods, membrane-based technology shows advantages in energy effi-
ciency for natural gas purification. To overcome the performance trade-off of conventional polymeric mem-
branes, in this study, ZIF-301 MOF was employed as novel filler to fabricate 6FDA-DAM polyimide mixed-matrix 
membranes (MMMs) for CO2/CH4 separation. A solvent exchange approach was proposed to remove the high- 
boiling-point solvent used for fabricating the MMMs. The microstructures and physico-chemical properties of 
the ZIF-301 fillers and ZIF-301/6FDA-DAM MMMs were characterized by SEM, EDX, XRD, IR, TGA, DSC and 
high-pressure sorption isotherms. The CO2/CH4 transport properties through the MMMs were evaluated by 
permeation measurement at various feed pressures and analyzed by solution-diffusion model. The results showed 
that the incorporation of ZIF-301 into 6FDA-DAM enhanced both the CO2 permeability and CO2/CH4 selectivity, 
attributing to the preferential CO2 sorption and aperture molecular sieving effect of the ZIF-301 filler. The MMM 
with optimal ZIF-301 loading of 20 wt% exhibited CO2 permeability of 891 barrer and CO2/CH4 of 29.3 that 
surpassed the 2008 Robeson upper-bound, suggesting that ZIF-301 based membrane could be a potential 
candidate for natural gas purification.   

1. Introduction 

Natural gas as one of the most important fuel sources in the world has 
attracted much attention. However, raw natural gas contains an unac-
ceptably high concentration of CO2, which should be removed to avoid 
problems caused by corrosion of pipeline, impede conversion of value- 
added products and reduction of heating value [1]. Until now, cryo-
genic distillation and amine adsorption processes are applied in the 
removal of CO2 [2]. Compared to these traditional methods, membrane 
separation technology owns advantages in energy efficiency and envi-
ronmental friendliness [3], which has been recognized as an important 
way for the removal of CO2. The first commercial membrane system for 
natural gas purification was investigated in the mid-1980s [4]. After 
that, different kinds of polymeric membranes were emerged and applied 
in the separation of CO2/CH4, ascribe to the low cost and ease of 
fabrication [5,6]. Unfortunately, these polymeric membranes are 
generally challenged by the trade-off effect, namely, high permeability 
and selectivity cannot be obtained at the same time [7,8]. To overcome 

the performance trade-off, mixed-matrix membranes (MMMs) that 
combine the good separation performance of incorporated fillers and the 
easy preparation of polymer has been studied in recent two decades 
[9–14]. 

Various kinds of inorganic materials have been widely investigated 
as fillers for preparing the MMMs [15–17], such as zeolite [18–20], silica 
[21,22], graphene [23,24], carbon [25,26], and metal organic frame-
works (MOFs) [27,28]. As a new class of porous crystalline materials, 
MOF is linked by the metal clusters and organic ligands. Owing to its 
alterable aperture size, functionality and affinity to the polymer [29], 
MOF has attracted tremendous attention for developing MMMs towards 
natural gas purification. Vankelecom and co-workers [30] studied three 
kinds of MOF fillers, Cu3(BTC)2, ZIF-8 and MIL-53(Al), for developing 
Matrimid® polyimide MMMs for CO2 separation. They found that all the 
three MOFs showed improvement in CO2/CH4 and CO2/N2 selectivity 
and permeance compared with the pure polymeric membrane. Other 
kinds of MOFs, including ZIF-90 [31], ZIF-8 [32–34], ZIF-67 [35], NH2- 
MIL-125(Ti) [36], RE-fcu-MOF [37], NiNb-MOF [38], ZMOF [39] have 
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also shown enhancements both in permeability and selectivity for CO2/ 
CH4 by incorporating into various polymer matrix. 

Recently, zeolite imidazolate frameworks 301 (ZIF-301), a new kind 
of CO2-philic framework was synthesized by introducing two organic 
ligands [40]. It was reacted by dissolving the zinc nitrate hexahydrate, 
2-methylimidazolate and 5(6)-chlorobenzimidazole in the solvent mix-
tures of N,N-dimethylformamide (DMF) and water. It was reported that 
ZIF-301 shows higher capacity and affinity for CO2 over N2, enabling 
effectively dynamic separation of CO2 via adsorption process [40]. 
Additionally, ZIF-301 shows good water stability, which is promising for 
the separation in the presence of water in the system. Upon on above 
features, ZIF-301 based MMMs would be promising in the application of 
CO2 separation, which however has not been explored for CO2/CH4 
separation yet. 

