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1. Supplementary figures 

 

Supplementary Figure 1 | A trade-off behavior among the ever-reported zeolite membranes 

for N2/CH4 separation. 



3 
 

 

Supplementary Figure 2 | Schematic illustration of the design strategy to induce irregularity 

for CH4 exclusion. a, Synthetic route for the growth of mixed-linker MOF membranes. b, 

Schematic illustration of the irregular aperture shape. 
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Supplementary Figure 3 | 1H NMR spectra of acid-digested Zr-fum-mes-fcu-MOF 

membranes. a, Zr-fum100-mes0-fcu MOF membrane. b, Zr-fum79-mes21-fcu MOF membrane. c, 

Zr-fum67-mes33-fcu MOF membrane. d, Zr-fum60-mes40-fcu MOF membrane. e, Zr-fum41-mes59-

fcu MOF membrane. 
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Supplementary Figure 4 | Top-view SEM images of Zr-fum-mes-fcu-MOF membranes. a, Zr-

fum100-mes0-fcu MOF membrane. b, Zr-fum79-mes21-fcu MOF membrane. c, Zr-fum67-mes33-fcu 

MOF membrane. d, Zr-fum60-mes40-fcu MOF membrane. e, Zr-fum41-mes59-fcu MOF membrane. 

f, Zr-fum67-mes33-fcu MOF membrane that supported on stainless steel nets. 
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Supplementary Figure 5 | Structures and XRD patterns of Zr-fum-mes-fcu-MOF membranes. 

a-d, Unit-cell structure of (a) Zr-fum-fcu-MOF, (b) Zr-mes-fcu-MOF, (c) Zr-fum67-mes33-fcu-

MOF, and (d) UiO-66. The structures with “zigzag” linker geometry (fum or mes) exhibit tilted Zr 

clusters, while the structure with strictly straight linker (UiO-66) shows no tilt. e-m, XRD patterns 

of (e) calculated structures, (f) bare Anodisc, (g) bare SSN, (h) as-synthesized Zr-fum100-mes0-fcu-

MOF membrane on Anodisc, (i) as-synthesized Zr-fum79-mes21-fcu-MOF membrane on Anodisc, 

(j) as-synthesized Zr-fum67-mes33-fcu-MOF membrane on Anodisc, (k) as-synthesized Zr-fum60-

mes40-fcu-MOF membrane on Anodisc, (l) as-synthesized Zr-fum41-mes59-fcu-MOF membrane on 

Anodisc, and (m) as-synthesized Zr-fum67-mes33-fcu-MOF membrane on SSN.  
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Supplementary Figure 6 | Schematic illustrations and cross-section SEM images of the as-

synthesized membrane and the membrane under compressed air flow for 15 min. The yellow 

circles indicate the particles inside the channels. After air flowing, the majority of these particles 

could be removed, indicating that those particles are only loosely deposited and cannot form a 

separation layer. 
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Supplementary Figure 7 | a-b, Schematic illustrations and the surface SEM images of (a) the as-

synthesized fresh Zr-fum67-mes33-fcu-MOF membrane and (b) the dried membrane under 

compressed air flow for 15 min. The green rectangular boxes in b indicate exemplar areas that 

were selected to focus at high magnification in the original SI. c, 100K magnified surface 

morphology of the Zr-fum67-mes33-fcu-MOF membrane, showing similar size in lateral size. d, 

100K magnified cross-section morphology of the Zr-fum67-mes33-fcu-MOF membrane, showing 

homogeneous thickness of 30 nm around.  
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Supplementary Figure 8 | XRD patterns the membranes after compressed air flow in 

comparison to the as-synthesized membranes. a, Zr-fum100-mes0-fcu-MOF membrane on 

Anodisc. b, Zr-fum79-mes21-fcu-MOF membrane on Anodisc. c, Zr-fum67-mes33-fcu-MOF 

membrane on Anodisc. d, Zr-fum60-mes40-fcu-MOF membrane on Anodisc. e, Zr-fum41-mes59-fcu-

