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A B S T R A C T   

Mixed-matrix membranes (MMMs) based on metal-organic frameworks (MOFs) molecular sieves have been 
extensively studied in gas separation due to the high performance and good compatibility of MOF with polymers. 
In this work, 6FDA-based polyimides MMMs incorporating M-gallate (M = Ni, Co, Mg) MOF particles were 
fabricated for the first time and investigated for ethylene/ethane (C2H4/C2H6) separation. By reducing synthesis 
temperature and introducing agitation, the Ni-gallate particles synthesized in flask (Ni-gallate(F)) with optimized 
conditions are smaller than Ni-gallate synthesized in autoclave (Ni-gallate(A)). The particle size was reduced 
from ~7 μm (Ni-gallate(A)) to ~0.8 μm (Ni-gallate(F)), which enables the formation of uniform MMMs. Because 
of the better compatibility with polyimide and higher adsorption performance of Ni-gallate than Mg-gallate and 
Co-gallate, the 6FDA-DAM MMM containing Ni-gallate(F) was capable of simultaneously improving C2H4/C2H6 
selectivity and C2H4 permeability whereas the MMM with Mg-gallate(F) or Co-gallate(F) failed in performance 
enhancement. The 6FDA-DAM MMM with Ni-gallate(F) loading of 20% exhibited optimal C2H4/C2H6 separation 
performance that surpassed the upper-bound of pure polymers. Detailed analysis of sorption and diffusion co-
efficients suggested that the enhanced transport properties in Ni-gallate(F) MMMs were attributed to the increase 
of sorption coefficient provided by the higher C2H4 sorption capacity and selectivity, as well as the favorable gas 
diffusivity via moderately confined pores of the incorporated Ni-gallate(F) fillers.   

1. Introduction 

As a key chemical raw material, olefin is widely used in various in-
dustrial production such as synthesis of fiber, rubber and plastic. 
Ethylene (C2H4) used in industry is mainly obtained from the gas mix-
tures produced by petroleum refineries and petrochemical plants [1]. 
Among those mixtures, the separation of C2H4 and ethane (C2H6) is 
considered as the most crucial process for high-qualified raw feedstocks 
in industries [2]. Typically, distillation, extraction and adsorption are 
the three main conventional methods of ethylene production [3,4], but 
they suffer from high energy consumption because of the similar prop-
erties of C2H4 and C2H6. To date, a membrane-based separation tech-
nology [5–7] has been considered as a promising strategy in achieving 
environment-benign and energy-efficient performance. Conventional 
polymeric membranes [8,9] have occupied a dominant position in sep-
aration membrane industry for decades because of the advantages in 
cost-effective and scalable fabrication. However, polymeric membranes 

are known to have a well-established empirical trade-off between gas 
permeability and selectivity [10]. Inorganic membranes [11] show 
outstanding gas separation performance but are hampered by 
defect-free and large-scale fabrication. As an alternative, mixed-matrix 
membranes (MMMs) prepared by dispersing porous filler particles into 
a polymer matrix, have gained much attention due to the promising high 
separation performance enabled by high performing fillers and pro-
cessing approach similar to polymers [12–14]. Among them, MOFs, 
which consist of metal nodes bridged via organic ligands with versatile 
functionalities [15], have been employed as new promising fillers due to 
their much better compatibility with the polymer matrix. 

MOFs, as a new family of porous crystalline materials, have attracted 
considerable attention owing to their advantageous and unique char-
acteristics such as high surface area [16], diverse structures [17], 
adjustable pore size [18], and tunable surface functionalities [19,20]. 
For C2H4/C2H6 mixtures separation, the main difference, the unsatu-
rated C––C double bond of C2H4, was utilized to develop selective C2H4 
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adsorptive MOFs. The feature of those MOFs is that the π-complexation 
interaction between C2H4 and MOFs can preferentially improve the 
adsorption selectivity for C2H4 over C2H6. A series of MOFs such as 
HKUST-1 [21], MIL-101(Cr), ZIFs [22–24] and M-MOF-74(M = Mg, Co, 
Mn, Fe, and Ni) [25] have been confirmed the preferable C2H4 adsorp-
tion than C2H6. Among them, the ideal C2H4/C2H6 adsorption selectivity 
of Fe-MOF-74 was up to 25 under a total pressure of 1 bar. Accordingly, 
related mixed-matrix membranes containing MOFs were fabricated for 
C2H4 and C2H6 separation. P84 polyimide matrix containing 20 wt% 
Cu3(BDC)2 showed an increase in C2H4/C2H6 selectivity of 73% to a 
value of 7.1, while C2H4 permeability remained constant at 0.4 barrer 
[26]. Long and co-workers developed MOF-74/6FDA-DAM MMMs for 
C2H4/C2H6 separation [27]. The high density of unsaturated metal sites 
of MOF-74 fillers enhanced both C2H4 permeability and C2H4/C2H6 
selectivity. 

