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Isosteric heat of adsorption

The adsorption heat for CO2, CH4 and N2 on MOF-253, MOF-253@Cu(BF4)2, MOF-

253@Zn(BF4)2 and MOF-253@ZnSiF6 were calculated using the Clausius-Clapeyron 

equation as follows:
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where Qst represents the adsorption heat (kJ/mol), P is the pressure (kPa), T represents 

the temperature (K), R is a constant and q represents the adsorption amount (mmol/g).

Ideal adsorbed solution theory (IAST) calculations

The single-component adsorption isotherms of CO2, CH4 and N2 on MOF-253, MOF-

253@Cu(BF4)2, MOF-253@Zn(BF4)2 and MOF-253@ZnSiF6 obtained at 298 K were 

fitted using the dual site Langmuir-Freundlich model.
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where q represents the adsorbed capacity per mass of adsorbent (mol/kg), qA,sat and qB,sat 

are the saturation uptake capacities at site A and site B, respectively, bA and bB represent 

the constant at adsorption site A and site B, respectively, P represents the total pressure 

of the gas at the equilibrium (kPa) and represents the Freundlich exponent.

The adsorption selectivity defined as follows:
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where qA and qB represent the component molar loading within the MOFs and yA and 

yB are the corresponding mole fraction used in the feed gas mixture.



Density-functional theory (DFT) calculations

The binding sites for CO2 and CH4 in MOF-253@ZnSiF6 were identified using DFT 

calculations. This task is accomplished using the Quantum-Espresso package in 

Material Studio software. In order to explain the Van der Waals interactions, the 

dispersive forces (semi-empirical) were added to the traditional DFT in the calculation. 

The crystal structure of MOF-253@ZnSiF6 was first optimized and CO2 or CH4 were 

then introduced at different positions in the MOF structure with adequate relaxation.



Fig. S1. (a) PXRD patterns recorded for MOF-253; (b) PXRD patterns recorded for 

MOF-253@Cu(BF4)2, MOF-253@Zn(BF4)2 and MOF-253@ZnSiF6 (c) SEM and EDS 

images of MOF-253; (d) SEM images of MOF-253, MOF-253@Cu(BF4)2, MOF-

253@Zn(BF4)2 and MOF-253@ZnSiF6.



Fig. S2. TGA curves of MOF-253, MOF-253@Cu(BF4)2, MOF-253@Zn(BF4)2 and 

MOF-253@ZnSiF6. 

Fig. S3. N2 adsorption-desorption isotherms of MOF-253, MOF-253@Cu(BF4)2, 

MOF-253@Zn(BF4)2 and MOF-253@ZnSiF6 at 77 K.
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Fig. S4. The pore size distributions of MOF-253, MOF-253@Cu(BF4)2, MOF-

253@Zn(BF4)2 and MOF-253@ZnSiF6 obtained by DFT method.

Fig. S5. The single-adsorption isotherms of (a) MOF-253, (b) MOF-253@Cu(BF4)2, 

(c) MOF-253@Zn(BF4)2 and (d) MOF-253@ZnSiF6 for CO2, CH4 and N2 at 273, 288 

and 298 K.
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Fig. S6. The adsorption heat of MOF-253, MOF-253@Cu(BF4)2, MOF-253@Zn(BF4)2 

and MOF-253@ZnSiF6 for N2.

Fig. S7. The adsorption selectivity of (a) CO2/N2 (1/1, v/v) and (b) CH4/N2 (1/1, v/v) 

for MOF-253, MOF-253@Cu(BF4)2, MOF-253@Zn(BF4)2 and MOF-253@ZnSiF6 at 

298 K.



Fig. S8. The breakthrough experimental set-up schematic.

Fig. S9. PXRD patterns of MOF-253@ZnSiF6 treated at different conditions.



Fig. S10. CO2, CH4, and N2 adsorption isotherms at 298 K in a series of salt-modified 

MOF-253 with dual-site Langmuir-Freundlich model fits.



Table S1 Physicochemical properties of CO2, CH4 and N2.

Structure Molecular size (Å3)

Kinetic 

diameter 

(Å)

Boiling 

point 

(K)

Polarizability 

(10-25/cm3)

Quadrupole 

moment 

(1026/esu cm2)

CO2 3.18  3.33  5.36 3.3 194.7 29.11 -4.30

CH4 3.7  3.7  3.7 3.758 111.66 25.93 0

N2 3.6  3.6  3.6 3.64 77.35 17.403 1.52

Table S2 EDS element content analysis for MOF-253, MOF-253@Cu(BF4)2, MOF-

253@Zn(BF4)2 and MOF-253@ZnSiF6. 

Adsorbents
Al

(wt.%)

N

(wt.%)

Cu

(wt.%)

Zn

(wt.%)

F

(wt.%)

MOF-253 53.230 46.770 - - -

MOF-253@Cu(BF4)2 17.490 17.984 33.640 - 30.886

MOF-253@Zn(BF4)2 16.523 15.768 - 38.332 29.377

MOF-253@ZnSiF6 17.646 16.160 - 41.324 22.854



Table S3 ICP metals content analysis for MOF-253, MOF-253@Cu(BF4)2, MOF-

253@Zn(BF4)2 and MOF-253@ZnSiF6. 