MOF membrane on Anodisc. f, Zr-fum67-mes33-fcu-MOF membrane on SSN. 
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Supplementary Figure 9 | Cross-section SEM image, EDX mapping and line scanning atom 

distribution of the Zr-fum67-mes33-fcu-MOF membrane. The yellow line indicates the start and 

end of the line scanning.  
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Supplementary Figure 10 | Cross-section raw SEM images of Zr-fum67-mes33-fcu-MOF membranes 

at lower magnifications showing wider ranges, indicating the homogeneity of the membrane layers. 
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Supplementary Figure 11 | Liquid and solid state NMR spectra of the ligands and Zr-fum-

mes-fcu-MOF membranes. a, 1H NMR spectra of fumaric acid that dissolved in DMSO-d6. b, 
1H NMR spectra of mesaconic acid that dissolved in DMSO-d6. c, 13C NMR spectra of fumaric 

acid that dissolved in DMSO-d6. d, 13C NMR spectra of mesaconic acid that dissolved in DMSO-

d6. e, Two-dimensional (2D) 1H-1H double-quantum (DQ)/single-quantum (SQ) solid-state NMR 

spectra of Zr-fum67-mes33-fcu MOF. The 2D 1H-1H correlation results are not conclusive, because 

the peaks of protons connected to the C=C bonds from fumarate or mesaconate were merged at 

6.9 ppm owing to the relatively low resolution of ssNMR.  
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Supplementary Figure 12 | Low pressure adsorption and TGA of Zr-fum-mes-fcu-MOFs. (a, 

g) Zr-fum100-mes0-fcu MOF membrane. (b, h) Zr-fum79-mes21-fcu MOF membrane. (c, i) Zr-fum67-

mes33-fcu MOF membrane. (d, j) Zr-fum60-mes40-fcu MOF membrane. (e, k) Zr-fum41-mes59-fcu 

MOF membrane. f, Comparison of the BET surface areas. l, Summary and comparison of metal-

to-linker ratio for the resultant membranes. All the samples are obtained from the corresponding 

membranes by dissolving the supports. For the non-defective structures, the metal-to-linker ratio 

should be 6:6, while for the as-synthesized membranes, their metal-to-linker ratios are very close 

to this value, indicating that the defect concentrations are quite low.  
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Supplementary Figure 13 | Single-gas permeation behavior of Zr-fum-mes-fcu-MOF 

membranes. a, Ideal selectivities of different Zr-fum-mes-fcu-MOF membranes for different gas 

pairs. b, Cut-off mitigation among different Zr-fum-mes-fcu-MOF membranes as a function of 

mes percentage. 
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Supplementary Figure 14 | Schematic illustrations of the diffusion pathways and associated 

energy barriers for both N2 and CH4 through Zr-fum-mes-fcu-MOFs. a, Top view of the N2 

and CH4 diffusion pathways through the Zr-fum-mes-fcu-MOFs. b-d, Minimum Energy Pathways 

(MEP) for the diffusion of both CH4 (black) and N2 (blue) throughout the Zr-fum100-mes0-fcu-

MOF (b), Zr-fum67-mes33-fcu-MOF (c) and Zr-fum33-mes67-fcu-MOF (d). The transitional states 

with the minima or maxima energy are marked. e-g, Snapshots corresponding to the transitional 

states for the Zr-fum100-mes0-fcu-MOF (e), Zr-fum67-mes33-fcu-MOF (f) and Zr-fum33-mes67-fcu-

MOF (g) membranes.  
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Supplementary Figure 15 | N2/CH4 mixed-gas separation behavior of Zr-fum67-mes33-fcu-

MOF membranes with varied temperature. a, Change of permeances and separation factor with 

temperature increasing from 25 oC to 150 oC. b, Arrhenius temperature dependence of N2 and CH4 

permeances for the Zr-fum67-mes33-fcu-MOF membrane. The temperature dependence of gas 

permeation can be stated by Arrhenius equation, 

,exp( )= − act i
i i

E
P A

RT
 

, 1ln act i
i

E
P a

R T
= − ⋅  

where Pi is the gas permeance of component i, Ai represents for the pre-exponential factor of 

component i, Eact, i is the apparent activation energy of component i, R is the ideal gas constant 