The aforementioned MOFs are based on the open metal sites in MOFs 
and are mainly acted as adsorbents. Over the past few years, research 
efforts have been made continuously to develop MOFs with high 
adsorption selectivity, especially those capable of kinetic separation or 
selective size/shape-exclusion which are promising for membrane sep-
aration [28]. Recently, Bao and co-workers reported a series of M-gallate 
(M = Ni, Co, Mg) materials with 3D interconnected zigzag channels 
whose aperture size in the range of 3.47–3.69 Å (3.47, 3.56, and 3.69 Å 
for the Ni-, Mg-, and Co-gallate, respectively) is ideally suitable for 
molecular sieving of C2H4 and C2H6 through molecular cross-section size 
differentiation [29]. M-gallate (M(C7O5H4)⋅H2O, M = Ni, Co, Mg) was 
prepared from the reaction of gallic acid and metal salts in alkaline 
environment [30]. It is one of the few MOF materials based on molecular 
sieve effect to separate alkenes and alkanes. As for the selection of 
polymer matrix, 6FDA-based polyimides are one of the best-in-class 
polymers for gas separation, and hence were considered as a good es-
timate of the trade-off curve for C2H4/C2H6 separation [31,32]. Their 
rigid primary structure contains bulky –CF3 groups through which the 
efficient packing of polymeric chains is inhibited and local segment 
mobility is reduced [33]. Many other desirable properties such as 
spinability, thermal and chemical stability and mechanical strength as 
compared with non-fluoropolyimides endow this polymer family great 
potential for gas separation applications. 

In this work, for the first time, M-gallate (M = Mg, Co, Ni) MOF 
particles with optimal particle size and sorption property were incor-
porated into 6FDA-polyimide via a facile mixed-matrix approach for 
C2H4/C2H6 separation. It was found that 6FDA-polyimide MMMs 
derived from Ni-gallate particles exhibit both enhanced C2H4/C2H6 
selectivity and C2H4 permeability. The diffusion selectivity dominated 
polyimides and sorption selectivity prevailed MOFs played a synergistic 
effect on the performance improvement of the M-gallate/6FDA- 

polyimide MMMs (Fig. 1). 

2. Experimental 

2.1. Materials 

For the synthesis of M-gallate MOFs, magnesium chloride hexahy-
drate (≥99%), nickel (II) chloride hexahydrate puratrem (99.9% metal 
basis) and gallic acid (99%) were purchased from Shanghai Aladdin Bio- 
Chem Technology Co., Ltd. Cobalt chloride hexahydrate (99.9% metal 
basis) and magnesium chloride hexahydrate (≥99%) were obtained 
from Shanghai Macklin Biochemical Co., Ltd. Potassium hydroxide was 
gotten from Shanghai Lingfeng Chemical Reagent Co., Ltd. For the 
synthesis of polyetherimides, 4,4’-(Hexafluoroisopropylidene) diph-
thalic anhydride (6FDA, >99%) and 2,4-diaminomesitylene (DAM, 
≥98%) were supplied by Shanghai Aladdin Bio-Chem Technology Co., 
Ltd. 3,5-diaminobenzoic acid (DABA, >98%) was provided by Sigma- 
Aldrich. Trichloromethane (CHCl3, >99%) and 1-Methyl-2-pyrrolidone 
(NMP, ≥99%) were obtained from Sinopharm Chemical Reagent Co., 
Ltd. All chemicals were used as received without further treatment. 

2.2. Synthesis of M-gallate particles 

M-gallate particles with three different metal atoms have been pre-
pared by hydrothermal synthesis [29]. For example, nickel(II) chloride 
hexahydrate (475.38 mg, 2 mmol) and gallic acid monohydrate (680.40 
mg, 4 mmol) were mixed in10 mL 0.16 M KOH aqueous solution. After 
ultrasonication for 30 min, the precursor solution was sealed in a 
Teflon-lined stainless-steel autoclave and heated at 120 ◦C for 24 h. The 
autoclave was cooled down at room temperature and the Ni-gallate was 
obtained by centrifugation. The Mg-gallate and Co-gallate were syn-
thesized by same procedure with corresponding magnesium chloride 
hexahydrate and cobalt chloride hexahydrate. The only difference is 0.5 
M KOH aqueous solution was adopted in Mg-gallate synthesis. Then, the 
M-gallate MOF particles were washed by centrifugation with water and 
ethanol three times, respectively. The sample was activated at 120 ◦C for 
24 h in a vacuum oven before use. 

In this work, we optimized the synthesis conditions to minimize the 
particle size for MMMs fabrication. For Ni-gallate synthesis, nickel (II) 
chloride hexahydrate (11.88 g, 50.00 mmol) and gallic acid (17.01 g, 
100.00 mmol) were mixed and added to 250 mL 0.16 M KOH solution in 
a 500 mL round bottom flask. The dissolution and dispersion of raw 
materials was accelerated by 30 min ultrasonication. Then, the mixture 
was heated to 80 ◦C for 24 h with stirring. The dark grey Ni-gallate solid 
was recovered by centrifugation. Then Ni-gallate particles were washed 
by centrifugation with water and ethanol for three times respectively. 
The obtained were then dried under vacuum at 120 ◦C for 24 h. This 
method is also applicable for Mg-gallate and Co-gallate synthesis except 
the concentration of KOH aqueous solution (0.5 M for Mg-gallate, 0.16 
M for Co-gallate). 