In this work, for the first time, ZIF-301 was incorporated into 6FDA- 
DAM polyimide to fabricate MMMs that was explored for the application 
in natural gas purification (Fig. 1). By utilizing the preferential CO2 
sorption and aperture molecular sieving effect of the ZIF-301 filler, the 
selective transport of CO2 over CH4 in the 6FDA-DAM membrane can be 
expected to be enhanced. The effect of ZIF-301 loading on the CO2/CH4 
transport properties of ZIF-301/6FDA-DAM MMMs (permeability, sol-
ubility, diffusivity, and corresponding selectivity) were systematically 
studied. In addition, operating conditions including feed pressure and 
operation time were varied to further evaluate the CO2/CH4 separation 
performance of ZIF-301/6FDA-DAM MMM. 

2. Experimental section 

2.1. Materials 

For the fabrication of ZIF-301 MOFs crystals, zinc nitrate hexahy-
drate (Zn, Zn(NO3)2⋅6H2O, 99%) was obtained from Aladdin, 5(6)-chlor-
obenzimidazole (cbImH) and 2-methylimidazole (Hmin, C4H6N2, 98%) 
was supplied by Sigma-Aldrich (USA). N, N-Dimethylformamide (DMF) 
was provided by Acros Organics. For the synthesis of 6FDA-DAM, 4, 4′- 
(hexafluoroisopropylidene) diphthalic anhydride, 2, 4, 6-Trimethyl-1, 3- 
phenylenediamine were supplied by Sigma-Aldrich (USA), 1-Methyl-2- 
pyrrolidinone (NMP) was obtained from Aladdin, Acetic anhydride 
and Triethylamine were supplied by Energy Chemical Co. Ltd. All these 
reagents used in this experiment were used without further purification. 

2.2. Synthesis of ZIF-301 MOFs crystals 

The fabrication of zeolite imidazolate framework-301 MOFs crystals 
followed by the reported work [40]. For ZIF-301 (Zn(2-mIm)0.94(-
cbIm)1.06⋅(DMF)0.03), a certain amount of 2-mIm (11.7 mg, 0.143 
mmol), cbImH (21.8 mg, 0.143 mmol) and Zn(NO3)⋅4H2O (29.8 mg, 
0.114 mmol) were dissolved in a mixture solution of DMF (4.75 mL) and 
water (0.25 mL) in a capped vial. After that, the vial was heated at 
120 ◦C for 72 h. The white powder was centrifugated at 10000 rpm and 
washed by DMF three times. Then, as-prepared ZIF-301 MOFs crystals 
were immersed in the solution of pure methanol for solvent exchange 

three times per day over a total of 3 days at ambient temperature. At the 
end of the third day, the methanol was decanted and the ZIF-301 sam-
ples were heated at 180 ◦C for 24 h at vacuum oven. 

2.3. Fabrication of ZIF-301/6FDA-DAM membrane 

ZIF-301 MOFs crystals were ground and dispersed in 1-Methyl-2-pyr-
rolidinone (NMP) solvent followed by sonication for 20 min in an ice 
bath. Then, a certain amount of dried 6FDA-DAM powders was added 
into the mixed solution containing ZIF-301 MOFs crystals followed by 
subsequent stirring for 24 h at ambient temperature. The achieved so-
lution was cast onto a PTFE plate and left to evaporate most of the 
solvent for at least 3 days. Finally, the most important step, the obtained 
free-standing membrane was soaked in methanol to exchange the 
remaining solvent existed in the membrane for 12 h. Subsequently, the 
obtained membrane was heated at 100 ◦C for 24 h in vacuum oven. For 
comparison, neat 6FDA-DAM was also followed by with the same 
method as describe above. 

2.4. Characterizations 

Scanning electron microscope (SEM, S4800, Hitachi, Japan) was 
used to investigate the morphology of as-prepared ZIF-301 MOFs crys-
tals and ZIF-301/6FDA-DAM MMMs. X-ray diffractometer (XRD, D8 
Advance, Bruker, Germany) using Cu Kα radiation in the range of 
2.5–50◦ with an increment of 0.05◦ was carried out to study the crys-
talline structure of ZIF-301 MOFs crystals and ZIF-301/6FDA-DAM 
membranes at ambient temperature. The interaction between MOFs 
and polymer chains was characterized by Fourier transform infrared 
(FT-IR, Nicolet8700, Nicolet, USA) spectra with the range of 400–4000 
cm− 1. Adsorption experiments of the ZIF-301 MOFs crystals were 
measured by ASAP 2460 with CH4 (298 K, 77 K) and N2 (298 K, 77 K). 
BET surface areas were calculated from the N2 isotherms at 77 K. The 
sorption experiment of ZIF-301/6FDA-DAM mixed-matrix membranes 
was carried out by a high-pressure adsorption apparatus (Belsorp-HP) at 
293 K. Thermal analyses were performed thermogravimetric analysis 
(TGA, NETZSCH STA 449F3, Germany) from room temperature to 
1000 ◦C with a heating rate of 10 ◦C min− 1 under flowing nitrogen. The 
glass transition temperature (Tg) of the membranes were characterized 
by Differential scanning calorimetry (DSC, Q2000, TA Instruments, 
USA). 

