
���������	�
��������������������������������������������������� �����!�����������"��������������� ����"������� �����������������"#$%&'$()�*(+&',-�.(&'+&'�/$+),-�/$%&'0(&�.+&'1-�2+0+3+&)�.4)5$&+6�789-�+&:�#$+;<)+&'�#$+&'1�789=�>?@ABCD�EFG�H@IJK@LJKG�JM�NFLKJOPFQDO@R�SFTJ?KOF�NKJOFTTDAB�@AU�NKJOFTT�VALFATDWO@LDJA�XFOPAJRJBGY�ZOPJJR�JM�[PFQDTLKG�@AU�[PFQDO@R\ABDAFFKDABY�>?@ABCD�]AD̂FKTDLGY�_@AADAB�̀abbbcY�[PDA@d�eFf@KLQFAL�JM�[PFQDO@R�@AU�gDJQJRFO?R@K�\ABDAFFKDABY�_@LDJA@R�]AD̂FKTDLG�JM�ZDAB@fJKFY�ZDAB@fJKF�==h̀ìY�ZDAB@fJKFa�j@AkL�lJMM�VATLDL?LF�MJK�mJRFO?R@K�ZODFAOFTY�]AD̂FKTDLG�JM�nQTLFKU@QY�N@Ko�pbcY�nQTLFKU@Q�=bpi�qlY�XPF�_FLPFKR@AUT
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S1 Physical and structural properties of gas molecules

Table S1 Physical and structural properties of CO2, C2H2 and C2H4molecules [1, 2]

Gas molecule Carbon dioxide (CO2) Acetylene (C2H2) Ethylene(C2H4)

Dimensions (Å3) 5.43.33.2 5.73.33.3 4.83.34.2

Kinetic Diameter (Å) 3.3 3.3 4.2

Polarizability (Å3) 2.9 3.3 4.3

Boiling point (K) 194.7 189.3 169.3

Dipole moment (1018 esu cm) 0 0 0

Quadrupole moment (10-26 esu cm2)
4.3 7.2 1.5
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S2. Experimental section and gas isotherms

2.1. Materials

All chemicals and solvents were commercially available and used directly without further purification: aluminum chloride hexahydrate

(AlCl3·6H2O, 97%), sodium hydroxide (NaOH, 99.5%), methanol (MeOH, 99%) were purchased from Aladdin, Shanghai, China. 2,5-

Furandicarboxylic acid (FDC, 98%), 3,5-pyrazoledicarboxylic acid monohydrate (H2PZDC, 99%) were purchased from Macklin, Shanghai,

China.

2.2 Preparation of MIL-160 and MOF-303

MIL-160 was prepared via a microwave synthesis method. Briefly, NaOH (0.08 g, 2 mmol), FDC (0.15 g, 1 mmol), and AlCl3·6H2O (0.12 g,

1 mmol) were transferred into a 30 mL glass vial, then with 15 mL H2O added. The sealed vial was treated via ultrasonic water bath for 5

min, then heated in the microwave oven to 120 °C and heated for 30 min whilst stirring with 600 rpm. The product was washed with MeOH

and dried in vacuum oven at 333 K. The yield was 0.137 g (cal. 90.1% relative to the mass of FDC).

MOF-303 was synthesized using the similar way. Briefly, to a mixture of NaOH (0.08 g, 2 mmol), H2PZDC (0.38 g, 2.1 mmol) and

AlCl3·6H2O (0.151 g, 1 mmol) in a 30 mL glass vial, 15 mL H2O were added carefully. the sealed vial was heated in the microwave oven to

120 °C and kept at this temperature for 30 min while stirring with 600 rpm. After cooling, the solid product was filtered off and washed with

MeOH and dried under vacuum at 333 K overnight. The yield was 0.335 g (cal. 88.2% relative to the molar of H2PZDC).

The phase purity and crystallinity of the obtained MOFs were characterized by powder X-ray diffraction (PXRD) on a Smartlab-3kw

diffractometer (Rigaku) using Cu Kα radiation (40 kV and 30 mA) in a scanning range of 5-50 º at a step speed of 6 º min-1. Before testing,

as-synthesized MIL-160 and MOF-303 were solvent-exchanged for several times with methane for 3 days to obtain the guest-free samples.

Then the solvent-exchanged samples were vacuum degassed for 12 hours at 373 K. For the stability test, firstly, the samples of MIL-160 and

MOF-303 (100 mg per) were immersed into water at ambient conditions for 1, 3, 5, 7 days before characterization.

