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Abstract

Mixed-matrix membranes (MMMs), judiciously combining processability of polymer

and remarkable separation performance of nanofillers, have been extensive pursuits

for molecular separation process. Permeability matching between filler and polymer

is one of the necessary requisites to desirable mixed-matrix effect. Considering the

superior molecular sieving effect of UTSA-280 metal-organic frameworks on C2H4

and C2H6, here, we report two types of UTSA-280/6FDA-polyimide MMMs toward

C2H4/C2H6 separation. The molecular sieving effect of UTSA-280 endowed 6FDA-

DAM:DABA(3:2) membrane with simultaneous improvements in C2H4 permeability

and C2H4/C2H6 selectivity. Optimally, when the filler reached 21.80 wt%, C2H4 per-

meability and C2H4/C2H6 selectivity was increased to 6.49 Barrer (by 15%) and 4.94

(by 32%), respectively. On the contrary, UTSA-280/6FDA-DAM MMMs showed

undesirable mixed-matrix effect that C2H4 permeability decreased meanwhile C2H4/

C2H6 selectivity nearly kept at polymeric pristine membrane level. It was found that

permeability matching between two phases was responsible to these opposite

mixed-matrix effects. More specifically, UTSA-280 had a relatively low gas perme-

ability so that it required a less permeable polymeric matrix like 6FDA-DAM:DABA

(3:2) to exert its molecular sieving effect. Furthermore, the optimal-matching 6FDA-

matrix in permeability with UTSA-280 fillers was predicted by theoretical model. This

work not only reports improving C2H4/C2H6 separation performance via mixed-

matrix formulation, but also emphasizes the importance of permeability matching

between polymer and filler to realize the mixed-matrix effect.
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1 | INTRODCTION

Membrane-based separation technology has been regarded as a nota-

bly promising alternative candidate in energy-intensive petrochemical

industrial separation processes in contrast to conventional technology

due to its advantages including convenient operation, small footprint,

easy scalability, and low energy consumption.1–5 Taking ethylene

(C2H4) production as an example, the traditional high pressure cryo-

genic distillation process, performing at �160�C toward C2H4 and

ethane (C2H6) separation after hydrocarbon steam crackers, consumes

far more energy compared to membrane-based technology.6–8 As

such, developing advanced membrane materials for C2H4/C2H6
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separation has attracted extensive attention and made substantial

progresses in recent years.9,10 Though occupying the absolute share

of commercial markets, polymeric membranes are hardly capable of

separating C2H4 from C2H6 effectively due to the notorious trade-off

relationship between permeability and selectivity.11–14 In contrast,

the well-defined pore structures and diverse frameworks impart inor-

ganic membranes extraordinary potential in C2H4/C2H6 separation.15

Nevertheless, a series of challenges in scalability, including lowering

manufacture expense and ensuring defect-free fabrication, indeed

hurdle their commercial progress.16 Alternatively, mixed-matrix mem-

branes (MMMs), incorporating advanced nanofillers into appropriate

polymeric matrix, pave an accessible route to simultaneously exert

processability of polymeric materials as well as efficient molecular dis-

crimination ability of inorganic sieves.17

Accompanied by successive inventions of extended high-

performing nanofillers, MMMs have blossomed in the past decades

especially with the discovery of metal–organic framework (MOF) and

graphene oxide (GO).18–20 Given that MOF possess unprecedented

tunability on topology structure, chemical composition, aperture

shape and pore size distribution, MOF-based MMMs have attracted

widespread research interest all over the world.18,21 Generally, the

MOF-based MMMs for C2H4/C2H6 separation rely on two mecha-

nisms: selective adsorption or molecular sieving effect.21 As such,

Long and coworkers incorporated a series of M-MOF-74 (M = Mg,

Mn, Ni, and Co) into 6FDA-DAM to construct superior MMMs by

strengthening C2H4 adsorption affinity with unsaturated open metal

sites (OMS).22 Meanwhile, the introduction of OMS also improved the

interaction between MOF-74 and 6FDA-DAM, thereby enhancing the

plasticization resistance of the resulting MMMs. Very recently, our

group successfully exerted the zig-zag channels of M-gallate MOFs to

prepare remarkable MMMs based on molecular sieving effect for

C2H4/C2H6 separation.
23

Despite some appealing breakthroughs, there are some cases that

the separation performance did not improve even though there is an

ideal interfacial compatibility. In this case, another key factor,

matching transport properties between fillers and polymer matrix,

should be taken into consideration. Here, the aforementioned “trans-
port properties” includes two aspects: permeability and selectivity. In

