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ARTICLE INFO ABSTRACT

Two isostructural closo-dodecaborate [B12H12]2' pillared metal organic frameworks (MOFs), BSF-4 and BSF-9,
were synthesized and compared in the performance of selective gas adsorption and separation. BSF-9 with
symmetrical interpenetration and two contracted 1D channel exhibited efficient uptake of CoHp (85.1/76.3
mLg~?, 278/298 K) with high separation selectivity over CoHy (41.4, 298 K), outperforming BSF-4 (7.3, 298 K)
and many benchmark MOFs. The selectivity of CoHg/CHy, CO2/CHy4, CO2/N3 on BSF-9 (25.2, 9.9, 56.6) and BSF-
4 (19.0, 8.9, 41.7) was all relatively high and comparable. The practical gas separation ability for CoHa/CoHy
mixtures on BSF-9 was confirmed by mixed gas breakthrough experiments with negligible capacity loss after 4
cycles, indicating its potential for purification of ethylene from acetylene-containing industrial gas mixtures. The
CyH, and CyHy bonding sites and bonding energies within the framework of BSF-9 were further compared by
density functional theory (DFT) study, indicating that CyH; can be trapped tightly between two anionic
[B12H12]2' by four synergistic dihydrogen bonds while C;H4 only interacts with single [B12H12]2' with weaker
bonding energy. BSF-4 with asymmetrical interpenetration and single extended 1D channel showed higher
selectivity of C3Hg/CH4 (138.5, 298 K) than that of BSF-9 (64.0, 298 K). Inverse ambient adsorption capacity of
CsHg < CyHg was observed in BSF-9 due to the small pore window and 1D channel.
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1. Introduction

The separation of light hydrocarbon mixtures into each pure
component is an important but energy-consuming process in the
petrochemical industry [1]. Ethylene (C2Hy) is the foremost olefin in the
world with an annual production capacity over 170 million metric tons
in 2018 [2]. It is mainly produced by steam cracking, during which a
small amount of acetylene (C2Hj) is produced and needs to be removed
to < 40 ppm for avoiding catalyst poisoning during polymerization
owning to the formation of metal acetylide [3]. However, the separation
of CoHj from CyHy represents one of the most challenging tasks due to
the similarity of their physical and chemical properties [4]. Conven-
tional approaches for CoHy/CoHy separation relying on cryogenic
distillation, partial hydrogenation or solvent extraction are either highly

energy-intensive or associated with pollution. Therefore, it is necessary
to develop effective, sustainable, and energy-efficient alternative tech-
nologies for the removal of trace CoHj. On the other hand, natural gas
(NG) has become a promising clean energy source to replace the con-
ventional fossil fuels due to its natural abundance and environmental
friendliness, which consists mainly of methane (75-90%) [5]. Besides
methane, a small amount of CyHg, C3Hg, and CO5 (totally 0-20%) exist
in the NG as well. To improve the quality of NG and recover CoHg and
C3Hg, efficient separation of CoHg and C3Hg from CHy is a prerequisite
[6] (see Table 1).

Adsorption-based separation using porous solid materials is a
promising alternative method for efficient separation and purification of
hydrocarbon mixtures [7]. Porous metal-organic frameworks (MOFs)
constructed by metal-ions/clusters and organic linkers are potential
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Table 1
Dual-site or single-site Langmuir parameter fits.
MOFs Gases qa,sar bao Ea qB,sat bgo Ep
BSF-9 C3Hg 15.98 9.94E-13 58.43 18.34 2.30E-06 31.34
CoHe 34.49 1.03E-09 34.10 - - -
CHy4 42.15 3.20E-07 22.58 - - -
CoHy 56.56 1.08E-9 50.5 31.36 1.57E-9 40.46
CoHy 18.82 1.203E-14 65.5 33.6 1.26E-7 34.4
Ny 37.81 4.63E-7 17.69 - - -
BSF-4 C3Hg 27.79 1.83E-08 43.7 13.49 3.49E-09 36.73
CoHg 36.53 5.28E-08 34.77 - - -
CHy4 41.17 4.14E-07 21.97 - - -

adsorbents for this application due to their modular nature with
controllable pore aperture and surface environment [8]. In the context
of light hydrocarbon separation, a plenty of MOFs with specific H-
bonding acceptors (-F, -Cl -OH, -NH3) [9] or coordinatively unsaturated
open metal sites (OMSs) [10] have been developed, such as SIFSIX-2-Cu-
i [9a], NKMOF-1-Ni [10a], and MOF-74 [10b]. Compared to the well
developed highly electronegative -F, —-OH, -NH, groups, the modestly
electronegative B-H> group has less been used for the selective recog-
nition of polar hydrocarbon molecules from less polar hydrocarbon
molecules mainly due to the lack of MOFs featuring B-H functionality
[11].