Adsorbents
Al

(wt.%)

Cu

(wt.%)

Zn

(wt.%)

MOF-253 17.1 - -

MOF-253@Cu(BF4)2 15.7 17.7 -

MOF-253@Zn(BF4)2 13.9 - 12.0

MOF-253@ZnSiF6 12.8 - 15.7

Table S4 Adsorption capacity of MOF-253@ZnSiF6 in equilibrium and dynamic 

conditions.

Equilibrium adsorption

 (1 bar)

Breakthrough experiments

(CO2/N2 or CH4/N2, 1/4)

CO2 (cm3/g) 61.9 16.1

CH4 (cm3/g) 14.4 4.2



Table S5 Summary of the equilibrium uptakes, CO2/N2 uptake ratio in some reported 

MOFs

Adsorbents
CO2 uptake 

(cm3/g)

N2 uptake

(cm3/g)

CO2/N2 

uptake ratio
Reference

MOF-253 19.48 1.69 11.5 This work

MOF-253@Cu(BF4)2 54.96 3.02 18.1 This work

MOF-253@Zn(BF4)2 62.7 3.3 19 This work

MOF-253@ZnSiF6 61.95 3.5 17.7 This work

In(aip)2 28.1 0.2 140.5 [1]

UTSA-280 67.3 6 11.2 [2]

NJUBai35 72.8 4 18.2 [3]

Cu-Fpymo 39.2 0.33 118 [4]

NKMOF-9a 46.4 2.2 21.1 [5]

MUV-26α 33.15 0.56 59.2 [6]

FJUT-3 51 5 10.2 [7]

FJUT-4 23.5 1.3 18.1 [8]



Table S6 Summary of the equilibrium uptakes, CH4/N2 uptake ratio in some reported 

MOFs

Adsorbents
CH4 uptake

(cm3/g)

N2 uptake

(cm3/g)

CH4/N2

uptake ratio
Reference

MOF-253 5.36 1.69 3.2 This work

MOF-253@Cu(BF4)2 9.72 3.02 3.2 This work

MOF-253@Zn(BF4)2 11.62 3.3 3.5 This work

MOF-253@ZnSiF6 14.39 3.5 4.1 This work

Al-BPDC 5.90 2.70 2.2 [9]

Al-NDC 10.86 3.39 3.2 [9]

Al-BDC 15.98 5.06 3.1 [9]

Al-FUM-Me 27.19 5.18 5.2 [9]

Al-CDC 32.1 5.1 6.3 [10]

Al-FUM 20.44 5.15 3.9 [11]

MIL-53(Al) 5.21 4.35 1.2 [12]



Table S7 Dual-Langmuir-Freundlich fitting parameters for CO2, CH4 and N2 in MOF-

253 at 298 K.

 Site A      Site B

qA,sat

cm3 g-1

bA

 bar-1

     A

dimensionless

qB,sat

cm3 g-1

bB

    bar-1

B

dimensionless

CO2 305.34 0.07 0.85 0.55 0.47 6.60

CH4 24.49 0.26 1.05 0.26 4.92 0.65

N2 0.04 77.46 114.08 17.01 0.11 0.83

Table S8 Dual-Langmuir-Freundlich fitting parameters for CO2, CH4 and N2 in MOF-

253@Cu(BF4)2 at 298 K.

 Site A      Site B

qA,sat

cm3 g-1

bA

 bar-1

     A

dimensionless

qB,sat

cm3 g-1

bB

    bar-1

B

dimensionless

CO2 0.59 1.15 11.03 89.03 1.59 0.99

CH4 1.48 2.08 2.32 61.63 0.16 1.05

N2 8.45 0.26 1.43 3.39 0.59 0.77



Table S9 Dual-Langmuir-Freundlich fitting parameters for CO2, CH4 and N2 in MOF-

253@Zn(BF4)2 at 298 K.

 Site A      Site B

qA,sat

cm3 g-1

bA

 bar-1

     A

dimensionless

qB,sat

cm3 g-1

bB

    bar-1

B

dimensionless

CO2 123.76 0.92 0.95 3.42 93.88 6.23

CH4 13.12 0.01 11.11 60.67 0.23 0.97

N2 23.92 0.16 0.90 0.09 7.48 8.18

Table S10 Dual-Langmuir-Freundlich fitting parameters for CO2, CH4 and N2 in 

MOF-253@ZnSiF6 at 298 K. 

 Site A      Site B

qA,sat

cm3 g-1

bA

 bar-1

     A

dimensionless

qB,sat

cm3 g-1

bB

    bar-1

B

dimensionless

CO2 0.65 13.25 3.28 140.57 0.77 0.94

CH4 0.04 20.92 28.79 95.41 0.18 0.95

N2 0.04 35.56 25.30 39.09 0.10 0.91
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