2.5. Gas separation measurement 

Pure gas permeation experiment was investigated by a constant- 
volume permeation technique. The sample was cut into a specific 
shape and installed onto the homemade permeation cell. Then, the 
system was evacuated for nearly 24 h to exclude the gases in the system 
and membrane. After that, gas reservoir was inflated with the gases 
(CH4, CO2). Pressure sensor was used to detect the transmembrane 
pressure. The thickness of the membrane was measured by a thickness 
gauge. With transmembrane pressure, known constant volume, effective 
membrane area, operation temperature, and permeation rate, the 
permeability can be calculated as: 

P =
1

760
×

V
A
×

273.15
273.15 + T

×
l

760p
×

dp
dt

(1)  

Where P is the gas permeability [1 barrer = 10− 10 cm3 (STP) cm/ 
(cm2⋅s⋅cmHg)], V is downstream volume (cm3), A is the effective 
membrane area (cm2), T is the temperature of the operation system (◦C), 
l is the thickness of membrane (cm), p is the transmembrane pressure 
(cmHg), and t is the total operation time (s). 

Mixed-gas permeation experiment was carried out by a constant- 
pressure permeation technique. Argon was used as the sweep gas in 
the permeate side, and gas chromatography (Agilent 7820A) was used to 

Fig. 1. Schematic of ZIF-301 crystals incorporated into 6FDA-DAM matrix to 
form a mixed-matrix membrane. 
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analyze the concentration of the permeation. Gas permeability can be 
calculated as: 

P = 10− 6 273.15vpyA

AT(fxϕxA
xA − fyϕyA

yA)
(2)  

where vp is the volumetric flow rate of permeate (ml⋅s− 1), x and y are the 
mole fractions of component A in the feed and the permeate, respec-
tively, fx and fy are the pressure of feed and permeate (cmHg), respec-
tively. ϕxA 

and ϕyA 
are fugacity coefficients of component A in the feed 

and permeate stream. 
The relationship between the diffusion coefficient, D, and the sorp-

tion coefficient, S can be described by the solution-diffusion model as 
follows (eq (3)): 

P = DÂ⋅S (3) 

Thermodynamic contribution to the transport was represented by 
the coefficient represents, and it can be calculated by sorption 
measurement: 

S =
c
f

(4)  

where c is the gas concentration adsorbed in the membrane, and the f is 
the corresponding upstream fugacity driving force. 

The selectivity of CO2/CH4 can be expressed by using eq (5): 

αA/B =
PA

PB
=

SA

SB
×

DA

DB
(5)  

where PA and PB represents the permeability coefficient of component A 
and B, respectively. SA

SB 
and DA

DB 
were the sorption selectivity and diffusion 

selectivity, respectively. 

3. Results and discussion 

3.1. Membrane fabrication 

The morphology of synthesized ZIF-301 powders was shown in Fig. 2 
(a), showing particle size in the range of 1–4 μm. The ZIF-301 powders 
show an irregular shape and some of them are lamellar with thickness of 
about 150 nm. As shown in Fig. 2(b), the powder X-ray diffraction 
(PXRD) pattern for ZIF-301 crystals contained several peaks, of which 
the (101), (210), (003), and (510) reflections were most prominent. 
The XRD pattern of as-prepared ZIF-301 particles is in good agreement 
with the simulation result [40]. The intensities at (003) and (510) of 
the as-prepared ZIF-301 particles are stronger than that of the simulated 
pattern, which might be due to the laminar structure shown in Fig. 2(a). 
To verify the chemical structure of the as-synthesized ZIF-301, FTIR 
analysis was conducted and the results are shown in Fig. 2(c). The peaks 
of ZIF-301 observed at 3432 cm− 1, 2968 cm− 1, 1672 cm− 1, 1604 cm− 1 

and 1471 cm− 1 are corresponding to the N-H, –CH3, C = C, C = N and 
–CH3, respectively, which are resulted from the chemical groups of the 
linkers 5(6)-chlorobenzimidazole and 2-methylimidazole. 

The pore structure of ZIF-301 crystals was analyzed by N2 sorption- 
desorption experiment and the results were shown in Fig. 3(a). It fol-
lowed Type I isotherms with no hysteresis. Its Langmuir BET surface 
area was 623.5 m2/g, which agrees well with the literature [40]. The 
ZIF-301 crystals exhibited larger sorption capacity for CO2 over CH4. 
Meanwhile, the slope of the CO2 isotherms is higher than that of CH4, 
indicating a higher affinity of ZIF-301 for CO2 than CH4. As shown in 
Fig. 3(b), the sorption capacity of CO2 and CH4 were 25.31 and 9.30 cm3 

(STP)/g, respectively, leading to the CO2/CH4 sorption selectivity of 
2.72 at 1 bar. These features indicate that ZIF-301 could be a potential 
filler to improve the polymeric membrane for CO2/CH4 separation [27]. 