(8.314 J mol-1 K-1) and T is the absolute temperature (K). A plot of ln (Pi) versus 1/T gives a 

straight line, whose slope is used to calculate Eact, i. The Eact, N2 is about 6.773 kJ mol-1, and Eact, CH4 

is about 4.416 kJ mol-1. 
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Supplementary Figure 16 | High pressure adsorption isotherms of the Zr-fum67-mes33-fcu-

MOF. a, N2 adsorption and desorption from 0 to 50 bar at 298K. b, CH4 adsorption and desorption 

from 0 to 50 bar at 298K. c, Representation of the Rubotherm gravimetric-densimetric apparatus. 
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Supplementary Figure 17 | High-pressure separation and measurement approach. 

a, Effect of feed pressure on N2/CH4 50/50 mixed-gas separation performance (flux & separation 

factor vs. pressure) of Zr-fum67-mes33-fcu-MOF membranes. An equimolar N2/CH4 mixture at a 

total flow rate of 2000 mL min-1 was used on the feed side. The permeate side was kept at 1 bar 

undiluted (i.e., no sweep gas) permeate. The test was conducted at room temperature. b, Schematic 

illustration of the membrane sealing by using sintered alumina and porous steel plate to provide 

the required mechanical strength for high-pressure gas permeation measurements. 
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Supplementary Figure 18 | Stability of Zr-fum67-mes33-fcu-MOF membranes under harsh 

conditions. a, Membrane stability under humid feed atmosphere. b, Membrane stability under H2S 

containing atmosphere. c, Membrane stability under hydrocarbon containing atmosphere. The 

permeance under water or H2S decreases because the MOFs show great affinity to water and H2S, 

which blocks the pore systems. However, after the feed gas switching back to normal feed, the 

performance and fully recover, indicating the excellent stability under humid atmosphere. 
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Supplementary Figure 19 | N2/CH4 separation performance of Zr-fum67-mes33-fcu-MOF 

membranes with different N2 concentrations as feed gas. A N2/CH4 mixture with targeted N2 

concentration at a total flow rate of 2000 mL min-1 was used on the feed side. The feed side was 

kept at 10 bar and the permeate side was kept at 1 bar undiluted (i.e., no sweep gas) permeate. The 

test was conducted at room temperature. Both the N2 permeance and N2/CH4 separation factor 

increase with lower N2 concentrations in the feed, which is totally different with the conventional 

zeolite membranes that showed decreased N2 permeance and N2/CH4 separation factor under low 

N2 concentrations in the feed.  
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Supplementary Figure 20 | Effect of feed pressure on N2/CH4 15/85 mixed-gas separation 

performance of Zr-fum67-mes33-fcu-MOF membranes. a, Permeance & separation factor vs. 

pressure. b, Flux & separation factor vs. pressure. A 15/85 N2/CH4 mixture at a total flow rate of 

2000 mL min-1 was used on the feed side. The permeate side was kept at 1 bar undiluted (i.e., no 

sweep gas) permeate. The test was conducted at room temperature.  
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Supplementary Figure 21 | Effect of feed pressure on CO2/N2/CH4 35/15/50 ternary mixed-

gas separation performance of Zr-fum67-mes33-fcu-MOF membranes (flux & separation 

factor vs. pressure). A 35/15/50 CO2/N2/CH4 ternary mixture at a total flow rate of 2000 mL min-

1 was used on the feed side. The permeate side was kept at 1 bar undiluted (i.e., no sweep gas) 

permeate. The test was conducted at room temperature.  
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Supplementary Figure 22 | Comparison of the separation performance of Zr-fum-mes-fcu-

MOF membranes with other reported membranes for different gas pairs. a, H2/N2. b, H2/CH4. 

c, CO2/N2. d, CO2/CH4.  
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Supplementary Figure 23 | Effect of feed pressure on N2/CH4 50/50 mixed-gas separation 

performance of Zr-fum67-mes33-fcu-MOF membranes supported on stainless steel nets. a, 

Permeance & separation factor vs. pressure. b, Flux & separation factor vs. pressure. An equimolar 