N2 adsorption-desorption isotherms at 77 K using liquid nitrogen were measured with a surface area and porosity analyzer

(Micromeritics ASAP 2460), which were used to study the porosity of MIL-160 and MOF-303. The Brunauer-Emmett-Teller (BET) surface

area (SBET) were calculated according to the Rouquerol consistency criteria (with a linearity of fitting: R > 0.99999); total pore volume (Vtotal)



Nano Res.

was obtained by Gurvich-rule at P/P0=0.95. Pore size distributions (PSD) were given on the basis of Horvath-Kawazoe (HK) method.

Afterwards, the isotherms of C2H2, CO2 and C2H4 at 273, 298, and 313 K were measured at pressure ranging from 0-1.0 bar. The test

temperatures were controlled by putting the sample tube into a circulating water bath or ice water bath. The mass of samples for isotherms

measurement was about 100 mg, and the samples were degassed by dynamic vacuuming process under 393 K for 12 h before each isotherm

measurement.

Table S2 Summary of pore properties for MIL-160 and MOF-303

MOFs MIL-160 MOF-303

Crystal density (g cm-3) 1.10 1.16

SBET (m2 g-1) 1110 1343

SBET in literatures (m2 g-1) 830 [3] 989 [4]

Pore volume (cm3 g-1) 0.46 0.56

Pore volume in literatures (cm3 g-1) 0.4 [3] 0.54 [4]

Pore size (Å) 4.1 5.9

Pore size in literatures (Å) 4.2 [3] 6 [4]

Figure S1 XRD patterns of MIL-160 and MOF-303.
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Figure S2 XRD patterns of MIL-160 after immersing in water for different days.

Figure S3 XRD patterns of MOF-303 after immersing in water for different days.

Figure S4N2 adsorption-desorption isotherms of MIL-160 and MOF-303 at 77 K.
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Figure S5 Pore size distribution of MIL-160 and MOF-303.

Figure S6 N2 adsorption-desorption isotherms (77 K) of MIL-160 after immersing in water for different days.

Figure S7N2 adsorption-desorption isotherms (77 K) of MOF-303 after immersing in water for different days.
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Figure S8 The isotherms of C2H2, C2H4, and CO2 on MIL-160 at 273 K.
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Figure S9 The isotherms of C2H2, C2H4, and CO2 on MIL-160 at 313 K.

Figure S10 The isotherms of C2H2, C2H4, and CO2 onMOF-303 at 273 K.

Figure S11 The isotherms of C2H2, C2H4, and CO2 on MOF-303 at 313 K.
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Figure S12 Comparison of C2H2 uptake on the top-performing materials at 298 K and 1.0 bar.

S3. Selectivity and heat of adsorption calculations.

The unary isotherm data for C2H2, C2H4, and CO2 in the MIL-160, and MOF-303 measured at 298 K were fitted with either the 1-site or 2-

site Langmuir model:

, ,q
1 1
sat A A sat B B

A B

q b p q b p
b p b p

 
 

(S1)

where q (mmol g-1) represents the gas uptake at a certain pressure p (kPa), qsat, A and qsat, B (mmol g-1) represent the maximum adsorption

amounts on sites 1 and 2, respectively, bA and bB are the adsorption affinity coefficients of sites 1 and 2, respectively. Based on ideal adsorbed

solution theory (IAST), the selectivity of C2H2/C2H4 and C2H2/CO2mixtures was calculated using the following equation:

1 2

1 2

/
/ads

x xS
y y

 (S2)

where Sads represents for adsorption selectivity of C2H2/C2H4 and C2H2/CO2. x1 and x2 refer to the adsorbed amount of component 1 and 2, y1

and y2 are defined as the molar fractions of the component 1 and 2.

A Virial method was applied for the calculation of isosteric heat of adsorption (Qst), which could be expressed as following equations:

0 0

1ln( ) ln( ) ( )
m n

i j
i j

i j
p N a N a N

T  

     
(S3)
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where N (mmol g-1) refers to the C2H2, CO2 and C2H4 uptake at pressure p (kPa) and temperature T (K), ai and bj represent the Virial

coefficients, to fit the isotherms accurately, the number of coefficients m and n is required. The virial parameters obtained from virial

equation were used for calculation of Qst of C2H2, CO2 and C2H4. The Qst calculation could be described as the equation:

0

m
i

st i
i

Q R a N


  
(S4)

Qst is the coverage-dependent isosteric heat of adsorption and R is the universal gas constant.

Figure S13 The selectivity of MIL-160 and MOF-303 for C2H2/CO2 (50/50) and C2H2/C2H4 (50/50) mixtures.

Figure S14 Predicted mixture adsorption isotherms of MIL-160 and MOF-303 based on IAST for a 50/50 C2H2/C2H4mixture at 298 K.
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Figure S15 C2H2 isotherms (points) and Virial fitting curves (lines) of at 298 (red) and 273 K (blue).