For comparison, M-gallate MOF particles synthesized in autoclave 
are called M-gallate(A), and M-gallate MOF particles synthesized in flask 
with optimized conditions are abbreviated as M-gallate(F). 

2.3. Synthesis of 6FDA-polyimide polymers 

Polyimide polymers were synthesized via condensation of dianhy-
dride monomers with diamine. Here, 6FDA-DAM was synthesized by 
two steps [34]. One-to-one stoichiometric amount of 6FDA and DAM 
were pretreated by vacuum drying at 120 ◦C and 50 ◦C for 24 h 
respectively. Then, 6FDA (8.974 g, 0.02 mol) and DAM (3.035 g, 0.02 
mol) were dissolved in NMP solvent (19 mL for 6FDA, 28 mL for DAM), 
and mixed under mechanically stirring at N2 atmosphere for 24 h to 
produce poly(amic) acid (PAA) solution. Trimethylamine (3.01 mL) and 
acetic anhydride (20.32 mL) were added into the mixture and reacted 
for another 24 h. After that, the polymer was precipitated into methanol, 

Fig. 1. Schematic of 6FDA-polyimde MMMs incorporated with M-gallate MOF.  
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washed with methanol three times, and dried under vacuum at 200 ◦C 
overnight. The synthesis of 6FDA-DAM/DABA (3:2) is similar to 6FDA--
DAM except that the DAM monomer was replaced with DAM/DABA 
mixtures with a molar ratio of 3:2. 

2.4. Preparation of M-gallate/6FDA-polyimide MMMs 

6FDA-DAM powder was dried in a vacuum oven at 120 ◦C overnight 
before use. Dried 6FDA-DAM powder was dissolved in CHCl3 solvent. 
The polymer solution was stirred on a rolling mixer overnight. For the 
fabrication of MMM, the as synthesized M-gallate particles were 
dispersed in CHCl3 solvent with stirring overnight. Then, the M-gallate 
suspension and 6FDA-DAM solution were mixed and stirred for 24 h. 
The resulting solution was casted onto a glass plate, which was placed in 
a glove bag pre-saturated with CHCl3 vapor for at least 4 h. The slow 
evaporation of solvent could be in favor of reducing the rate of stress 
release to inhibit possible interfacial defects. Dense film was formed and 
dried at room temperature for 24 h, followed by vacuum-drying at 
120 ◦C for another 24 h. The thickness of the dense film was controlled 
at 40–60 μm. The loading of the MOF fillers in the MMM was measured 
as follows: 

MOF loading wt%=
Mass of filler(g)

Mass of filler(g) + Mass of polymer
× 100% (1) 

The 6FDA-DAM/DABA(3:2) MMMs were fabricated similar to 6FDA- 
DAM based MMMs. 

2.5. Characterizations of MOF fillers and MMMs 

The crystalline structure of M-gallate MOFs and MMMs were char-
acterized through X-ray diffraction (XRD, Rigaku, Smartlab 3 kW, 
Japan) using Cu Kα radiation (λ = 1.54 Å) at 40 kV and 15 mA at room 

temperature. The morphology of M-gallate particles and MMMs were 
observed by field emission scanning electron microscopy (SEM, Hitachi 
S-4800, Japan). The size distribution of Ni-gallate particles were char-
acterized by laser diffraction particle size analyzer (Mastersizer 3000). 
Thermogravimetric analysis (TGA) of M-gallate MOFs and MMMs were 
performed using a NETZSCH STA 449 thermal analysis system. Each 
sample (~30 mg) placed in an alumina pan was first heated up to 100 ◦C 
and kept for 2 h under N2 atmosphere to remove the adsorbed water. The 
samples were then cooled down to 25 ◦C and the temperature was 
subsequently increased to 800 ◦C at a rate of 10 K/min with air purging. 
Gas adsorption experiments of M-gallate MOFs and membrane samples 
were carried out by BELSORP-HP (MicrotracBEL Corp., Japan) with 
C2H6 and C2H4 at 25 ◦C. 

2.6. Gas separation performance measurements 

Pure gas permeability and ideal selectivity were measured using 
constant-volume permeation system [35]. After the system reached 
stability, all the gas permeation measurements were performed more 
than five times. The gas permeability can be calculated using the 
following equation: 

P=
1
T
×

Vm

A
×

l
Δp

×
dp
dt

(2)  

where P is the gas permeability (Barrer), T is the permeation tempera-
ture (K), Vm is the downstream volume (cm3), A is the effective mem-
brane area (cm2), l is the membrane thickness (cm), Δp is the 
transmembrane pressure (cmHg− 1) and t is the permeation time (s). The 
permeability unit Barrer is listed as follows: 