One of the challenges of successful fabrication of MMM is the filler 
dispersion [9]. To address this issue, the selection of the suitable solvent 
is critical. An ideal solvent should be suitable for both dispersing the 
filler and dissolving the polymer, additionally can be easily removed 
from the MMM after casting. As shown in Fig. 4(a), ZIF-301 particles 
were dispersed in NMP, DMF, CH2Cl2 and CHCl3, respectively, showing 
different behavior of settlement after ~24 h. NMP was chosen as the 
optimal solvent owing to the best dispersion for ZIF-301 particles. 

In order to get an insight into the interactions between ZIF-301 and 
NMP, we performed density function theory (DFT) calculations. The 
crystal structure of ZIF-301 was obtained based on the experimental 
report [40]. The primitive bulk cell lattice parameters and atomic po-
sitions of ZIF-301 was firstly optimized to remove the inappropriate 
atomic contacts. Serval initial interaction configurations of NMP with 
ZIF-301 were taken into consideration. The spin polarized calculations 
were performed using the Vienna Ab-initio Simulation Package (VASP) 
[41]. The electron-core interactions were described by the projector 
augmented wavefunction (PAW) method [42]. The electron exchange- 
correlation was treated through the Perdew-Burke-Ernzerhof (PBE) 
functional in a plane wave pseudopotential implementation within the 
generalized gradient approximation (GGA) [43]. Grimme’s semi- 
empirical correction for the dispersion potential (DFT-D3) was applied 
to treat the long-range dispersion effect [44]. Plane wave cutoff energy 
of 520 eV was used for all the bulk cell models. The gamma point 
sampling in the Brillouin zone was used. The width of 0.1 eV was 
employed for Gaussian smearing. The electronic self-consistent iteration 
convergence criterion was 1.0 × 10− 6 eV. The force convergence crite-
rion acting on each atom was 0.05 eV/Å. 

The binding energy (BE) of NMP was calculated through Eq. (6): 

BE = EZIFNMP − EZIF − ENMP (6)  

where EZIFNMP, EZIF and ENMP are the energies of ZIF-301 binding with 
one NMP molecule, isolated ZIF-301 cell and isolated NMP molecule, 
respectively. The more negative of BE value, the stronger of the binding 
and the more stable of the binding system. The geometrical structure 

Fig. 2. (a) FESEM images of (a) ZIF-301 crystals. (b) XRD pattern of as-prepared ZIF-301 and its simulated pattern. (c) FTIR spectra of the linkers 5(6)-chloroben-
zimidazole and 2-methylimidazole and ZIF-301 crystals. 
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with the smallest BE value (− 14.5 kcal/mol) is shown in Fig. 5(a). The 
two shortest atomic distances between NMP and ZIF-301 are 2.25 Å and 
2.55 Å. The corresponding C-H…O and C-H…Cl angles are 155◦ and 
132◦, respectively. These structural characteristics indicate that there 
are hydrogen bonds interactions between NMP and ZIF-301 stabilizing 
the binding of NMP. 

In order to get a quantitative understanding to the hydrogen bonds 
strength and also to investigate other weak interactions between NMP 
and ZIF-301, we cut NMP molecule and organic ligands within 5 Å of 
NMP out from the periodic structure considering the fact that there is 
hardly interaction between atoms away from each other larger than 5 Å. 
The ligands were saturated by hydrogen atoms (Fig. 5(b)). The cluster 
model was proceeded to a single point calculation at B3LYP-D3(BJ)/ma- 
def2-TZVPP level of theory using the ORCA program[45,46]. The ob-
tained wavefunctions were used to perform the Atoms-In-Molecules 
(AIM) analysis. The calculated electron density at the bond critical 
point (BCP; ρBCP) of the C-H…O and the C-H…Cl hydrogen bonds is 
0.012 a.u. and 0.016 a.u., respectively. 

According to the equation estimating the hydrogen bond binding 
energy (EHB): EHB = –223.08 * ρBCP + 0.742 in ref [47] the strength of 
the C-H…O and the C-H…Cl hydrogen bonds is − 2.16 kcal/mol and 
− 2.83 kcal/mol, respectively. That is, the C-H…Cl hydrogen bond is 
slightly stronger than the C-H…O hydrogen bond. The electrostatic 
potential (ESP) mapped vdW surface [48] is shown in Fig. 5(c), we can 
see that there are obvious vdW surfaces penetration between NMP 

molecule and the ZIF-301 organic ligands in the two hydrogen bonds 
areas. The blue (negative) and green (positive) isosurfaces penetration 
depicts the complementary property of the electrostatics and also 
demonstrate that the major nature of these two hydrogen bonds is the 
electrostatic attraction interaction. The ρ*sign(λ2) mapped RDG 
(reduced density gradient) isosurfaces [49] of the system are shown in 
Fig. 5(d), which can reveal the locations, the types and the strengths of 
the weak interactions. The cyan isosurfaces at the C-H…O and the C-H… 
Cl hydrogen bonds area indicate weak attraction, which is consistent 
with the ESP isosurface. The green isosurfaces between the NMP mole-
cule and the ligands reveals van der Waals interactions between them. 
Therefore, based on our calculations, it is the electrostatics dominated C- 
H…O and C-H…Cl hydrogen bonds and the van der Waals interactions 
that contribute to the strong binding of NMP in ZIF-301, which results in 
the as-observed good dispersion of ZIF-301 in NMP (Fig. 4(a)). 