Figure S16 C2H4 isotherms (points) and Virial fitting curves (lines) of MIL-160 at 298 (red) and 273 K (blue).

Figure S17 CO2 isotherms (points) and Virial fitting curves (lines) of MIL-160 at 298 (red) and 273 K (blue).
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Figure S18 C2H2 isotherms (points) and Virial fitting curves (lines) of MOF-303 at 298 (red) and 273 K (blue).

Figure S19 C2H4 isotherms (points) and Virial fitting curves (lines) of MOF-303 at 298 (red) and 273 K (blue).

Figure S20 CO2 isotherms (points) and Virial fitting curves (lines) of MIL-303 at 298 (red) and 273 K (blue).
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Table S3 The Langmuir parameter fits for the single component adsorption isotherms of C2H2, C2H4 and CO2 in MIL-160 at 298 K

Site A Site B Site A Site B

qA,sat (mol kg-1) bA (Pa-1) qB,sat (mol kg-1) bB (Pa-1)

C2H2 12.9 4.734E-05

C2H4 4.4 2.093E-05 2.6 2.922E-05

CO2 7.4 1.800E-05

Table S4 The Langmuir parameter fits for the single component adsorption isotherms of C2H2, C2H4 and CO2 in MOF-303 at 298 K

qsat (mol kg-1) b (Pa-1)

C2H2 6.10196 2.48091

C2H4 4.38562 1.67162

CO2 5.6240 0.35165

S4. Molecular simulation

To gain a better insight into the adsorption behaviors of guests in MIL-160 and MOF-303, the Grand Canonical Monte Carlo (GCMC) simulations

were performed in the Materials Studio 2017 [5]. The Crystallographic Information Files (CIFs) of MIL-160 and MOF-303 were downloaded from

Cambridge Structural Database (CSD). The crystal structures were used in simulation porecess without futher geometry optimization. The

geometry of C2H2, C2H4, and CO2 gas molecules were optimized in Forcite module. In order to obtain the atoms partial charge of MIL-160, MOF-

303, C2H2, C2H4 and CO2, QEq method and QEq_neutral 1.0 parameter were applied and the convergence limit was set as 5.0  e-4. Afterward, a

series of simulations were conducted on at sorption model, applying the Metropolis method and Universal Force Field (UFF) in locate task. Edward

& Group and Group-based were adopted as the summation method of electrostatic and van der Waals, respectively.

The CP2K code with quickstep module was performed to optimize the selected framework of the period structure of MIL-160 and MOF-303 [6],

and the period Density Functional Theory (DFT) calculations were conducted by using the generalized gradient approximation (GGA) and the

Perdew-Burke-Ernzerhof (PBE) functional, while the DFT-D3 was employed to accommodate the weak forces that might be present. Economic and

suitable basis sets that Triple-plus valence polarized Gaussian-type (TZVP-MOLOPT-GTH) for C, H, O atoms and Double-plus valence polarization

functions (DZVP-MOLOPT-SR-GTH) were used for Al atoms for the investigation of the adsorption energy. The self-consistent field (SCF)

convergence value was set to 5 × 10-6 Hartree, while the energy cutoff of 350 Ry was used throughout the calculations Adsorption energy (E) was

calculated by the following equation.

( )Total MOF gasE E E E    (S5)

Where Etotal, EMOF, and Egas represent for the total systematic energy of MOF and adsorbate.
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Table S5 Partial charges (e) of atoms in different molecules

Molecules C1 C2 O1 O2 H1 H2 H3 H4

C2H2 -0.133 -0.133 - - 0.133 0.133 - -

CO2 0.266 - -0.133 -0.133 - - - -

C2H4 -0.266 -0.266 - - 0.133 0.133 0.133 0.133

where e represents the elementay charge, e = 1.6022 10-19 C.

Table S6 Adsorption energy (kJ mol-1) of MIL-160 and MOF-303 for different gas molecules

MOFs MIL-160 MOF-303

C2H2 35.8 33.1

CO2 28.9 30.2

C2H4 29.3 31.5
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Table S7 The interaction type and distance existing in C2H2@MIL-160 and C2H2@MOF-303

MOFs Interaction types Distance ranges (Å)

MIL-160

H−C≡C−Hδ+···Oδ− 2.819 - 3.828

H−C≡C−Hδ+···Cδ- 2.981 - 3.363

H−C≡C−H···π 3.278 - 3.398

MOF-303

H−C≡C−Hδ+···Oδ− 3.226 - 3.932

H−C≡C−Hδ+···Cδ- 3.052 - 3.681

H−C≡C−H···N 3.296 - 3.991

H−C≡C−H···π 3.361 - 3.538

Table S8 The interaction type and distance existing in CO2@MIL-160 and CO2@MOF-303