Barrer= 10− 10cm3(STP)⋅cm⋅cm− 2⋅s− 1⋅cmHg− 1 

Fig. 2. (a) XRD patterns of M-gallate(A) particles. (b) Ni-gallate(A), (c) Co-gallate(A) and (d) Mg-gallate(A) single-component adsorption isotherms of C2H4 (black) 
and C2H6 (red) at 298.15 K and under the pressure of 0–5 bar. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web 
version of this article.) 
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The ideal selectivity of C2H4/C2H6 can be calculated by the ratio of 
the permeability of the individual gas which can be expressed as follows: 

α(i/j) =
Pi

Pj
(3) 

Mixed-gas permeation was measured using constant-pressure 
permeation system [36,37]. On the upstream side, mixture of C2H4 
and C2H6 (50 vol%:50 vol%) was used as feed gas and the stage-cut less 
than 1% was maintained to avoid the concentration polarization by a 
back-pressure controller. Argon was chosen as sweep gas and the gas 
compositions on the permeate side were analyzed by gas chromatog-
raphy (Agilent 7890). The Argon content in the upstream side is 
extremely low (<0.1%), showing that the anti-diffusion effect is negli-
gible. To further verify the reliability of constant pressure method, we 

measured the total gas permeability (although the selectivity is un-
known) with mixed-gas feed by the constant volume method, which 
agrees well with the value measured by the constant pressure method 
with the same feed conditions. The selectivity was calculated by Eq. (3), 
in which the gas permeability can be obtained as followed: 

P=
V × l × xi

A × T × ΔPi
(4)  

where V is the volumetric flow rate of permeate (mL/s). 
Permeability can also be expressed as the product of the sorption 

coefficient (S) and the diffusion coefficient (D): 

Pi =Si × Di (5) 

The sorption coefficient can be measured by the following equation: 

Fig. 3. SEM images of (a) Ni-gallate(A) and (b) Ni-gallate(F); Particle size distribution of (c) Ni-gallate(A) and Ni-gallate(F); (e) XRD patterns of Ni-gallate crystals 
with different particle sizes; (f) Gas sorption isotherms of C2H4 and C2H6 on the Ni-gallate(F) at 298.15K. 

G. Chen et al.                                                                                                                                                                                                                                    



Journal of Membrane Science xxx (xxxx) xxx

5

Si =
ci

f i
(6)  

where ci is the concentration of a gas adsorbed in the sample, and fi is the 
corresponding upstream fugacity driving force of component i. In this 
work, the dual-mode sorption model [38] is adopted to describe the gas 
adsorption concentration of MMMs which is expressed as: 

ci = kD,i⋅p +
C′

H,i⋅bi⋅p
1 + bi⋅p

(7)  

kD,i is the Henry’s solubility coefficient of i, C′

H,i is the Langmuir satu-
ration constant and b is the Langmuir affinity constant. 

3. Results and discussion 

3.1. M-gallate particles characterization 

The M-gallate(A) exhibits similar XRD patterns with three diffraction 
pecks around 11.57◦, 14.26◦ and 24.74◦ in Fig. 2a, corresponding to 
(010), (011) and (221), which are consistent with the reported crystal 
structures of M-gallate. Single gas adsorption isotherms of M-gallate(A) 
for C2H4 and C2H6 were collected at 298.15 K and 0–5 bar. C2H4 uptake 
values of Mg-gallate(A), Co-gallate(A) and Ni-gallate(A) at 2 bar were 
found to be 49.85 cm3/g, 37.48 cm3/g and 46.76 cm3/g, where C2H6 
uptake values were 13.85 cm3/g, 2.97 cm3/g and 8.38 cm3/g, respec-
tively. The sharp increase in C2H4 uptake compared to C2H6 uptake in 
the low-pressure region (0–2 bar) reveals a high affinity of M-gallate 
towards C2H4. In this work, Ni-gallate(A) shows optimal adsorption 
performance compared to Mg-gallate(A) with lower C2H4/C2H6 
adsorption selectivity and Co-gallate(A) with lower C2H4 adsorption 

capacity. 
The Ni-gallate(A) was further characterized with SEM (Fig. 3a). 

Except a small amount of amorphous crystals, the particle size for most 
crystals is ~7 μm, which is not favorable for the preparation of mixed- 
matrix membranes [39]. Further analysis of the particle size distribu-
tion in Fig. 3c reveals that the average particle size was 7.39 μm. To 
reduce the particle size, we decreased the synthesis temperature from 
120 ◦C to 80 ◦C and meanwhile introduced agitation. As a result, uni-
form Ni-gallate(F) with average particle size of ~770 nm was obtained 
(Fig. 3b, d). During autoclave synthesis, incompletely dissolved ligand 
and metal source precipitation caused by alkaline environment in 
mixture solution deposited at the bottom of the vessel. At 120 ◦C, the 
mixture solution becomes clear and the highest concentration of raw 
materials appears at the bottom of autoclave, leading to extended pe-
riods of homogeneous nucleation and a broad particle size distribution. 
However, under optimized synthesis, precipitates are evenly dispersed 
in mother solution by magnetic stirring, allowing a heterogeneous and 
rapid nucleation [40,41], leading to smaller particle size. The reduction 
of particle size can increase the surface energy to enhance the interac-
tion with the polymer, which is in favor of the filler dispersion and 
formation of integrated filler-polymer interface. The Ni-gallate(F) with 
particle size of 0.8 μm provides a viable membrane with lower film 
thickness which would be suitable for a 2–3 μm thick layer. Further 
reducing the size to <0.2–0.4 μm would be more desirable to apply in a 
membrane with submicron selective layers. 