N2/CH4 mixture at a total flow rate of 2000 mL min-1 was used on the feed side. The permeate side 

was kept at 1 bar undiluted (i.e., no sweep gas) permeate. The test was conducted at room 

temperature.  
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Supplementary Figure 24 | Effect of feed pressure on N2/CH4 15/85 mixed-gas separation 

performance of Zr-fum67-mes33-fcu-MOF membranes supported on stainless steel nets. a, 

Permeance & separation factor vs. pressure. b, Flux & separation factor vs. pressure. A 15/85 

N2/CH4 mixture at a total flow rate of 2000 mL min-1 was used on the feed side. The permeate side 

was kept at 1 bar undiluted (i.e., no sweep gas) permeate. The test was conducted at room 

temperature.  
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Supplementary Figure 25 | Comparison of CO2/N2/CH4 35/15/50 ternary mixed-gas 

separation performance of Zr-fum67-mes33-fcu-MOF membranes supported on stainless steel 

nets with reported literature. A 35/15/50 CO2/N2/CH4 mixture at a total flow rate of 2000 mL 

min-1 was used on the feed side. The feed side was kept at 10 bar and the permeate side was kept 

at 1 bar undiluted (i.e., no sweep gas) permeate. The test was conducted at room temperature.  
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Supplementary Figure 26 | Effect of feed pressure on CO2/N2/CH4 35/15/50 ternary mixed-

gas separation performance of Zr-fum67-mes33-fcu-MOF membranes supported on stainless 

steel nets. a, Permeance & separation factor vs. pressure. b, Flux & separation factor vs. pressure. 

A 35/15/50 CO2/N2/CH4 ternary mixture at a total flow rate of 2000 mL min-1 was used on the 

feed side. The permeate side was kept at 1 bar undiluted (i.e., no sweep gas) permeate. The test 

was conducted at room temperature.  
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Supplementary Figure 27 | Process flow diagram of the single distillation column system for 

N2 rejection. 
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Supplementary Figure 28 | Process flow diagram of the membrane-distillation hybrid 

system for N2 rejection from the 50%N2/50%CH4 feed. 
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Supplementary Figure 29 | Distribution of utility costs of the membrane-distillation hybrid 

system for N2 rejection from the 50%N2/50%CH4 feed. 
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Supplementary Figure 30 | Process flow diagram of the membrane system for N2 rejection 

from the 15%N2/85%CH4 feed. 
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Supplementary Figure 31 | Process flow diagram of the MDEA capture process for CO2 

removal from the 35%CO2/15%N2/50%CH4 feed. 
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2. Supplementary tables 
Supplementary Table 1. Single-gas permeances of the Zr-fum(100-x)-mesx-fcu-MOF membranes. 

At least three independent membranes for each percentage are prepared and tested. 

Membrane Number 
Permeance (GPU) 

H2 CO2 N2 CH4 C2H4 C2H6 C3H6 C3H8 

Zr-fum100-

mes0-fcu-

MOF 

M1 8352 8628 4235 4746 3683 858.3 711.9 45.35 

M2 7955 8369 4026 5422 4123 781.3 683.9 42.69 

M3 8259 8539 4192 5081 4038 1059 837.1 54.12 

Average 8189 8512 4151 5083 3948 899.6 697.9 47.39 

Standard 

deviation 
207.7 131.7 110.2 338.0 233.3 143.5 19.83 5.982 

Zr-fum79-

mes21-fcu-

MOF 

M4 8257 7432 3871 508.3 572.1 226.4 92.82 23.62 

M5 7999 6889 3620 857.6 877.4 258.2 109.2 27.85 

M6 8033 7082 3857 1073 1290 288.0 164.3 28.50 

Average 8096 7134 3783 812.9 913.2 257.5 122.1 26.66 

Standard 

deviation 
140.2 275.3 140.8 284.9 360.4 30.80 37.43 2.648 

Zr-fum67-

mes33-fcu-

MOF 

M7 7217 6563 3227 222.1 398.7 123.1 81.01 22.51 

M8 7405 6710 3331 202.6 360.1 113.9 77.14 23.07 

M9 7470 6776 3426 209.7 410.8 134.7 82.31 23.52 
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Average 7364 6683 3328 211.5 389.9 123.9 80.15 23.03 

