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Separation of propane from natural gas is of great importance to industry. However, in light of size-based separation, there still
lacks effective method to directly separate propane from natural gas, due to the comparable physical properties for these light
alkanes (C1–C4) and the middle size of propane. In this work, we found that a new Th-metal-organic framework (MOF) could be
an ideal solution for this issue. The Th-MOF takes UiO-66-type structure, but with the pocket sealed by six-fold imide groups; this
not only precisely reduces the size of pocket to exactly match propane, but also enhances the host–guest interactions through
multiple (C)H(δ+)∙∙∙(δ−)O(C) interactions. As a result, highly selective adsorption of propane over methane, ethane, and butane was
observed,  implying  unique  middle-size  separation.  The  actual  separation  was  confirmed  by  breakthrough  experiments  of
simulated  natural  gas,  confirming  its  superior  application  in  direct  separation  of  propane  from  natural  gas.  The  separation
mechanism, as unveiled by both theoretical calculation and comparative experiments, is due to the six-fold imide-sealed pocket
that could effectively distinguish propane from other light alkanes through both size effect and host–guest interactions.
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2.1    Synthesis  of  N,N’-bis-(4-benzoic  acid)-1,4,5,8-
naphthalenediimide (H2L)

2.2    Synthesis of ECUT-Th-10

 

 

3.1    Structure of ECUT-Th-10
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3.2    Thermogravimetric analysis (TGA)

 

3.3    Porosity measurement

 

3.4    Pure gas adsorption isotherms
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3.5    Breakthrough experiments
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3.6    Theoretical calculation
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1. Experimmental section

Synthesis of ECUT-Th-10a: The as-synthesized ECUT-Th-10 was exchanged with methanol three times every day. After 3-day exchange,

the products were evacuated at 100 ºC under dynamic vacuum to obtain ECUT-Th-10a for confirming the porosity.

Synthesis of UiO-66: ZrCl4 (0.227 mmol, 0.053 g) and 4-Aminobenzoic acid (0.227 mmol, 0.034 g) were dissolved in N,N’-

dimethylformamide (DMF, 3 mL) at room temperature. Then the mixture was placed into autoclave and transferred to muffle furnace. The

autoclave was heated at 120ºC for 24 h. After that, the system was cooled down to room temperature. The obtained UiO-66 were washed by

DMF and dried for further use.

Synthesis of activated UiO-66: The as-synthesized UiO-66 was exchanged with methanol three times every day. After 3-day exchange, the

products were evacuated at 60ºC under dynamic vacuum to obtain activated UiO-66.

X-ray Crystallography

X-ray diffraction data of ECUT-Th-10 was collected at 298 K on a Bruker-Appex (II) diffractometer using graphite monochromated

MoKα radiation (λ=0.71073 Å). The data reduction included a correction for Lorentz and polarization effects, with an applied multi-scan

absorption correction (SADABS). The crystal structure was solved and refined using the SHELXTL program suite. Direct methods yielded

all non-hydrogen atoms, which were refined with anisotropic thermal parameters. All hydrogen atom positions were calculated

geometrically and were riding on their respective atoms. CCDC 2103477 contains the supplementary crystallographic data of

ECUT-Th-10. The data can be obtained free of charge from the Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_

request/cif.

Gas adsorption experiments.

The gas sorption isotherms were collected on a Belsorp-max. Roughly 100 mg of ECUT-Th-10 were taken for the nitrogen adsorption

experiments at 77 K. The adsorption isotherms for CH4, C2H6, C3H8, and n-C4H10 were obtained at temperature of 273 K and 298 K,

respectively. In addition, the adsorption experiments for C4H10 were also performed in 280 K and 290 K. Liquid nitrogen and water bath

were used to maintain the experimental temperatures of 77 K, 273 K, and 298 K. Roughly 100 mg of activated UiO-66 were also taken for

the single-component adsorption isotherms. The adsorption isotherms for different alkane were measured at 298 K.