Fig. 3e shows XRD patterns of Ni-gallate(A) and Ni-gallate(F), indi-
cating that both of them are in good agreement with the simulated 
pattern. The adsorption isotherms of Ni-gallate(F) for C2H4 and C2H6 are 
also recorded with the same condition mentioned above. The Ni-gallate 
(F) exhibits a higher adsorption selectivity than Ni-gallate(A), which 
might due to the fine change of the pore size caused by different 

Fig. 4. (a) XRD patterns, (b) TGA curves of Ni-gallate(F) particles, pristine 6FDA-DAM membrane and Ni-gallate(F)/6FDA-DAM MMMs with various loading.  

Fig. 5. Cross-sectional SEM images of (a) pristine 6FDA-DAM membrane, (b) 20% Mg-gallate(F)/6FDA-DAM MMM, (c) 20% Co-gallate(F)/6FDA-DAM MMM and (d- 
g)Ni-gallate(F)/6FDA-DAM MMMs with different weight fractions. (h) Surface SEM image of 20% Ni-gallate(F)/6FDA-DAM MMM. 
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synthesis conditions. The low adsorption capacity of C2H6 indicated that 
Ni-gallate(F) is capable of efficiently blocking the larger C2H6 molecules 
on the premise of high C2H4 uptake. 

3.2. M-gallate(F) MMMs characterization 

The XRD patterns of pristine 6FDA-DAM membrane and Ni-gallate 
(F)/6FDA-DAM MMMs are given in Fig. 4a. The pristine 6FDA-DAM 
membrane shows a wide peak, showing the amorphous structure of 
6FDA-DAM. After incorporating Ni-gallate(F) particles, the character-
istic diffraction peaks of crystalline Ni-gallate(F) appears at 11.58◦, 
which is inclined to be strengthened with the increase of Ni-gallate(F) 
loading, confirming that the crystalline structure of Ni-gallate(F) is not 
destroyed during the formation of the MMM. TGA measurement was 
used to evaluate thermal property of the Ni-gallate(F) particles, 6FDA- 
DAM polymer and their MMMs. As shown in Fig. 4b, TGA curve of Ni- 
gallate(F) illustrates two periods during the weight loss: the first 
period between 100 and 210 ◦C could be attributed to volatilization of 
crystalliferous water and residual solvents. The second period was 
ascribed to the organic ligand decomposition in Ni-gallate [30]. The 
total weight of NiO remaining at 800 ◦C was recorded for calculating the 
loading of Ni-gallate in the MMMs according to the stoichiometry. The 
pyrolysis of MMMs takes place between 500 and 600 ◦C, which is 
associated with the decomposition reactions of 6FDA-DAM matrix. 

The cross-sectional SEM images of pristine 6FDA-DAM membrane 
and M-gallate(F)/6FDA-DAM MMMs were shown in Fig. 5. The 6FDA- 
DAM dense membrane is highly smooth, but its MMMs show distinct 
morphologies. The MMMs based on Mg-gallate(F) and Co-gallate(F) 
(Fig. 5b–c) exhibit interfacial incompatibility between polymer and 
MOFs while Ni-gallate(F)/6FDA-DAM MMMs show good polymer- 
particle interfacial adhesion. In this regard, dispersion is intimately 

related to the particle size of MOF. Unfavorable particle sizes of Mg- 
gallate(F) and Co-gallate(F) tend to precipitate more easily than Ni- 
gallate(F) during MMMs fabrication. The SEM images in Fig. 5e–f 
demonstrate that the Ni-gallate(F) fillers were homogeneously dispersed 
in the polymer matrix as varying the loading from 10% to 20%. The 
intact MOF-polymer interfaces can be ascribed to the favorable in-
teractions between the MOF organic linker and the polymer chain. The 
overview cross-sectional and surface SEM images (Fig. 5g–h) confirm no 
gradient distribution of Ni-gallate(F) fillers from the membrane top to 
the bottom. We chose solvent with suitable density and controlled the 
viscosity of the casting solution to avoid the MOF sedimentation during 
the drying process. The results showed that the trichloromethane with 
density of 1.48 g/cm3 (close to Ni-gallate density of 1.8 g/cm3) and high 
viscosity with limited fluidity can effectively prevent the sedimentation 
of MOF fillers in the casting solution and the final mixed-matrix film. 
However, as the Ni-gallate(F) loading increases to 30%, particle 
agglomeration was observed. Overall, Ni-gallate(F) shows optimized 
performance in adsorption test and MMMs preparation. 