MOFs Interaction types Distance ranges (Å)

MIL-160 H−C≡C−H···π 3.413 - 3.901

MOF-303 H−C≡C−H···π 3.439 -3.832
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Table S9 The interaction type and distance existing in C2H4@MIL-160 and C2H4@MOF-303

MOFs Interaction types Distance ranges (Å)

MIL-160
H−C=C−Hδ+···Oδ− 3.322 - 3.983

H−C=C−H···π 3.472 - 3.898

MOF-303
H−C=C−H···N 3.301 -3.931

H−C=C−H···π 3.406 - 3.863

Figure S21 The calculated binding configuration of C2H2@MIL-160.

Figure S22 The calculated binding configuration of C2H2@MOF-303.



Nano Res.

Figure S23 The calculated binding configurations of (a) CO2@MIL-160 and (b) C2H4@MOF-303.
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S5. Breakthrough experiment

Breakthrough simulations: The performance of industrial fixed bed adsorbers is dictated by a combination of adsorption selectivity and uptake

capacity. Transient breakthrough simulations were carried using the methodology described in earlier publications [7-11]. Two different feed

mixtures were examined: 50/50 C2H2/CO2 mixtures operating at a total pressure of 100 kPa, and temperatures of 298 K, 50/50 C2H2/C2H4 mixtures

operating at a total pressure of 100 kPa, and temperatures of 298 K. In these simulations, intra-crystalline diffusion influences are ignored.We

choose length of packed bed, L = 0.3 m, superficial gas velocity at the entrance to the bed, 1
0 0.04  su m  ; voidage of the packed bed, 0.4  . The

interstitial gas velocity
uv


 . For presenting the breakthrough simulation results, the y-axis is the dimensionless concentrations of each

component at the exit of the fixed bed, normalized with respect to the inlet feed concentrations. The x-axis is the dimensionless time,

tu
L




 (S6)

For the desorption phase of C2H2/CO2mixtures, the simulations were performed with reported method [12].

The experimental breakthrough tests were operated at 298 K and 1.0 bar on a dynamic breakthrough instrument (Hiden QGA quantitative gas

analysis system) The 50/50 C2H2/C2H4 and C2H2/CO2 were pre-mixed in gas pipeline with a flow rate of 2.0 mL min-1. A stainless-steel column (4.6

mm inner diameter 50 mm) packed with MOF powders (0.51 and 0.49 g for MIL-160 and MOF-303) was activated by purging a constant He flow

with a rate of 5 mL min-1 at 393 K for 6 hours. Before each cyclic experiment, the sample was activated by heating at 393 K for 6 hours under He

flow.The complete breakthrough of C2H2 gas was monitored by the downstream gas composition reaching that of the feed gas. On the basis of the

mass balance, the gas adsorption capacities can be determined as follows:

1

0
0

% ( )
22.4

t

i it

v VQ c c dt
m


 

 
(S7)

where Qi is the equilibrium adsorption capacity of gas i (mmol g-1), ci is the feed gas concentration, v is the volumetric feed flow rate (mL min-1),

V % represents the molar fraction of CO2 or C2H4. t0 and t1 are the initial and final adsorption time (min), c0 and ci are the inlet and outlet gas

concentration, respectively, and m is the mass of the adsorbent (g).
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Figure S24 Cumulative purity of C2H2 recovered formMIL-160 and MOF-303 during simulated counter-current blowdown operations.

Figure S25 Simulated breakthrough curves of equimolar C2H2/CO2 and C2H2/C2H4mixtures in MIL-160 at 298 K and 1.0 bar with a flow rate of 2.0

mL min-1.

Figure S26 The comparison of separation performances for equimolar C2H2/CO2mixture on various MOFs with the same gas flow rate of 2 mL

min-1 at 298 K.
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Figure S27 The comparison of separation performances for equimolar C2H2/C2H4mixture on various MOFs with the same gas flow rate of 2 mL

min-1 at 298 K.

Figure S28 The breakthrough curves of CAU-10-H for C2H2/C2H4 and C2H2/CO2mixtures (50/50) with flow rate of 2 ml min-1 at 298 K and 1.0 bar.

Figure S29 Cyclic breakthrough experiment of C2H2/C2H4 (50/50) and C2H2/CO2 (50/50) mixtures for MIL-160 at 298 K and 1.0 bar.
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Figure S30 The isotherms of C2H2 at 298 K on MIL-160 synthesized by hydrothermal method.
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