Other Instrumentation:

The powder X-ray diffraction (PXRD) patterns were recorded on Bruker AXSD8 Discover powder diffractometer at 40 kV, 40 mA for

Cu Kα, (λ= 1.5406 Å) at room temperature. Thermal gravimetric analysis (TGA) was performed using a TGA Q500 thermal analysis

system from room temperature to 800 °C under N2 condition at a constant rate of 10 °C/min.

Calculation of Isosteric Heat of Adsorption

The unary isotherm data for CH4, C2H6, C3H8, and n-C4H10 in ECUT-Th-10a at 273 K and 298 K were fitted with with the dual-site

Langmuir-Freundlich model
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The isosteric heats of adsorption were calculated from the dual-site Langmuir-Freundlich isotherms for ECUT-Th-10a using

q
st T

p
RTQ 












ln2

(2)

Where p is the pressure, T is the temperature, R is the gas constant (8.314 J mol-1 K-1). By drawing the lnP vs 1/T plot of gas at various

loading, Qst= -slope×R.

The obtained parameter and figure were listed as follows.
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Table S1 The parameters for Qst calculation for ECUT-Th-10

CH4 C2H6 C3H8

a0 -3210.26781 -3283.68205 -4063.74446

a1 445.61884 1.00994 290.75002

a2 -61.96387 -0.57674 -120.24012

a3 0.42231 0.095374 17.89921

a4 0.1146 -0.0000274 0.13205

a5 -0.01061 -0.0000000637 -0.1655

b0 15.96694 18.78962 17.19628

b1 -1.79773 -0.21069 -0.09449

b2 0.18093 0.00159 0.000616

T1 298 298 298

T2 273 273 273

R2 0.99848 0.99805 0.99941
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Calculation of selectivity via ideal adsorption solution theory (IAST)

The adsorption selectivity of C3H8/CH4 (50/50), C3H8/C2H6 (50/50), and C3H8/C4H10 (50/50) in ECUT-Th-10a and UiO-66 was

established by the Ideal Adsorbed Solution Theory (IAST). The adsorption selectivity was calculated from

BA

BA
ads yy

qqS  (2)

where the qA, and qB represent the molar loadings in ECUT-Th-10a or UiO-66 that is in equilibrium with a bulk fluid mixture with mole

fractions yA, and yB = 1 - yA. The molar loadings, also called gravimetric uptake capacities, are expressed in mol kg-1.

Table S2. Dual-site Langmuir-Freundlich parameter fits for CH4, C2H6, C3H8, and nC4H10 in ECUT-Th-10 at 298 K.
Site A Site B

qA,sat

mol kg-1

bA

APa

A qB,sat

mol kg-1

bB

Pa B

B

CH4 2.5 9.040E-07 1 0.6 5.185E-06 1

C2H6 a 3.1 1.002E-05 1

C3H8 3.7 1.679E-05 1 0.62 3.795E-04 1

nC4H10 2.5 2.30771E-20 4.45 2.2 1.28601E-13 1

a The fit was based on 1-site Langmuir.
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Table S3. 1-site Langmuir parameter fits for CH4, C2H6, C3H8, and nC4H10 in UiO-66 at 298 K.

qsat

mol kg-1
b

1Pa

CH4 10.9 4.575E-07

C2H6 3.3 2.576E-05

C3H8 5.1 3.156E-05

nC4H10 5.3 7.411E-05

Breakthrough experiments.

The breakthrough experiments were performed at 298 K. Bulk ECUT-Th-10a (around 500 mg) were filled into stainless steel column

(Φ 46 mm×150 mm). First, the helium gas (100 mL/min) was introduced into the column for 30 min. Then the different gas mixture

C2H6/C3H8 (50/50, v/v), CH4/C2H6/C3H8 (33/33/33, v/v/v), C2H6/C3H8/C4H10 (33/33/33, v/v/v), CH4/C2H6/C3H8/C4H10 (25/25/25/25,

v/v/v/v), and simulated natural gas passed through the column with 2 mL/min for 2-component and 3-component) and 1 mL/min for

4-component and simulated nature gas. The eluted gas stream from the column is monitored by a Hiden mass-spectrometer. Prior to each

cycling experiment, the adsorption bed was regenerated by He flow for 3h at 333 K to ensure complete removal of adsorbed gas.