3.3. Separation performance of Ni-gallate(F) MMMs 

Gas permeation results of Ni-gallate MMMs for C2H4/C2H6 are shown 
in Fig. 6. The permeation property of pristine 6FDA-DAM membrane 
agreed with the published data [42]. The introduction of Ni-gallate aims 
to enhance the preferential adsorption and selective diffusion towards 
C2H4 over C2H6. As expected, the ideal C2H4/C2H6 selectivity of mem-
branes based on 6FDA-DAM was improved by 11.9%, 34.8% and 11.9%, 
while the C2H4 permeability was increased from 56.1 Barrer to 78.2, 
91.9 and 84.0 Barrer by incorporating 10%, 20% and 30% Ni-gallate, 
respectively (Fig. 6a). The 20% Ni-gallate(F)/6FDA-DAM MMM sepa-
ration performance surpassed the 2013 upper-bound [42]. 

Fig. 6. The influence of Ni-gallate(F) loading on the (a) gas permeability of single gases and ideal selectivity at 1.5 bar and 25 ◦C; (b) equimolar C2H4/C2H6 mixtures 
gas permeation and selectivity at 1.5 bar and 25 ◦C. 

Fig. 7. Influence of feed pressure on (a) C2H4 permeability and (b) C2H4/C2H6 selectivity of pristine 6FDA-DAM membrane and 20% Ni-gallate(F)/6FDA-DAM MMM 
at 25 ◦C under equimolar C2H4/C2H6 mixed gas permeation. 
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Permeation of equimolar C2H4/C2H6 gas mixtures was further car-
ried out to confirm the separation efficacy of the as-prepared MMMs. As 
shown in Fig. 6b, mixed gas separation performance of Ni-gallate(F)/ 
6FDA-DAM MMMs showed similar variation tends in C2H4 perme-
ability and C2H4/C2H6 selectivity with pure gas separation performance. 
When the Ni-gallate(F) loading reaches to 20%, the 6FDA-DAM MMM 
shows optimal separation performance: C2H4 permeability of 74.8 Bar-
rer and C2H4/C2H6 selectivity of 2.55, which are 53.91% and 44.8% 
higher than that of pure 6FDA-DAM membrane. However, the C2H4/ 
C2H6 selectivity decreases as the MOF loading further increases in the 
MMMs, which can be attributed to the interfacial defects in MMMs 
observed in SEM characterization (Fig. 5d). The decreased permeability 
indicated that there might be some regions of rigidified polymer around 
the MOF fillers showing reduced solubility and diffusivity than the main 
matrix. This issue will be further discussed in the next section (3.4). The 
decrement of permeability and C2H4/C2H6 selectivity during binary gas 
permeation was due to the competitive transport of C2H4 and C2H6 in 
the membrane [43]. 

The enhanced C2H4/C2H6 separation performance in 20% Ni-gallate 
(F)/6FDA-DAM MMM and pure 6FDA-DAM membrane was further 
verified by varying the feed pressure. Owing to the highly porous 
structure and molecular sieving effect of Ni-gallate(F), MMMs provide 
more channels for C2H4 transmission. As shown in Fig. 7, the 20% Ni- 
gallate(F)/6FDA-DAM MMM exhibits higher C2H4 permeability and 
C2H4/C2H6 selectivity than 6FDA-DAM membrane. However, the C2H4/ 
C2H6 selectivity goes down slightly because of the inevitable 

competitive transport of mixed gases and membrane plasticization. 
The effect of operating time on the separation performance of 20% 

Ni-gallate(F)/6FDA-DAM MMM was also evaluated to study the mem-
brane stability. As shown in Fig. 8, the permeability and C2H4/C2H6 
selectivity generally kept stable during 120 h of continuous operation, 
confirming the stability of the incorporated MOF fillers and mixed- 
matrix structure. The initial decrease of permeability and correspond-
ing increase of selectivity reflects the stabilization of the free volumes of 
the polymer matrix, which was observed in other polymeric membranes 
[32]. 

3.4. Gas transport properties of Ni-gallate(F) MMMs 

To better understand the transport mechanism of Ni-gallate(F)/ 
6FDA-DAM MMMs, the solution-diffusion model [44] was used to 
analyze the gas permeation properties. Since the diffusivity is calculated 
by the measured permeability and solubility, the adsorption measure-
ment was employed to obtain the solubility under the specific conditions 
for the membrane separation process. The sorption isotherms of C2H4 
and C2H6 in 6FDA-DAM and Ni-gallate(F)/6FDA-DAM MMMs were 
tested at 25 ◦C and 0–5 bar. As shown in the insert of Fig. 9a, the pure 
6FDA-DAM membrane shows nearly no preferential sorption towards 
C2H4 over C2H6, which is consistent with literature [42]. As increasing 
the Ni-gallate(F) loading in MMMs, the C2H4 uptake showed a signifi-
cant improvement along with a decrement of C2H6 adsorption capacity, 
suggesting a significant enhancement in C2H4/C2H6 adsorption selec-
tivity provided by Ni-gallate fillers. The in-consistency with the solubi-
lity decreasing from the 20% loading to 30% loading reflected the 
non-ideal morphology in the 30% Ni-gallate(F)/6FDA-DAM MMM. 
With excessive MOF loading, the regions of rigidified polymer around 
the MOF fillers would decrease the sorption capacity that is more sig-
nificant for the larger C2H6 molecules compared with smaller C2H4 
molecules. 