most cases, however, the orderly pore structures confer outstanding

gas discrimination ability to nanofillers in contrast to polymers.24,25 As

such, transport mismatching phenomenon mainly implicate permeabil-

ity aspect. The unfavorable mixed-matrix performance of zeolite

4A/Udel® MMM reported by Koros and coworkers demonstrated

that a selection of an impermeable sieves would “starve” the gas

transportation of polymer and eventually resulted in low permeability

and vice versa.26,27 To overcome this dilemma, some methods were

proposed in terms of controlling polymer matrix and fillers. Liu et al.,

studied the effects of various 6FDA-polyimides with different perme-

able properties on the resultant MMMs encompassing zeolite-like

MOF for CO2/CH4 separation.28 It showed that 6FDA-DAM based

MMM enhanced the most in contrast to 6FDA-DETDA-DABA or

PDMC based MMMs with 20 wt% loading due to proper matching of

the intrinsic transport properties between two phases. Likewise,

6FDA-DAM also exhibited well conformity with RE-fcu-MOF in trans-

port property so that the natural gas sweetening performance pro-

nounced significantly under the same MOF loading compared to

PEBAX and 6FDA-DAM-DABA.29 Furthermore, it was also corrobo-

rated that matching issue between two phases could be overcome via

F IGURE 1 Schematic of UTSA-280 metal–organic framework (MOF) incorporated polyimide (6FDA-DAM:DABA(3:2) or 6FDA-DAM)
membrane
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regulating the metal compositions and pillar blocks of MOF struc-

tures.30 The aforementioned works confirmed the significance of

matching transport properties to successful mixed-matrix effect.

In this work, we explored UTSA-280/6FDA-polyimide MMMs for

C2H4/C2H6 separation based on molecular sieving effect (Figure 1).

The UTSA-280 is a versatile MOF possessing one-dimensional rigid

channels. It exhibited extraordinary molecular effect toward C2H4

over C2H6 during sorption process31; however, its membrane separa-

tion performance is unknown and needs to be studied. Two typical

6FDA-based polyimides, 6FDA-DAM and 6FDA-DAM:DABA(3:2),

with different permeable properties were selected to construct high-

performing MMMs. We found two dramatically opposed mixed-

matrix effects in the two types of MMMs for C2H4/C2H6 separation,

highlighting the importance of transport properties matching (particu-

larly on permeabilities matching between two phases). Additionally,

the most matching 6FDA-polyimide matrix to UTSA-280 in terms of

permeability was predicted by Maxwell theoretical model. The results

emphasize that permeability matching between two phases is one of

the most crucial prerequisites to successful mixed-matrix effect.

2 | EXPERIMENTAL SECTION

2.1 | Materials

For UTSA-280 synthesis, squaric acid (C4H2O4, 98%, MACKLIN),

sodium hydroxide (NaOH, 95%, MACKLIN), and calcium nitrate

tetrahydrate (Ca(NO3)2�4H2O, 99%, Aladdin) were used as received

without any further purifications. Before polyimides syntheses,

4,40-(hexafluoroisopropylidene) diphthalic anhydride (6FDA, 99%,

Aladdin), 2,4,6-trimethyl-1,3-diaminobenzene (DAM, 98%, TCI) and

3,5-diaminobenzoic acid (DABA, 98%, Sigma Aldrich) were dried in a

vacuum oven overnight. 1-methyl-2-pyrrolidinone (NMP, ≥99.0%,

Sinopharm Chemical Reagent Co., Ltd.), triethylamine (TEA, 99.0%,

Aladdin), acetic anhydride (≥98.5%, Lingfeng Chemical Reagent Co.,

Ltd.), and methanol (CH3OH, ≥99.5%) were purchased and used with-

out any further treatments. Tetrahydrofuran (THF), the solvent of

MMMs solution, was used as received.

2.2 | Synthesis of UTSA-280

The microcrystalline powder of UTSA-280 was synthesized

according to the route as reported.31 At first, C4H2O4 (5.00 g,

43.86 mmol) and NaOH (3.51 g, 87.75 mmol) were mixed in 250 ml

water to obtain Na2C4O4. Then, UTSA-280 came out immediately

by mixing 75 ml Na2C4O4 (1.58 g, 10 mmol) aqueous solution with

60 ml Ca(NO3)2�4H2O (7.08 g, 30 mmol) aqueous solution at ambi-

ent temperature within 10 min. Afterward, the crystals were fil-

tered and then washed thoroughly with water and dried under air.

The crystal sample was activated under vacuum at 100�C for 3 h

before adsorption test.

2.3 | Synthesis of 6FDA-polyimides

The syntheses of two polyimide matrixes, 6FDA-DAM:DABA(3:2) and

6FDA-DAM, were conducted via condensation of the dianhydride

(6FDA) with diamine (DAM, DABA).32 Specifically, stoichiometric

amounts of monomers were dissolved and reacted in a 20 wt% NMP

solution under N2 purge for 24 h to yield the high-viscosity polyamic acid

(PAA) solution. With the existence of acetic anhydride, the chemical

imidization reaction of PAA was catalyzed by TEA for another 24 h.

Finally, the resultant solution converted into polymer in methanol through

phase inversion process. The polymer was washed and immersed with

methanol thoroughly and then dried under vacuum at 200�C overnight.

Besides, another two polyimides 6FDA-DABA and 6FDA-DAM:DABA

(4:1) were synthesized following the similar procedure.