Density Functional Theory Calculations

The density functional theory (DFT) calculations were performed by using the Vienna Ab initio Simulation Package (VASP) code with

the projector augmented wave (PAW) method.[1,2] The exchange-functional was treated using the generalized gradient approximation

(GGA) of Perdew-Burke-Ernzerhof (PBE) functional.[3] Wave functions were expanded using a plane-wave basis set with kinetic energy

cutoff of 400 eV and the geometries were fully relaxed until the residual force convergence value on each atom being less 0.02 eV/Å. The

Brillouin zone integration was performed using 2×2×2 Monkhorst-Pack k-point sampling for a primitive cell.[4] The self-consistent

calculations applied a convergence energy threshold of 10-5 eV. Spin-polarization was considered in all calculations.[5] The vdW interaction

was controlled via zero damping DFT-D3 method. The above parameters have been optimized until the energy change is negligible.

The single molecular adsorption energy of those alkanes were calculated with following equation[6]:

Th − MOF + �� → Th − MOF(�)

∆G = [∆G�ℎ−���(�)� − ∆G�ℎ−��� − � × ∆G�]

where the L means alkane molecules, such as methane, ethane, propane or butane.
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2. Characterization

Table S4. The crystal data and structure refinements for ECUT-Th-10

Compound ECUT-Th-10

Formula C84H36N6O5Th3

Formula weight 2273.31

Color Light orange

Crystal system cubic

Space group Fd-3m

a(Å) 39.5857(7)

b(Å) 39.5857(7)

c (Å) 39.5857(7)

α 90.00

β 90.00

γ 90.00

Volume (Å3) 62032(3)

Z 16

Temperature for data collection (K) 296

Range for data collection θ(º) 2 to 25

No. of measured reflections 14203

No. of unique reflections 2599

No. of parameters 116

No. of restraints 94

Goodness-of-fit on F2 0.969

Final R indexes[I≥2σ(I)] R1=0.0673, wR2=0.1912

Final R indexes [all data] R1=0.1180, wR2=0.2128
aR1 = FoFc/Fo. bwR2 = [w (Fo2Fc2)2/w (Fo2)2]1/2.
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Table S5 Selected bond length (Å) and angles (°) for ECUT-Th-10
_________________________________________________________________
Bond length
Th(1)-O(2)#5 2.276(3) Th(1)-O(1)#7 2.461(8)
Th(1)-O(3)#3 2.494(4) Th(1)-O(1) #8 2.461(8)
Th(1)-O(1)#6 2.461(8)
Symmetrical code: #1 +X,5/4-Z,5/4-Y; #2 +X,7/4-Y,3/4-Z; #3 -1+Y,5/4-X,1/4-Z; #4 +Z,1+X,-1+Y; #5 5/4-Y,1+X,1/4-Z; #6
1/4-X,+Y,1/4-Z; #7 +Z,+Y,+X; #8 1/4-Z,+Y,1/4-X