Although achieving uniform dispersion of ZIF-301 particles, NMP is 
very difficult to be removed from the MOF cages after the MMM fabri-
cation due to the high boiling point (203 ◦C). Apparently, the residual 
NMP in the membrane would deteriorate the transport properties. In 
order to fully remove the NMP in the ZIF-301 MMM, we proposed a 
solvent exchange approach to post-treat the membrane. Here, methanol 
was chosen as the solvent exchange agent due to the relative lower 
boiling point (64.7 ◦C). Specifically, the as-casted MMM was immersed 
in methanol solution for ~12 h, followed by subsequent heating in 
vacuum oven at 100 ◦C for 24 h. The schematic illustration of activating 
process of ZIF-301/6FDA-DAM MMM is shown in Fig. 4(b). 

To demonstrate the importance of the solvent exchange process, we 
firstly fabricated ZIF-301/6FDA-DAM MMM filled with 10 wt% ZIF-301 
loading dried at different temperatures. As shown in Table 1, with the 
increase of drying temperature from 180 ◦C to 210 ◦C, the gas perme-
ability increased accordingly, due to the partially removal of NMP sol-
vent in the membrane. However, the CO2 permeability of the 10 wt% 
ZIF-301/6FDA-DAM MMM even dried at 210 ◦C (above the boiling point 
of NMP) showed less than half of CO2 permeability of the neat 6FDA- 
DAM membrane. It indicates that there could be still some NMP exis-
ted in the MMM, might particularly in the ZIF-301 cage. Higher drying 
temperature might be able to remove more NMP from the MMM, which 
however is not favorable for maintaining the pristine structure of the 
MOF filler and polymer matrix. 

In contrast, after solvent exchange using methanol, the CO2 perme-
ability of 10 wt% ZIF-301/6FDA-DAM MMM exceeded that of the neat 
6FDA-DAM membrane. Compared with the MMM drying at 210 ◦C 
without solvent exchange, 2.5-fold permeability enhancement was 
achieved, which can be attributed to the complete removal of NMP in 
the MMM. We further employed TGA to confirm the hypothesis. TGA 
curves in Fig. 6 clearly shows the weight loss difference of the 10 wt% 
ZIF-301/6FDA-DAM MMM before and after solvent exchange post- 

Fig. 3. (a) N2 adsorption and isotherm (77 K) and (b) CH4 and CO2 adsorption and desorption isotherms at 25 ◦C of as-synthesized ZIF-301 crystals.  

Fig. 4. (a) Images of ZIF-301 particles dispersed in different solvents (NMP, 
DMF, CH2Cl2, CHCl3). (b) schematic illustration of activating process of ZIF- 
301/6FDA-DAM MMM. 
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treatment. A much larger weight loss before 400 ◦C was observed in the 
MMM without solvent exchange, which attributed to the gradual release 
of the NMP present in the membrane. The result suggests that the pro-
posed solvent exchange post-treatment is an effective approach for 
removing high boiling point solvent that sometimes can be a good choice 
for fabricating MMMs. 

Fig. 5. (a) The optimized structure of NMP binding in ZIF301. The two shortest atomic distances between NMP and ZIF301 are labeled out in Å, which are depicted 
by dotted lines; (b) The cluster model cut from the periodic structure, which contains the NMP molecule and the ZIF organic ligands within 5 Å of NMP. The 
framework of ZIF301 is represented by the bond style with Zn in gray, C in tan, N in blue, O in red, Cl in magenta and H in white. The NMP molecule is represented by 
the ball and stick style with C in green, N in blue, O in red and H in white. (c) Electrostatic potential (ESP) mapped van der Waals surface (ρ = 0.001 a.u. isosurface). 
The C, N, O, Cl and H atoms are represented by cyan, blue, red, brown and white balls, respectively. The C-H…O and the C-H…Cl hydrogen bonds are depicted by 
dashed lines. (d) The ρ*sign(λ2) mapped RDG (reduced density gradient) isosurface of the system with isovalue of 0.5. The value of ρ*sign(λ2) in surfaces is rep-
resented by filling color according to the color bar. ρ is the electron density at the weak interaction critical point, sign(λ2) is sign of the second largest eigenvalue λ2 of 
the electron density Hessian matrix. Blue represents strong attraction, such as hydrogen bond, halogen bond etc.. Green represents van der Waals interaction. Red 
represents strong repulsion, like the steric interaction in the ring/cage. The organic ligands of ZIF301 are displayed in bond style with C in pink, N in blue, Cl in 
brown and H in white. The NMP molecules is displayed in ball and stick style with C in yellow, N in blue, O in red and H in white. (For interpretation of the references 
to color in this figure legend, the reader is referred to the web version of this article.) 