2.4 | Membrane preparation

For pure polymeric membrane, the polyimide, dried at 120�C under

vacuum overnight, was dissolved in THF to form a 20 wt% solution in

a vial. The vial was placed on a rolling mixer overnight to enable pol-

yimide dissolve thoroughly without any bubbles. After that, the

resulting polyimide solution was poured onto a glass plate covered

with PTFE coating and then was casted by a draw knife. The formed

membrane was dried at room temperature overnight and then heated

at 100 �C in a vacuum oven for 2 h before test.

For UTSA-280/polyimide MMMs, a certain amount of pretreated

UTSA-280 powder was dispersed in a 5 wt% THF with the aid of mag-

netic stirring for 24 h. Meanwhile, the polyimide/THF solution was

prepared as mentioned above. Here, the “priming technique”27 was

adopted to achieve a homogeneous combination of filler suspension

and polymer solution. The casting and activation processes of MMMs

are consistent to those of pure polyimide membrane.

2.5 | Characterizations

The morphology of UTSA-280 powder and membranes were

observed by field emission scanning electron microscopy (FESEM,

S4800, Hitachi, Japan). Specially, the cross-sectional samples of mem-

branes were prepared via fracturing the films in liquid nitrogen to

retain the original morphologies. All the samples were sputter-coated

with gold to dissipate charge. X-ray diffraction (XRD, Smartlab 3 kW,

Rigaku, Japan) were utilized with Cu Kα radiation (λ = 0.154 nm) to

collect the crystalline structure of UTSA-280 powder and membranes

in the range of 2θ = 10–40� at a scan rate of 5�/min. The loading of

MMM was determined by thermogravimetric analysis (TGA,

STA449F3, NETZSCH, Germany). Firstly, the UTSA-280 particles

were activated at 100�C for 2 h under N2 purge to remove moisture.

Then the sample was cooled to ambient temperature and then

ramped to 800�C at 10 K/min under air purge. As a result, the UTSA-

280 sample converted into metal oxidation. The remaining oxide mass
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was compared to the initial mass of UTSA-280. Also, the same proce-

dure was employed on MMMs and the remaining mass percentage is

attributed to the metal oxidations transforming from fillers. After that,

the UTSA-280 loadings in MMMs could be determined.

2.6 | Gas permeation measurements

In this work, the membrane separation performance was examined by

pure gas and mixed gas permeation tests. The pure gas permeability

was measured by constant volume variable pressure method. After

activation, the membrane was sandwiched between an aluminum foil

and non-woven fabric in the test cell. Then, the whole apparatus was

degassed to vacuum overnight until the air leakage permeability was

two orders of magnitude lower than the permeability of slow compo-

nent rate (C2H6). A certain amount of C2H4 or C2H6 pure gas (the

transmembrane pressure Δp is 2.5 bar) was flowed into the upstream.

The permeability test was carried out after at least 5 h to ensure the

membrane reached steady state. According to the definition, the gas

permeability can be obtained from constant volume variable pressure

method by the following equation:

P¼
dp
dt� l�V

A�T�Δp
ð1Þ

where P is the gas permeability (Barrer = 10�10 cm3(STP)�
cm cm�2 s�1 cmHg�1), dp/dt is the slope of the permeate pressure

change detected by INFICON CDG020D, l is the membrane thickness,

V is the downstream volume, A is the membrane area, T is tempera-

ture, and Δp is transmembrane pressure. The ideal selectivity, αij, is

defined as the permeability ratio of two components:

αij ¼Pi
Pj

ð2Þ

Mixed gas (C2H4/C2H6 = 50/50 vol%) permeation test was simi-

lar to pure gas operation except for the permeate components needed

to be further analyzed by gas chromatograph (Agilent 8890 GC). In

addition, the stage cut (defined as the flow rate ratio of permeate to

feed) was kept lower than 1% to eliminate concentration polarization.

The relationship between permeability and temperature was

determined by Arrhenius equation33,34 as below:

P¼P0e
�Ea

RT ð3Þ

where P is gas permeability (Barrer), P0 is the pre-exponential factor

(Barrer), Ea is the activation energy (J/mol) associated with the

permeation process, R is gas constant (=8.314 J/(molK)), and T is

temperature (K).

After taking log treatment on both sides of Equation (3), the equa-

tion can be transformed as below:

ln P¼ lnP0� Ea
RT

¼ lnP0� Ea
8:314

1
T

ð4Þ

Therefore, Ea can be derived from the logarithmic plots of

lnP vs. 1T.

2.7 | Gas sorption measurement

According to sorption-diffusion theory, the permeability (P) can be

deconvoluted into the product of solubility (S) and diffusivity (D).

Herein, we employed gas sorption measurements to determine the

solubility of membranes thereby deduced the corresponding diffusion

behaviors. The single component adsorption isotherm tests were car-

ried out by BELSORP-HP (MicrotracBEL Corp., Japan).