Bond angles
O(2)-Th(1)-O(2)#5 89.1(8) O(1)#8- Th (1)-O(1)#7 126.4(5)
O(2)#5-Th(1)-O(3)#3 69.8(3) O(1)#8- Th (1)-O(3)#3 72.0(4)
O(2)#5-Th(1)-O(3) 69.8(3) O(1)- Th (1)-O(3) 138.2(3)
O(2)-Th(1)-O(3)#3 69.8(3) O(1)#8- Th (1)-O(3) 138.2(3)
O(2)-Th(1)-O(3) 69.8(3) O(1)#6- Th (1)-O(3) 72.0(4)
O(2)-Th(1)-O(1)#6 81.9(4) O(1)- Th (1)-O(3)#3 72.0(4)
O(2)-Th(1)-O(1) 141.5(3) O(1)#7- Th (1)-O(3) 72.0(4)
O(2)-Th(1)-O(1)#7 141.5(3) O(1)#6- Th (1)-O(3)#3 138.2(3)
O(2)#5-Th(1)-O(1)#8 141.5(3) O(1)#7- Th (1)-O(3)#3 138.2(3)
O(2)#5-Th(1)-O(1) 81.9(4) O(1)#8- Th (1)-O(1)#6 74.2(5)
O(2)#5-Th(1)-O(1)#6 141.5(3) O(1)#6- Th (1)-O(1)#7 82.3(6)
O(2)-Th(1)-O(1)#8 81.9(4) O(1)#8- Th (1)-O(1) 82.3(6)
O(2)#5-Th(1)-O(1)#7 81.9(4) O(1)#6- Th (1)-O(1) 126.4(5)
O(3)#3-Th(1)-O(3) 122.1(8) O(1)- Th (1)-O(1)#7 74.2(5)

Symmetrical code: #1 +X,5/4-Z,5/4-Y; #2 +X,7/4-Y,3/4-Z; #3 -1+Y,5/4-X,1/4-Z; #4 +Z,1+X,-1+Y; #5 5/4-Y,1+X,1/4-Z; #6
1/4-X,+Y,1/4-Z; #7 +Z,+Y,+X; #8 1/4-Z,+Y,1/4-X
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Fig. S1 The optical microscope image of ECUT-Th-10.
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Fig. S2 Powder X-ray diffraction pattern of ECUT-Th-10 and simulated pattern from single crystal data.
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Fig. S3 Thermal analysis of ECUT-Th-10 from room temperature to 800℃.
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Fig. S4 The adsorption isotherms of ECUT-Th-10 for CH4, C2H6, C3H8 and C4H10 at 273 K, respectively.
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Fig. S5 The isosteric heat of adsorption for CH4, C2H6 and C3H8 in ECUT-Th-10.
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Fig. S6 Experimental breakthrough curves of ECUT-Th-10 for C2H6/C3H8 (50/50, v/v) binary mixture at 298

K.
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Fig. S7 Experimental breakthrough curves at 298 K on ECUT-Th-10 with C2H6/C3H8 (50/50, v/v) binary

mixture for three cycles.
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Fig. S8 Experimental breakthrough curves of ECUT-Th-10 for CH4/C2H6/C3H8 (33/33/33, v/v/v)

3-component mixture at 298 K.
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Fig. S9 Experimental breakthrough curves of ECUT-Th-10 for C2H6/C3H8/C4H10 (33/33/33, v/v/v)

3-component mixture at 298 K.
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Fig. S10 The adsorption isotherm of ECUT-Th-10 for N2 at 298 K.
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Fig. S11 Experimental breakthrough curves at 298 K on ECUT-Th-10 with simulated natural gas for another

two times.
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Fig. S12 Powder X-ray diffraction pattern of synthesized UiO-66 in this work and simulated UiO-66.



Nano Res.

Fig. S13 The three-fold imide-sealed pockets without C4H10 (a) and with C4H10 (b). The three-fold

imide-sealed pockets without C4H10 (c) and with C4H10 (d). The adsorption of C4H10 in the three-fold

imide-sealed pockets does not cause structure change since the O∙∙∙O distance between the three imide ligands

remained more or less identical. However, this distance was enlarged almost 1 Å to accommodate C4H10 in

six-fold imide-sealed pockets, leading to the obvious distortion of the structure.
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Fig. S14 The calculated (C)H(δ+) ∙∙∙(δ-)O(C) interactions between CH4 and imide units in ECUT-Th-10.



Nano Res.

Fig. S15 The calculated (C)H(δ+) ∙∙∙(δ-)O(C) interactions between C2H6 and imides units in ECUT-Th-10.
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