Table 1 
Separation performance of 10 wt% ZIF-301/6FDA-DAM MMM by different 
fabrication process.  

Method CO2 permeability 
(barrer) 

CH4 permeability 
(barrer) 

CO2/CH4 

selectivity 

No solvent exchange 
(180 ◦C drying)  

176.3  13.3  13.2 

No solvent exchange 
(210 ◦C drying)  

277.8  15.4  18.0 

Solvent exchange  700.4  34.4  20.4  

Fig. 6. TGA curves of 10 wt% ZIF-301/6FDA-DAM MMM before and after 
solvent exchange post-treatment. 
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3.2. Membrane characterization 

SEM was carried out to investigate the morphology of as-prepared 
6FDA-DAM membrane and ZIF-301/6FDA-DAM MMMs. As revealed in 
Fig. 7(a), the cross-section and surface of neat 6FDA-DAM membrane 
was smooth and without any structural bulges. A uniform distribution of 
ZIF-301 crystals was obtained and there is no agglomeration with the 
ZIF-301 loading up to 20 wt% (Fig. 7(b) and (c)). From the enlarged 
image of 20 wt% sample, it shows a good interface of ZIF-301 crystals 
with 6FDA-DAM matrix. However, as increasing the loading to 30 wt%, 
ZIF-301 crystals began to aggregate and some of them were settled in the 
bottom of the dense film (Fig. 7(d)). 

The EDX analysis (Fig. 8) demonstrates the distribution of C and Zn 
element on the cross-section of 6FDA-DAM MMM with 20 and 30 wt% 
ZIF-301 shown in Fig. 7. Since Zn elements only exist in ZIF-301, the 
uniform distribution of Zn element confirms the homogenous dispersion 
of ZIF-301 in 6FDA-DAM matrix without agglomeration with the ZIF- 
301 loading up to 20 wt% (Fig. 8(a)). With excess incorporation of 
ZIF-301 crystals (30 wt%), agglomeration can be observed in the EDX 
mapping (Fig. 8(b)). 

The XRD patterns of ZIF-301 fillers, neat 6FDA-DAM membrane and 
20 wt% ZIF-301/6FDA-DAM MMM were given in Fig. 9(a). The 
diffraction peaks are consistent with the combination of characteristic 
peaks of ZIF-301 crystals and 6FDA-DAM polymer. It can be clearly 
observed that they well maintain their own structure without charac-
teristic peak shift. There is no occurrence of structure destruction of ZIF- 
301 crystals during the membrane formation which enables the avail-
able pores within the ZIF-301 framework for gas molecular transport. 
FT-IR spectra of ZIF-300 fillers, neat 6FDA-DAM membrane and 20 wt% 
ZIF-301/6FDA-DAM MMM were shown in Fig. 9(b). No new peak was 

observed in the 20 wt% ZIF-301/6FDA-DAM MMM, excluding the 
respective characteristic peak from ZIF-301 and 6FDA-DAM, which 
further confirms that there was no chemical reaction between the ZIF- 
301 MOF crystals and 6FDA-DAM chains during the membrane 
formation. 

Thermal stability was analyzed by the Thermogravimetric analysis 
(TGA). TGA curves of ZIF-301 fillers, neat 6FDA-DAM membrane and 
20 wt% ZIF-301/6FDA-DAM MMM were shown in Fig. 10. For the ZIF- 
301 fillers, thermal decomposition temperature is ~500 ◦C, which is 
higher than many other MOFs [50,51]. Additionally, it is observed that 
there was no weight loss step below 300 ◦C corresponding to the 
removal of guest molecules (methanol and DMF). It means that guest 
molecules in ZIF-301 fillers were thoroughly removed by the drying 
process (180 ◦C under vacuum, 24 h) to ensure the accessible pores in 
ZIF-301 MOF crystals for gas transport. Additionally, decomposition 
temperature of neat 6FDA-DAM membrane is ~530 ◦C, which is much 
higher than the membrane processing temperature. For the ZIF-301/ 
6FDA-DAM MMM, a slight decrease in decomposition temperature 
was observed, presumably due to the disturbed chain packing in the 
MMM (as revealed by the DSC analysis discussed in the following). 
Nevertheless, the MMM exhibited a sufficient thermal stability towards 
the application in natural gas purification. 