The solubility is defined as follows:

Si ¼ ci
fi

ð5Þ

where ci is the concentration of the adsorbed gas, fi is the

corresponding upstream fugacity driving force of component i. Here,

the dual-mode model was used to characterize the sorption behaviors

of MMMs noted as follows:

ci ¼ kD,ipþ
c0H,ibip
1þbip

ð6Þ

where kD,i is Henry's solubility coefficient of component i, c0H,i is Lang-

muir saturation constant, and b is Langmuir affinity constant.

3 | RESULTS AND DISCUSSION

3.1 | Characterization of UTSA-280 and MMMs

The colorless rod-like UTSA-280 crystals (Figure 2A) were obtained

according to the recipe mentioned above, of which the morphology

and crystal size are both consistent with those in literature.31 It is

obvious that the as-synthesized crystals cannot be directly incorpo-

rated into membranes due to the unsatisfying particle size (50–

100 μm in length). The over-sized fillers would be prone to cause

interphase defects or lead to high transport resistance because of

increasing film thickness required for defect-free morphology. To

reduce the filler size, the as-synthesized UTSA-280 crystals were

grinded under low temperature provided by liquid nitrogen to main-

tain its crystal structure. As shown in Figure 2B, the SEM images indi-

cate that particle size was basically reduced to less than 1 μm, which

is in favor of fillers dispersion and interfacial defects elimination. The

XRD patterns of as-synthesized and grinded UTSA-280 crystals are

basically consistent with the result in literature,31 confirming the

phase purity of our products and the well-maintained topology struc-

ture after size treatment (Figures S1A, 4b). Additionally, the slightly
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different relative peak intensities of these two samples suggested the

microstructure would be partially distorted and collapsed due to the

grinding mechanical force, which was further confirmed by the N2

adsorption and TGA results (Figure S1C,D).

FT-IR spectra further confirms the successful formation of UTSA-

280. It should be noted that grinding had no obvious impact on the

FT-IR spectra of UTSA-280 (Figure S1B) because the chemical compo-

sition was constant. As shown in Figure 2C, in squaric acid spectra,

the characteristic band at 1804 cm�1 corresponds to the asymmetric

stretching vibration of C═O bond. The stretching vibrations of C═C

and C═O bonds are overlapped and detected at 1504 cm�1. Addition-

ally, the bands at 1292 and 712 cm�1 represent the C C stretching

vibration and C C symmetric motion in ring stretching vibration,

respectively.35 Some of the characteristic signals of squaric acid are

remained in the resulting UTSA-280. However, UTSA-280 powder

also exhibits some distinct peaks, especially represented by O H

stretching vibration at 3228 cm�1, which is indicative of the coordina-

tive H2O molecule. The TGA curve of UTSA-280 grinded particles

(Figure 4B) shows an instant mass decline before 100�C, which can be

attributed to the volatilization of H2O adsorbed onto the UTSA-280

surface. The following two sharp steps appearing at �250�C and

�450�C correspond to two forms of coordinated water molecules,

respectively.36,37 As the temperature further ramped up, the organic

linker squaric acid began to decompose until the whole sample trans-

formed into CaO. Though having almost the same weight loss proce-

dure (Figure S1C), the large-sized UTSA-280 crystals started

decomposition at relatively higher temperature than grinded particles

in the same process, especially at the stage of coordinated water mol-

ecule removal during 400–600�C. This lag behavior indicated the as-

synthesized UTSA-280 crystals had more integral structure than

grinded particles.

Considering the membrane permeation conditions, gas adsorp-

tion isotherms were collected at 35�C from 0 to 5 bar. As expected,

the grinded UTSA-280 particles displayed much higher C2H4 capac-

ity in contrast to C2H6 thus performed attractive C2H4/C2H6 adsorp-

tion separation behavior (Figure 2D). At 2.5 bar (the transmembrane

pressure of permeation), UTSA-280 particles adsorbed 39.34 cm3/g

C2H4 and 8.44 cm3/g. This appealing performance is attributed to

the molecular sieving effect provided by subtle rigid cylindrical chan-

nels with accurate cross-sectional area (14.4 Å2) lying between C2H4

(13.7 Å2) and C2H6 (15.5 Å2).31 Nevertheless, there exists an obvious

difference between the adsorption performances of our grinded par-

ticles and the crystals reported in the literature.31,36,37 The most

intuitive phenomenon is that the grinded UTSA-280 particles had a

non-negligible C2H6 capacity whereas the samples in the literature

almost excluded all the C2H6 molecules from the pores. Presumably,

the indispensable requirements of submicron-sized fillers for MMMs

necessitated grinding the crystals that may damage the original deli-

cate structure to some extent. This point can also be confirmed by

N2 adsorption behaviors at 77 K. As shown in Figure S1D, the

as-synthesized UTSA-280 crystals had very low N2 capacity, which is

consistent with the result reported in the literature.38 By contrast,

the grinded UTSA-280 particles exhibited N2 adsorption higher than

that of UTSA-280 crystals, indicating the pore structure slightly

changed and some defective sites existed after grinding. On the

other hand, the 6FDA-polyimide based membranes usually need to

be dried at elevated temperature to remove the solvent, and the

UTSA-280 filler should suffer from this treatment as well. However,

F IGURE 2 Morphologies of
(A) UTSA-280 crystals and
(B) grinded UTSA-280 particles.
(C) FT-IR spectra of UTSA-280
and squaric acid. (D) Single
component adsorption isotherms
of grinded UTSA-280 particles
for C2H4 (red hollow circle) and
C2H6 (black solid square) at 35�C
from 0 to 5 bar
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it was found that the relatively harsh activation conditions (such as