The dual-mode adsorption (Eq. (7)) was adopted to give fair fits for 
C2H4 and C2H6 adsorption isotherms [44]. Table 1 lists the fitted pa-
rameters for C2H4 and C2H6 in 6FDA-DAM and Ni-gallate(F)/6FDA-DAM 
MMMs. The Langmuir capacity constant C’H of 6FDA-DAM for C2H4 is 
gradually increased while for C2H6 is generally kept constant by intro-
ducing Ni-gallate(F) fillers. The result indicates that the preferential 
sorption towards C2H4 over C2H6 in 6FDA-DAM is enhanced with the 
incorporation of Ni-gallate. According to Fig. 2b, the sorption isotherms 
of Ni-gallate(F) are closer to Langmuir mode rather than Henry’s mode. 
Thus, the incorporation of MOF into the 6FDA-DAM enhanced the 
Langmuir capacity while reduced the Henry’s coefficient in the MMMs. 

Fig. 10a gives the sorption and diffusion parameters of pure 6FDA- 
DAM membrane and Ni-gallate(F) MMMs. The adsorption coefficients 
of C2H4 and C2H6 on MMMs are calculated by Eq. (6). The diffusivity is 

Fig. 8. Effect of operating time on the permeability and C2H4/C2H6 selectivity 
of 20% Ni-gallate(F)/6FDA-DAM MMM with equimolar binary mixture gas 
permeation at 1.5 bar and 25 ◦C. 

Fig. 9. Adsorption isotherms of (a) C2H4 and (b) C2H6 of the pristine 6FDA-DAM membrane and Ni-gallate(F)/6FDA-DAM MMMs with various Ni-gallate(F) loading 
at 25 ◦C. 
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determined as the gas permeability divided by solubility (Eq. (5)). It was 
found that the sorption coefficients for C2H4 is increased by introducing 
Ni-gallate(F) particles that preferentially adsorbed C2H4. Meanwhile, 
owing to the porous structure of MOF fillers, the C2H4 diffusion coeffi-
cient rises with MOF incorporation by comparison with pure 6FDA-DAM 
membrane. The reduced diffusivity with MOF loading from 20% to 30% 
was due to the formation of regions of rigidified polymer around the 
MOF fillers showing higher diffusion resistance than the main matrix. By 
balancing the sorption and diffusion parameters, the MMMs incorpo-
rated with 20% Ni-gallate(F) exhibits the optimal C2H4/C2H6 separation 
performance. 

3.5. Performance prediction and comparison 

For heterogeneous membranes, permeation performance of a mixed- 
matrix membrane with ideal interfacial morphology can be predicated 
by several kinds of models such as parallel model, Maxwell model and 
Bruggeman. Among them, Maxwell model is the most commonly used 
one. This model was used to describe gas transport in mixed-matrix 
materials based on the close analogy between electrical conduction 
and gas permeation [34]. The Maxwell model is given by: 

PMMM =
PS + 2PP − 2∅S × (PP − PS)

PS + 2PP + ∅S × (PP − PS)
(8)  

where PMMM is permeability in the mixed matrix materials; PP is the 
permeability in the continuous polymer phase; PS is the value for 
dispersed phase, and ∅S is volume fraction of dispersed phase in the 
mixed matrix materials. 

The Maxwell model assumes the gas transport around dispersed 
particles are not affected by neighbor particles, thus it’s only applicable 
to MMMs which have low additive loading (usually ≤20% for most 
case). Using the performance of pure polymer and MMMs, one can also 
back-calculate the performance of pure fillers. In this work, two kinds of 
6FDA-polyimides were chosen because of their balanced C2H4/C2H6 
separation performance: high C2H4 permeability (~60 Barrer) and 
relatively low C2H4/C2H6 ideal selectivity (~2.5) for 6FDA-DAM 
membrane, while lower C2H4 permeability (~7 Barrer) and higher 
C2H4/C2H6 ideal selectivity (~4) for 6FDA-DAM:DABA(3:2) membrane. 
Here, the performance of 10%, 20% Ni-gallate(F)/6FDA-DAM MMMs 
together with 20% Ni-gallate(F)/6FDA-DAM:DABA(3:2) MMM were 
used to predict the C2H4/C2H6 separation performance of Ni-gallate(F) 
membrane. As expected, Ni-gallate(F) with confined pore structure ex-
hibits an excellent C2H4/C2H6 separation performance. By using the 
predicted performance of MOF fillers and measured performance of pure 
polymers, the performance of Ni-gallate(F)/6FDA-polyimide MMMs 
with various loading was further calculated. The predications of 6FDA- 
polyimide MMMs with Ni-gallate(F) loading no more than 20% shows 
nice agreements with experimental results. Besides, the performance of 
30% Ni-gallate(F)/6FDA-DAM MMM deviating from the fitting curve 

Table 1 
Dual mode sorption parameters for 6FDA-DAM and Ni-gallate(F)/6FDA-DAM MMMs.  