Diffraction scanning calorimetry (DSC) was carried out to investigate 
the chain packing and flexibility of the neat 6FDA-DAM membrane and 
ZIF-301/6FDA-DAM MMMs with various loading. As shown in Fig. 11, 
the Tg of neat 6FDA-DAM membrane is ~342 ◦C, which agrees well with 
the report in literature [52]. With the increase of ZIF-301 MOF loading 
in the 6FDA-DAM, the Tg was in the trend of decrease, suggesting that 
the chain packing of 6FDA-DAM might be disturbed by the incorpora-
tion of ZIF-301 particles. While as the loading was increased up to 30 wt 

Fig. 7. SEM images of (a) neat 6FDA-DAM membrane; (b) 10 wt%, (c) 20 wt%, and (d) 30 wt% ZIF-301/6FDA-DAM MMMs.  
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%, the T g increased sharply, reflecting the dominant effect of rigidifi-
cation of ZIF-301 particles on the 6FDA-DAM chains [53]. 

Gas sorption properties of neat 6FDA-DAM and ZIF-301/6FDA-DAM 

Fig. 8. EDX mapping of C and Zn element from the cross-section images of ZIF-301/6FDA-DAM MMM fabricated at various ZIF-301 loadings of (a) 20 wt%, and (b) 
30 wt%(C signal: green; Zn signal: red). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 

Fig. 9. (a) XRD patterns and (b) FT-IR spectra of ZIF-301 filler, neat 6FDA-DAM membrane and 20 wt% ZIF-301/6FDA-DAM MMM.  

Fig. 10. TGA curves of ZIF-301 filler, neat 6FDA-DAM membrane and 20 wt% 
ZIF-301/6FDA-DAM MMM. Fig. 11. Glass transition temperatures of ZIF-301/6FDA-DAM MMMs with 

different ZIF-301 loadings. 
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MMMs were obtained via high-pressure sorption measurement. Before 
the measurement, the membranes were treated at 100 ◦C under vacuum 
for degassing overnight. For the neat 6FDA-DAM membrane, it shows 
higher CO2 sorption capacity over CH4 because of the higher condens-
ability of CO2 and affinity of the 6FDA-DAM chains towards CO2 over 
CH4 (Fig. 12). With the increase of ZIF-301 loading, the sorption ca-
pacity for both CO2 and CH4 was increased, while the CO2/CH4 sorption 
selectivity was reduced. For example, 20 wt% ZIF-301/6FDA-DAM 
MMM, the sorption capacity of CO2 and CH4 of neat 6FDA-DAM mem-
brane at 2.0 MPa were increased from 65.45 to 82.39 cm3 (STP) g− 1 and 
from 12.80 to 28.12 cm3 (STP) g− 1, respectively. The obtained sorption 
co-efficient combine the gas permeability of the membrane can be used 
to calculate the diffusion coefficients according to the solution-diffusion 
model, which will be discussed in the next section. 

3.3. Gas transport properties 

The effect of ZIF-301 loading on the CO2
/CH4 separation performance 

of ZIF-301/6FDA-DAM MMMs was shown in Fig. 13. With the increase 
of ZIF-301 loading, both of CO2 permeability and CO2

/CH4 selectivity 
increased simultaneously. When the ZIF-301 loading was up to 20 wt%, 
the CO2 permeability was increased to 825 barrer and CO2

/CH4 selec-
tivity was increased to ~24.9. Compared with the neat 6FDA-DAM 
membrane, the CO2 permeability is increased by 36.8%, and mean-
while CO2/CH4 selectivity is improved by 27.4%, which overcomes the 
general permeability-selectivity trade-off in conventional polymeric 
membranes. The enhanced permeability could be attributed to the 
higher transport rate through the ZIF-301 filler than the polymer matrix. 
Meanwhile, the disturbed chain packing in the ZIF-301/6FDA-DAM 
MMMs reflected by the decrease of Tg (Fig. 10) may also contribute to 
the higher gas permeability [15]. According to the reduced sorption 
selectivity (Fig. 14(a)), the obtained perm-selectivity in the ZIF-301/ 
6FDA-DAM MMMs might be attributed to the enhanced diffusion 
selectivity through the ZIF-301 window aperture. This will be further 
discussed later. When the ZIF-301 MOF crystal loading was up to 30 wt 
%, both the CO2 permeability and CO2/CH4 selectivity were decreased, 
which are even lower than neat 6FDA-DAM membrane. As revealed by 
the increase of Tg, the chain rigidification of 6FDA-DAM matrix may 
highly reduce the gas permeability [26]. Meanwhile, the aggregation of 
ZIF-301 crystals in 6FDA-DAM matrix (SEM images shown in Fig. 7(d)) 
would lead non-selective defects in the membrane causing the selectivity 
decline. 