elevated temperature or excessive vacuum) would decompose the

precise pore structure thereby causing a loss of molecular sieving

effect, especially for small-sized particles.38 As we know, high-

performing dispersed phase is a prerequisite to successful MMMs. In

this regard, when selecting the dispersed phase, one should focus on

the actual separation performance of the fillers after essential post-

treatment processes (such as grinding or activation). In addition, it is

also accessible to develop new synthesis recipe or adapt facile post-

treatment technology to manipulate filler size while maintain the

superior performance.

Intact interface compatibility is regarded as a requisite of

high-performing MMMs. Hence, we investigated the interfacial

morphologies of UTSA-280/6FDA-DAM:DABA(3:2) MMMs by SEM

(Figure 3). Generally, increasing loading would aggravate particle

agglomeration thereby undermining dispersion and interfacial compat-

ibility. Here, two high UTSA-280 loading (21.80 wt% and 28.39 wt%)

MMMs images are particularly listed and discussed. As shown in

F IGURE 3 Cross-sectional scanning electron microscopy images of (A–C) 6FDA-DAM:DABA(3:2) pristine membrane, (D–F) 21.80 wt%
UTSA-280/6FDA-DAM:DABA(3:2) MMMs, and (G–I) 28.39 wt% UTSA-280/6FDA-DAM:DABA(3:2) Mixed-matrix membranes

F IGURE 4 (A) X-ray
diffraction patterns and
(B) thermogravimetric analysis
curves of 6FDA-DAM:DABA(3:2)
and its mixed-matrix membranes
with various UTSA-280 loadings
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Figure 3, the incorporation of UTSA-280 particles caused an obvious

change of cross-sectional morphology from pristine membrane.

Figure 3D–I confirm that both MMMs with 21.80 and 28.39 wt%

UTSA-280 exhibited homogenous dispersion and satisfying interfacial

compatibility from microscope level. Presumably, the presence of

COOH group in DABA monomer imparts 6FDA-DAM:DABA(3:2)

preferential molecular interaction with the organic linkers of

UTSA-280.

The crystal structure of 6FDA-DAM:DABA(3:2) MMMs with dif-

ferent UTSA-280 loadings were further characterized by XRD. As

shown in Figure 4A, the 6FDA-DAM:DABA(3:2) matrix exhibited a

wide smooth pattern without any sharp peaks, which is an obvious

indicator of amorphous structure. Furthermore, as UTSA-280 loading

increased, the patterns of MMMs gradually displayed clear crystalline

characterizations reflected by more and more obvious filler diffraction

peaks. It can be deduced that the crystalline structure was well-

maintained in MMMs and the formation of MMMs mainly concerned

physical incorporation. The TGA traces were collected to evaluate the

thermal stability of MMMs as well as to calculate the actual filler load-

ing. It can be found that all the MMMs began to decompose until

�450�C, implying superior thermal stability that is in favor of indus-

trial application. Compared to pristine polymeric membrane, the

MMMs remained CaO residues after degradation and the remaining

weight pronounced with increasing loading. The weight of CaO resi-

dues was used to determine the actual loadings of MMMs according

to the stoichiometry.

Likewise, the SEM images (Figure S2) confirms homogenous dis-

persion of UTSA-280 fillers in 6FDA-DAM matrix. The XRD patterns

(Figure S3) and TGA curves (Figure S4) indicate the intact crystal

structure and satisfying thermal stability, respectively.

3.2 | Gas separation performance

Pure C2H4 and C2H6 permeation tests were conducted on 6FDA-

DAM:DABA(3:2) membrane and its MMMs with various UTSA-280

loadings (Figure 5). As expected, the incorporation of UTSA-280 trig-

gered appealing mixed-matrix effect that simultaneously enhanced

the C2H4 permeability and C2H4/C2H6 selectivity with increasing

loading. At 21.80 wt% UTSA-280 loading, the C2H4 permeability and

C2H4/C2H6 selectivity peaks at 6.49 Barrer and 4.94, respectively.

This further confirmed the potential of UTSA-280 serving as disper-

sion phase to construct MMMs for efficient C2H4/C2H6 separation.

However, the C2H4/C2H6 selectivity tended to decline undesirably

whereas the C2H4 permeability kept swing up when the loading

higher than 21.8 wt%. The compromise of MMMs selectivity at high

loading is probably due to the presence of subtle interfacial defects

that may not be manifested by SEM images.