Membrane C2H4 C2H6 

kD(cm3
STP/(g ⋅bar) C′

H(cm3
STP /g) b(1 /bar) kD(cm3

STP /(g ⋅bar)) C′

H(cm3
STP /g) b(1 /bar)

Pure 6FDA-DAM 2.252 24.278 2.008 2.350 21.506 2.713 
10% Ni-gallate(F)/6FDA-DAM 2.378 27.293 2.026 2.139 22.029 2.279 
20% Ni-gallate(F)/6FDA-DAM 1.852 33.051 1.711 1.927 22.525 2.183 
30% Ni-gallate(F)/6FDA-DAM 1.521 36.663 1.695 1.943 22.062 1.695  

Fig. 10. (a) C2H4 solubility and diffusivity coefficients of pristine 6FDA-DAM membrane and Ni-gallate(F)/6FDA-DAM MMMs at 1.5 bar and 25 ◦C. (b) Sorption 
selectivity and diffusion selectivity of pristine 6FDA-DAM membrane and Ni-gallate(F)/6FDA-DAM MMMs at 1.5 bar and 25 ◦C. 

Fig. 11. Maxwell prediction of C2H4/C2H6 separation performance of Ni- 
gallate(F)/6FDA-polyimide MMMs and performance comparison with poly-
mer [42] and CMS trade-off [32]. 
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again indicates the non-ideal interface between MOF fillers and polymer 
matrix. 

For comparison, the C2H4/C2H6 separation performance of 20% Mg- 
gallate(F)/6FDA-DAM MMM and Co-gallate(F)/6FDA-DAM MMM were 
also measured. Because of the interfacial defects observed by SEM 
(Fig. 5b–c), the performance of 6FDA-DAM MMM with Mg-gallate(F) or 
Co-gallate(F) is much lower than their counterpart Ni-gallate(F). The 
Mg-gallate(F) MMM displays higher C2H4 permeability and C2H4/C2H6 
selectivity than Co-gallate(F) MMM, which might be due to the higher 
C2H4 adsorption capacity of Mg-gallate(F) than Co-gallate(F). In all, the 
20% Ni-gallate(F)/6FDA-DAM MMM exhibits the optimal C2H4/C2H6 
separation performance, which is beyond the 2013 upper-bound for 
polymeric membranes [42]. Nevertheless, the C2H4/C2H6 selectivity of 
~3 achieved here is not so attractive for actual application. Alterna-
tively, carbon molecular sieve (CMS) membranes with both micropores 
and ultra-micropores exhibited much higher C2H4/C2H6 selectivity, 
leading to the CMS upper-bound fairly beyond the polymer 
upper-bound. For instance, the iron-containing CMS [32] exhibited 
C2H4/C2H6 selectivity as high as 8 at equivalent permeabilities to the 
20% Ni-gallate(F)/6FDA-DAM MMM. In addition, although with high 
separation performance at initial test, the facilitated transport mem-
branes faced the challenge in stability issue with a factor of 5 loss in 
productivity during a two months period [3]. As predicted by the 
Maxwell model in Fig. 11, to achieve higher C2H4/C2H6 selectivity for 
the proposed Ni-gallate(F)/6FDA-DAM MMMs, future attempt could be 
further increasing the Ni-gallate(F) loading probably over ~40 wt%, 
which would require smaller Ni-gallate particles to obtain ideal inter-
facial morphology. 

4. Conclusions 

We successfully prepared M-gallate MOF incorporated 6FDA-polyi-
mides MMMs with enhanced C2H4/C2H6 separation performance. The 
synthesis of M-gallate fillers was optimized in particle size by changing 
the homogeneous nucleation to heterogeneous nucleation. The separa-
tion performance of 6FDA-DAM filled with different M-gallate(F) fillers 
followed the order of Ni-gallate(F) > Mg-gallate(F) > Co-gallate(F), 
which was controlled by the interfacial compatibility with polymer and 
the C2H4 adsorption capacity of M-gallate MOFs. Both the single- and 
mixed-gas permeations suggested that the optimal 20% Ni-gallate(F)/ 
6FDA-DAM MMM exhibited simultaneous enhancement in C2H4 
permeability and C2H4/C2H6 selectivity. Transport analysis revealed 
that the Ni-gallate(F) with restricted pore size serves as an effective 
molecular sieve that allows C2H4 to pass through but excludes C2H6, 
leading to the significant increase in sorption coefficients and C2H4/ 
C2H6 sorption selectivity. Moreover, the highly porous structures 
introduced by Ni-gallate(F) also promoted the C2H4 diffusion co-
efficients. This work provides a basis for further developing mixed- 
matrix membranes for the challenging separation of C2H4 and C2H6. 
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