Standard 

deviation 
131.4 108.9 99.36 9.890 26.49 10.43 2.694 0.5084 

Zr-fum60-

mes40-fcu-

MOF 

M10 6531 5654 1101 117.2 138.5 93.02 62.07 16.71 

M11 6811 5922 1145 166.1 167.7 102.9 65.67 22.44 

M12 6835 6011 1134 167.5 173.2 105.8 68.73 17.10 

Average 6726 5862 1126 150.3 159.8 100.6 65.49 18.75 

Standard 

deviation 
169.0 185.9 23.05 28.63 18.65 6.694 3.333 3.201 

Zr-fum41-

mes59-fcu-

MOF 

M13 3570 1883 195.2 51.80 32.43 29.82 26.40 11.89 

M14 3241 1715 185.7 33.81 29.53 25.36 27.10 10.69 

M15 3053 1587 163.4 52.61 36.45 28.61 23.42 11.71 

Average 3288 1728 181.4 46.07 32.80 27.93 25.64 11.43 

Standard 

deviation 
262.1 148.6 16.35 10.63 3.478 2.308 1.950 0.6459 
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Supplementary Table 2. N2/CH4 mixed-gas separation performance of the Zr-fum(100-x)-mesx-fcu-

MOF membranes. At least three independent membranes for each percentage are prepared and 

tested. 

Membrane Number 

N2  

permeance 

(GPU) 

CH4 

permeance 

(GPU) 

N2/CH4 

separation 

factor 

Zr-fum100-

mes0-fcu-MOF 

M1 4067 4696 0.8716 

M2 3988 5359 0.7544 

M3 4032 5000 0.8143 

Average 4029 5018 0.8134 

Standard deviation 39.65 331.8 0.05862 

Zr-fum79-

mes21-fcu-

MOF 

M4 3745 462.3 5.401 

M5 3535 807.6 4.393 

M6 3696 897.8 3.990 

Average 3659 722.6 4.594 

Standard deviation 109.9 229.9 0.7272 

Zr-fum67-

mes33-fcu-

MOF 

M7 2894 222.1 12.63 

M8 3095 199.3 15.01 

M9 3159 199.4 15.30 

M16 3826 293.8 13.72 
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M17 2739 182.8 14.54 

M18 2632 166.1 15.40 

Average 3058 210.6 14.43 

Standard deviation 426.9 44.86 1.077 

Zr-fum60-

mes40-fcu-

MOF 

M10 942.8 112.9 8.351 

M11 979.3 154.1 6.291 

M12 1119 165.7 6.670 

Average 1014 144.2489 7.104 

Standard deviation 92.80 27.74 1.096 

Zr-fum41-

mes59-fcu-

MOF 

M13 170.1 44.38 3.834 

M14 168.7 29.82 5.597 

M15 149.0 49.13 3.028 

Average 162.6 41.11 4.153 

Standard deviation 11.83 10.06 1.314 
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Supplementary Table 3. Lattice parameters of the DFT-optimized unit cells for the three Zr-fum-

mes-fcu-MOFs.  

fum:mes a/Å b/Å c/Å α/° β/° γ/° Volume/Å3 

100:0 17.97 17.98 17.97 90.0 90.0 90.0 5805.2 

67:33 17.95 17.95 17.94 90.0 90.0 89.9 5781.9 

33:67 17.92 17.92 17.91 90.2 89.9 89.9 5753.1 

 



38 
 

Supplementary Table 4. Stream composition of the membrane process for simultaneous CO2 and 

N2 removal from the 35%CO2/15%N2/50%CH4 feed. 