To unveil the intrinsic reason of enhanced separation perfor-

mance, the gas permeability was deconvoluted into the combination

of solubility and diffusivity, according to solution-diffusion model.

Notably, Figure 6 shows that the MMMs exhibited improving C2H4

adsorption capacity with the increasing doping of UTSA-280.

Undoubtedly, this attractive phenomenon is ascribed to the superior

C2H4 adsorption ability of UTSA-280. Whereas, the C2H6 capacity of

MMMs did not show a distinctive change in contrast to neat 6FDA-

DAM:DABA(3:2) membrane.

In order to disclose the specific solubility (S) and diffusivity (D)

under the test condition, the sorption data were collected at 35�C

from 0 to 5 bar. Then, the adsorption concentration was derived from

the fitting isotherm curve according to sorption data, thereby deter-

mining the value of S. Dual-mode model was adopted to fit the

adsorption isotherms. The fitting parameters of kD,i, c0H,i, and b are

listed in Table 1. It can be found that Langmuir capacity constant c0H
of C2H4 in MMMs is higher than that in pristine 6FDA-DAM:DABA

(3:2) membrane while pronounces with increasing loading, implying

preferential C2H4 sorption ability of UTSA-280. On the contrary, the

introduction of UTSA-280 leads to decline of c0H(C2H6), suggesting the

efficient exclusion effect toward C2H6. In addition, the enhanced kD

of C2H6 with increasing UTSA-280 loading indicates that the C2H6

adsorption behavior of MMMs gradually conforms to Henry's law.

According to the solution-diffusion model, the corresponding dif-

fusion coefficients (D) were calculated. Figure 7 summarizes the C2H4

and C2H6 solubilities and diffusivities of 6FDA-DAM:DABA(3:2) mem-

brane and its MMM with the optimal loading of 21.8 wt%. It is obvi-

ous that the C2H4 solubility was promoted while the C2H6 solubility

was maintained with the incorporation of UTSA-280, confirming the

preferential C2H4 sorption of UTSA-280. Nevertheless, the gas diffu-

sivity was reduced in the UTSA-280/6FDA-DAM:DABA(3:2) MMM.

This is probably owing to the fact that the UTSA-280 aperture size

(<4.5 Å) is smaller than the d-spacing of 6FDA-DAM:DABA(3:2)

chains (�5.1 Å). As a result, the sorption selectivity was significantly

enhanced, which mainly contributes to the enhancement in perm-

selectivity in the UTSA-280/6FDA-DAM:DABA(3:2) MMM.

Equimolar C2H4/C2H6 mixed gas test were carried out at 35�C

and 2.5 bar on 21.80 wt% UTSA-280/6FDA-DAM:DABA(3:2) MMM.

F IGURE 5 C2H4/C2H6 pure gas permeation performance of
UTSA-280/6FDA-DAM:DABA(3:2) mixed-matrix membranes with
various loadings
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Both of C2H4 permeability and C2H4/C2H6 selectivity were lower

than those in pure gas test, which is probably due to the competitive

transport of C2H4 and C2H6.
23 Operating temperature and pressure

are two key factors affecting the actual membrane performance. As

shown in Figure 8A, the permeability variation with pressures can be

classified into two stages.39 In the first stage, the permeability

decreased with increasing feed pressure that is consistent with the

dual-mode sorption and transport model predictions. After that, an

upswing in permeability was observed due to highly condensable C2

molecules induced plasticization effect. The plasticization of the

UTSA-280/6FDA-DAM:DABA(3:2) MMM occurred at �15 bar, which

is close to that of MOF-74/6FDA-DAM MMM reported by Long

et al.22 The relatively high resistance to plasticization was attributed

to the favorable molecular interactions between MOF filler and poly-

mer matrix.

As shown in Figure 8B, both of C2H4 and C2H6 permeabilities are

found to increase gradually with elevating temperature. It suggests

that though gas sorption was decreased, the gas diffusion accelerated

by temperature was dominated in the final permeability.40 According

to the Arrhenius equation, the activation energy of C2H4 and C2H6

transport process are 14.49 kJ/mol and 17.77 kJ/mol, respectively

(Figure S5). The lower activation energy of C2H4 indicates the easier

permeation than that of C2H6 through the membrane.

In contrast to 6FDA-DAM:DABA(3:2), 6FDA-DAM is a more per-

meable polymeric matrix due to loosely packing chains indicated by

larger d-spacing (�6.6 Å). In this work, the as-prepared 6FDA-DAM

TABLE 1 Dual-mode sorption model parameters of C2H4 and C2H6 adsorption for 6FDA-DAM:DABA(3:2) membrane and its mixed-matrix
membranes with various loadings

Loading (wt%)

C2H4 C2H6

kD (cm3(STP)/(g�bar)) c0H (cm3(STP)/g) b (1/bar) kD (cm3(STP)/(g�bar)) c0H (cm3(STP)/g) b (1/bar)