The permeability coefficient (P) of gas separation membrane can be 
expressed as the product of sorption coefficient (S) and diffusion coef-
ficient (D) [54]: P = S × D. In order to further know the role of ZIF-301 
fillers in gas transport behaviors in the ZIF-301/6FDA-DAM MMMs, the 
sorption coefficient and diffusion coefficient of CO2 and CH4, sorption 

selectivity (αS) and diffusion selectivity (αD) for CO2/CH4 were 
analyzed. As shown in Fig. 14, for the neat 6FDA-DAM membrane, both 
the sorption coefficient and the diffusion coefficient of CO2 are higher 
than CH4, which is due to the smaller molecular size and the condens-
ability of the CO2. By incorporating the ZIF-301 crystals, the sorption 
coefficients and the diffusion coefficients of CO2 are still higher than 
CH4. This is due to the CO2-philic property and fast transport channels of 
ZIF-301 frameworks [40]. However, the CO2/CH4 sorption selectivity 
(αS) was decreased probably due to the lower sorption selectivity of the 
ZIF-301 crystals than the 6FDA-DAM polymer revealed by sorption 
isotherms. By contrast, owing to the contracted window aperture of ZIF- 
301 filler, the diffusion selectivity of CO2 over CH4 was enhanced with 
the increase of ZIF-301 loading up to 20 wt%. As the loading was further 
increased to 30 wt%, the diffusion coefficient of CO2 was sharply 
decreased in the ZIF-301/6FDA-DAM MMM with filler-rigidified poly-
mer matrix. Overall, the sorption-diffusion analysis reveals that the 
ability of preferential sorption for CO2 than CH4, as well as the 
molecular-sieving channels of ZIF-301 provide the enhanced separation 
performance in the ZIF-301/6FDA-DAM MMM for CO2/CH4 separation. 

Feed pressure is an important factor that can affect the separation 
performance. High CO2 partial pressure always exists in initial 
geochemical natural gas and it can easily cause polymer plasticization 
[5]. Therefore, we carried out the mixed-gas permeation on the 20 wt% 
ZIF-301/6FDA-DAM MMM at varied feed pressures (Fig. 15). The CO2 
permeability was decreased rather than increased with the increase of 
feed pressure from 0.5 to 3.0 MPa, showing a good plasticization resis-
tance resulting from the incorporation of rigid ZIF-301 crystals [28]. 
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Still, there is a slight increase in CH4 permeability, indicating that 
plasticization effect is not completely inhibited. The reduced CO2 
permeability and CO2/CH4 selectivity could be attributed to the effect of 
sorption competition, and the plasticization might also cause the decline 
of membrane selectivity. The result indicates that the ZIF-301/6FDA- 
DAM MMM might not suitable for practical natural gas purification 
with high pressure. Nevertheless, this membrane has potential appli-
cation in upgrading biogas mainly containing CH4 and CO2 with normal 
pressure. 

In order to investigate the structural stability of the membrane, 
continuous operation test of CO2/CH4 (1:1) mixed gas was carried out. 
As shown in Fig. 16, during 120 h continuous operation, the CO2/CH4 
separation performance of 20 wt% ZIF-301/6FDA-DAM MMM is kept 
stable, showing an average CO2 permeability of 828 barrer and CO2/CH4 
selectivity of 25.2. 

The CO2/CH4 separation performance of recent polyimide MMMs are 
compared in Fig. 17 and Table 2. Different kinds of MOFs such as ZIF-8, 
ZIF-90, UiO-66, KAUST-7 and HKUST-1 have been incorporated into 
polyimide. The 2008 Robeson upper-bound for CO2/CH4 [8] was tran-
scend with incorporation of 20 wt% ZIF-301 into 6FDA-DAM polyimide. 
In comparison with other polyimide MMMs, the 20 wt% ZIF-301/6FDA- 
DAM MMM shows moderate CO2/CH4 separation performance. 

4. Conclusions 

In conclusion, we reported the design and fabrication of a novel ZIF- 
301/6FDA-DAM MMM via incorporating the ZIF-301 crystals into 
6FDA-DAM. The solvent (methanol) exchange approach was effective to 
remove the solvent (NMP) with high boiling point for preparing the 
MMMs. Gas permeation results illustrated that the ZIF-301/6FDA-DAM 
MMM combines the advantage of both ZIF-301 crystals and 6FDA-DAM 
to increase the CO2/CH4 separation efficiency. Transport analysis based 
on sorption-diffusion mechanism revealed that the role of ZIF-301 in the 
MMM is providing more preferential sorption sites and molecular sieve 
channels towards CO2 over CH4. The ZIF-301/6FDA-DAM MMM with 
optimal loading of 20 wt% exhibited highly enhanced CO2/CH4(1:1) 
separation performance (CO2 permeability: 891 barrer, CO2/CH4 
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selectivity: 29.3) at 0.5 MPa and 25 ◦C, which is beyond the 2008 
Robeson upper-bound. This work demonstrates that ZIF-301 based 
membranes would be promising for the application in natural gas 
purification. 
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