Stream name NATGAS CH4MEM N2MEM 

Mole Flows (kmol/h) 

CH4 500 467 33 

N2 150 9.9 140.1 

CO2 350 10.85 339.15 

Mole Fractions 

CH4 0.5 0.957458 0.064422 

N2 0.15 0.020297 0.273499 

CO2 0.35 0.022245 0.662079 
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3. Supplementary notes 
Supplementary Note 1. Derivation of the guidelines for the synthesis of mixed-linker fcu-MOF 

membranes 

According to our derived formulation that works as a guide to prepare Zr-fcu-MOF membranes in 

the aqueous system, namely [H2L]Zr-fcu-MOF, a.q. = 2.23  10(pKa-5), the required concentrations for 

the preparation of mono-ligand membranes are 50 mM fumaric acid ([H2fum]ideal) for the Zr-fum-

fcu-MOF membrane and 109 mM mesaconic acid ([H2mes]ideal) for the Zr-mes-fcu-MOF 

membrane respectively (pKa values under acid conditions are obtained from ChemAxon or 

ACDLabs database). This means in both cases, an ideal concentration of deprotonated ligand ([L2-

]ideal) is reached, namely 

[L2-]ideal = [fum2-]ideal = [mes2-]ideal. 

Because 

H2L  2H+ + L2- 

Ka = [H+]2[L2-]/[H2L] = 10(-pKa) 

[L2-]ideal = [H2L] 10(-pKa) /[H+]2 

pKa is a constant, [H+] can be considered as a constant because the excessive modulator of formic 

acid release the dominant H+, and the cluster solution is fixed. 

Then we know [L2-] is linear correlative with [H2L]. 

 

For the mixed-linker system, the basic principle is still to maintain the total concentration of 

deprotonated ligand equal to [L2-]ideal. 

Then we have, 

[L2-]ideal = [fum2-] + [mes2-] 

For the targeted Zr-fum(100-x)-mesx-fcu-MOF membrane, in order to guarantee the reach of [L2-]ideal, 

we can make, 

[L2-]ideal = (100-x)% [L2-]ideal + x% [L2-]ideal 

                     = (100-x)% [fum2-]ideal + x% [mes2-]ideal 

  = [fum2-]mixed + [mes2-]mixed 

Because [L2-] is linear correlative with [H2L], in order to make [fum2-]mixed = (100-x)% [fum2-]ideal, 

the input concentration of fumaric acid should be (100-x)% [H2fum]ideal, namely  

[H2fum]mixed = (100-x)%  50 mM. 
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Similarly, in order to [mes2-]mixed = x% [mes2-]ideal, the input concentration of mesaconic acid 

should be x% [H2mes]ideal, namely  

[H2mes]mixed = x%  109 mM. 
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Supplementary Note 2. Molecular simulation analysis 

Molecular insight into the separation process was further revealed by periodic density functional 

theory (DFT) calculations. The minimum energy path (MEP) associated with the N2 and CH4 

transport via a jump sequence from cage to cage by passing the edited pore-apertures was 

simulated for the different Zr-fum(100-x)-mesx-fcu-MOFs using DFT climbing image nudged elastic 

band (CI-NEB) method. The selected diffusion path corresponds to a length of ~25 Å, integrating 

the passage between multiple neighbor cages connected by triangular pore-apertures 

(Supplementary Fig. 14, Supplementary table 3). The calculated MEP profiles showed both N2 

and CH4 molecules could migrate through the trefoil-shaped pore-apertures of the parent Zr-

fum100-mes0-fcu-MOF (Fig. 3d) with rather low energy barriers, i.e.11.5 and 7.7 kJ mol−1, 

respectively, that suggest a fast transport for both gases (Fig. 3e). The slightly higher diffusion 

energy barrier for N2 vs CH4 is in line with the experimental findings that CH4 shows higher 

permeance in the parent Zr-fum100-mes0-fcu-MOF membrane. For the Zr-fum67-mes33-fcu-MOF 

(Fig. 3f), the diffusion energy barrier for CH4 increased by more than 150% (from 7.7 to 19.3 kJ 

mol-1), whereas that for N2 increased by only 33% (from 11.5 to 15.4 kJ mol-1, Figs. 3g-2j). This 

disparity explains the substantial permeance reduction for CH4 and the considerably smaller 

decrease for N2, thus generating a significant enhancement in N2/CH4 selectivity. Notably, the 

simulated diffusion energy barriers for both continued to increase to rather high values, as 

exemplified in the case of Zr-fum33-mes67-fcu-MOF (Figs. 3h-3j). These high values resulted in 

significant reduction in gas permeance and selectivity. 
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