0.00 1.109 17.642 0.628 1.000 20.530 0.234

10.59 0.775 23.000 0.438 2.952 18.153 0.023

17.64 1.003 23.939 0.539 3.113 16.000 0.020

21.80 1.105 25.184 0.539 3.250 13.000 0.032

28.39 1.000 28.673 0.447 3.574 11.231 0.062

F IGURE 7 (A) solubility and
diffusivity of C2H4 and C2H6;
(B) sorption and diffusion
selectivity of C2H4/C2H6 in
6FDA-DAM:DABA(3:2)
membrane and its mixed-matrix
membrane at 2.5 bar and 35�C

F IGURE 6 (A) C2H4 and
(B) C2H6 adsorption isotherms of
neat 6FDA-DAM:DABA(3:2)
membrane and its mixed-matrix
membranes with various loadings
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pristine membrane performed C2H4 permeability of 108.1 Barrer and

C2H4/C2H6 selectivity of 2.62 at 35�C and 2.5 bar. The relative mild

activation conditions endowed 6FDA-DAM membrane more perme-

able and less selective for C2H4/C2H6 than other works.12,22 Unfortu-

nately, the incorporation of UTSA-280 did not improve the C2H4/

C2H6 selectivity but even lowered C2H4 permeability with increasing

loading. To disclose this unsuccessful mixed-matrix effect, the Max-

well model was used to analyze the underlying mechanism with

respect to permeability matching.

3.3 | Permeability matching

Koros and co-workers summarized a series of common nonideal mor-

phologies in MMMs as well as the corresponding effects on gas sepa-

ration properties.41 The UTSA-280/6FDA-DAM MMMs separation

behaviors seem to conform to the “clogged sieves” case, namely the

polymer chains or residue solvents occupy the pores of fillers there-

fore impeding their transport process. In fact, however, the UTSA-280

particles dispersed in 6FDA-DAM was neither clogged by guest mole-

cule nor blocked by polymer chains. Indeed, the adsorption isotherm

of UTSA-280 after the same activation protocol to MMMs suggests

the successful removal of guest H2O from UTSA-280. Moreover, the

favorable mixed-matrix effect achieved in UTSA-280/6FDA-DAM:

DABA(3:2) MMMs, the analog of 6FDA-DAM MMMs, eliminates the

possibility of polymer clogging.

Combining the abovementioned points, here, we speculated

that the unsuccessful mixed-matrix effect is perhaps caused by the

permeability mismatch between UTSA-280 and 6FDA-DAM. More

specifically, maybe the UTSA-280 phase intrinsically has a signifi-

cant transport resistance that compels the gas molecules only pass

through the polymer phase in UTSA-280/6FDA-DAM MMMs. To

demonstrate this hypothesis, it is essential to obtain the C2H4/

C2H6 permeation performance of UTSA-280 filler phase. To our

best knowledge, however, there has been no relevant report so

far. In this work, Maxwell model is adopted to determine this

performance.

As known, the Maxwell model was originally proposed to evalu-

ate the dielectric property of composite material and then was recog-

nized as a useful tool in predicting MMMs performance. The transport

equation in MMMs is given as following:

PMMM ¼Pp
Psþ2Pp�2;s Pp�Psð Þ
Psþ2Ppþ;s Pp�Psð Þ

� �
ð7Þ

where PMMM is permeability of MMM, Pp is permeability of polymeric

matrix, Ps is permeability of dispersed fillers, and ;s is volume fraction

of filler phase in MMMs. Considering the significant permeability dif-

ference to 6FDA-DAM, UTSA-280 filler perhaps introduced tremen-

dous resistance so that gas permeation through UTSA-280 channels

was impeded. To demonstrate this argument, we calculated the theo-

retical minimal limit of permeability in MMMs via Maxwell model. The

so-called “limit” is assuming the filler phase permeability is much less

than that of polymer phase, namely Ps �Pp. In this case, the Maxwell

equation can be simplified as below:

PMMM ¼Pp
2�2;s
2þ2;s

� �
ð8Þ

According to this equation, the minimal limits of C2H4 permeabil-

ity and C2H4/C2H6 selectivity in MMMs with various loadings were

obtained. As shown in Figure 9 and Table S1, the predictive minimal

limit of C2H4/C2H6 permeation performance are in line with the

experiment results the regardless of a certain derivation. By using

the permeation data of UTSA-280/6FDA-DAM:DABA(3:2) MMMs,

the C2H4/C2H6 permeation performance of UTSA-280 phase was

back-calculated: C2H4 permeability of 8.5 Barrer and C2H4/C2H6 of

15.45. As expected, UTSA-280 filler is at the same order of magnitude

compared with 6FDA-DAM:DABA(3:2), while much less permeable

than 6FDA-DAM matrix (C2H4 permeability of 108.1 Barrer). The gas

diffusivities of UTSA-280 (C2H4 diffusivity of 0.26 (10�8 cm2 s�1) and

C2H6 diffusivity of 0.08 (10�8 cm2 s�1)) are much lower than those of

6FDA-DAM (C2H4 diffusivity of 6.88 (10�8 cm2 s�1) and C2H6 diffu-

sivity of 2.70 (10�8 cm2 s�1)), implying the reliability of the

F IGURE 8 Equimolar C2H4/
C2H6 mixed gas separation
performance of 21.80 wt%
UTSA-280/6FDA-DAM:DABA
(3:2) mixed-matrix membrane
(A) under varied feed pressures at
35�C and (B) temperatures under
2.5 bar
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assumption of Ps �Pp. As shown in Figure 10, the permeation perfor-

mance of UTSA-280/6FDA-DAM or UTSA-280/6FDA-DAM:DABA

(3:2) MMMs with various loadings were predicted by Maxwell model

according to the permeation properties of UTSA-280 filler and 6FDA-

DAM or 6FDA-DAM:DABA(3:2) matrix. Generally, the Maxwell

predictions well agree with the experimental results of UTSA-

280MMMs. Noticeably, the 6FDA-DAM:DABA(3:2) MMMs become

more permeable and selective, whereas the 6FDA-DAM MMMs

become more impermeable with increasing UTSA-280 loading.

The above results demonstrate that well-match of permeability

between filler and matrix is a crucial factor for successful MMMs.

However, sometimes molecular sieving filler exhibits superior selectiv-

ity while low permeability and so that it perhaps cannot realize syner-

gistic effect with a highly permeable polymer. Therefore, it is essential

to consider both transport resistance and separation selectivity when

develop or select versatile filler particles for MMMs.

Baring permeability matching issue in mind, herein we attempted

to predict the optimal 6FDA-polyimide matrix with UTSA-280 filler. A

series of pristine 6FDA-polyimide membranes were fabricated and

examined for permeation test: 6FDA-DAM, 6FDA-DAM:DABA(3:2),

6FDA-DAM:DABA(4:1) and 6FDA-DABA. As shown in Figure 11, the

6FDA-polyimide membrane performed higher C2H4 permeability

while lower C2H4/C2H6 selectivity with increasing DAM moiety,

which is intrinsically determined by the increasing d-spacing.39 The

6FDA-DAM:DABA(x:y) polyimide permeation performance was cor-

related by linearly fitting the experimental points. The Maxwell

model was adopted to predict permeation performance of MMMs

composed of UTSA-280 and the selected polyimide residing on the

hypothetical line.25 Thus, various kinds of UTSA-280/6FDA-

polyimide MMMs permeation performance with different loadings

was obtained. By comparing the performance of each kind of MMMs

with the same UTSA-280 loading, the optimal 6FDA-polyimide

matrix was determined, showing C2H4 permeability of 3.00 Barrer

and C2H4/C2H6 selectivity of 4.02. This optimal matrix can be

obtained by tuning the stoichiometric of DAM and DABA

F IGURE 10 (A) UTSA-280
prediction from UTSA-
280/6FDA-DAM:DABA(3:2)
mixed-matrix membranes
(MMMs) with varied loading by
wt%; (B) comparison of UTSA-
280/6FDA-DAM MMMs
predictive and experimental
separation performance

F IGURE 11 Prediction of the best-matching 6FDA-polyimide
matrix in terms of permeability with UTSA-280 phase by Maxwell
model

F IGURE 9 Experimental and Maxwell limit predictive C2H4/C2H6

pure gas separation performance of UTSA-280/6FDA-DAM mixed-
matrix membranes with various loadings
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monomers. As shown in Figure S6, the optimal ratio of DAM and

DABA were determined by plots of lg P(C2H4) and lg (C2H4/C2H6)

vs. DABA content. It was found that the optimal DABA content was

�60 wt% when taking derivations into account. Moreover, this pre-

diction method offers a guidance for developing optimal filler/matrix

permeability-matching MMMs.

4 | CONCLUSIONS

In this work, UTSA-280 molecular sieves with superb C2H4/C2H6

adsorption selectivity were incorporated into 6FDA-DAM:DABA(3:2)

and 6FDA-DAM, respectively. The compromised adsorption perfor-

mance of UTSA-280 fillers in contrast to that reported in literature

revealed the significant influence of post-treatment on the molecular

sieving effect of the filler. The incorporation of UTSA-280 imparted

6FDA-DAM:DABA(3:2) MMMs improvement in C2H4 permeability by

15% and C2H4/C2H6 selectivity by 32%, respectively. The solubility-

diffusivity analysis suggested that the performance enhancement was

attributed to the molecular sieving effect of passing C2H4 and exclud-

ing C2H6. The undesirable mixed-matrix effect observed in UTSA-

280/6FDA-DAM MMMs highlighted the significance of permeability

matching between filler and matrix. Furthermore, Maxwell model was

utilized to predict the optimally matching 6FDA-polyimide matrix to

UTSA-280 in terms of permeability, which provides fundamental

guidelines for rationally designing high-performing MMMs. Future

work will focus on the fabrication of the best matching polymer matrix

as predicted above to further exert molecular sieving effect of UTSA-

280 on C2H4/C2H6 separation MMMs.
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