In 2019, we reported the first example (BSF-1) of anionic boron
cluster pillared supramolecular metal-organic frameworks (BSFs) by
self-assembly of Cu2+, B1H;5% anion and 1,2-bis(4-pyridyDacetylene
linkers [12]. Since then, our interests continually focus on the design
and preparation of new BSFs [13]. Through extending the organic ligand
length, a isoreticular MOF named as BSF-3 with the composition of
CuBj2H12(dpb)s (dpb = 1,4-di(pyridin-4-yl)benzene) could be gener-
ated [13b]. Compared to BSF-1, BSF-3 exhibited much increased CoHs
capacity and selectivity over CoH4 and CO3, which was one of the best
materials for separation of CoHy/CoHy and CoHy/CO» at that time. Very
recently, we designed the first example (BSF-9, also termed also ZNU-1)
of symmetrically interpenetrated BSFs, which exhibited the record
CoHy/CO4 selectivity among all the robust materials without open metal
sites [13f]. At 298 K and 0.01 bar, the CyHy uptake on BSF-9 was 1.22
mmol/g, much higher than those from BSF-3 (0.77 mmol/g) and many
other benchmark materials. Herein, we would like to detailed investi-
gate the separation performance of other gas mixtures in BSF-9 and
compare it with its isostructural analogue BSF-4 (Fig. 1). BSF-9 and BSF-
4 feature similar single network due to the close length and shape of
organic linkers (9.3 A for BSF-9 and 9.0 A for BSF-4). However, BSF-9 is
symmetrically interpenetrated while BSF-4 features asymmetric inter-
penetration as other BSFs. Therefore, two pores are accessible in BSF-9
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while only the largest pore is useful in BSF-4. The results showed that
BSF-9 exhibited remarkable CoHy/CyHy separation performance. The
calculated ideal adsorbed solution theory (IAST) selectivity for 1/99
CoHy/CoHy and 50/50 CoHy/CoHy was 10.2-19.7 and 11.3-41.4, supe-
rior to those of many popular MOFs. The binding configurations and
bonding energies (AE) of CaHy and CyH4 calculated by density func-
tional theory (DFT) study indicated that CoHy was tightly trapped by
four H-bonding acceptors from two opposite dodecaborates with AE of
56.9 kJ/mol while CyH4 only interacted with single dodecoborate with
decreased AE of 44.1 kJ/mol. The practical separation of CoHy/CoHy
was demonstrated by breakthrough experiments with good recycability.
Moreover, BSF-9 showed slightly improved IAST selectivity of CoHe/
CH4, CO2/CHy, and CO2/N5 compared to BSF-4. However, the capacity
of C3Hg as well as the selectivity of C3Hg/CH4 (144.6-114.1) are much
higher in BSF-4, which is probably due to the contract pore window of
BSF-9 (Fig. 1b). Notably, the capacity of CoHg is higher than that of C3Hg
in BSF-9, which has rarely been reported. Such abnormal phenomenon is
also resulted from the small pore windows that hinder large molecules to
pass through.

2. Experimental
2.1. Preparation of BSF-4 and BSF-9

The detailed procedure for the synthesis of BSF-4 and BSF-9 could be
found in our recently reported work [13c, f]. The detailed basic char-
acterization of those two MOFs has also been reported there.

2.2. Adsorption measurements

The gas adsorption measurements were performed on a Builder SSA
7000 (Beijing) instrument with two separated stations. Before gas
adsorption measurements, the sample was evacuated at 70 °C for 24 h
until the pressure dropped below 0.1 Pa.

2.3. Fitting of pure component isotherms

The adsorption isotherms in BSF-9 and BSF-4 were fitted using a
dual-site Langmuir model (or single-site Langmuir model):

_ Gsara bap q sat.B bgp

= 1
4 14+bsp 1+bgp M

P is the pressure of the bulk gas at equilibrium with the adsorbed
phase (kPa), q is the adsorbed amount per mass of adsorbent (STP mL
g‘l), qa,sar and gp sqr are the saturation capacities of site A and B (STP mL
g’l), ba and bp are the affinity coefficients of site A and B (kPa’l). For
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Fig. 1. Crystal structure of BSF-4 and BSF-9 with unit cells of 1 x 2 x 1. Voids are generated with a probe radius of 1.2 A.
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single-site Langmuir model, qp sqt = O.
In eq (1), the Langmuir parameters bs,bg are both temperature
dependent

by = byoexp (ﬁ—;) i by = bpoexp (%) (&)

In eq (2), E4, Ep are the energy parameters associated with sites A,
and B

All the adsorption isotherms are fitted with excellent accuracy (R? >
0.99). The dual-site or single-site Langmuir parameter fits for gases in
BSF-9 and BSF-4 are shown below (Table 1).

The isosteric heat of adsorption, Qg, is defined as

_ _gre(%p
Q= RT(aT)q ®)

The derivative in the right member of eq (3) is determined at con-
stant adsorbate loading, g (STP mL g~). The calculations are based on
the use of the Clausius-Clapeyron equation.

The IAST adsorption selectivity for two gases is defined as:

Suae = D112 @
)’10/ Y20
Here, q;, and gz are the loadings in the adsorbed phase in equilib-
rium. yio, Y20 are the mole fractions of the bulk gas phase mixture.

2.4. Methods for simulated breakthrough curves

Transient breakthrough simulations of the adsorption were carried
out for 1/99 CyH,/CyoH4 mixtures, COy/N5 (15/85) mixtures, C3Hg/
CoHg/CHj4 (5/10/85) mixtures, operating at a total pressure of 100 kPa
and 298 K, using the methodology described in earlier publications
[13f]. For comparing the separation performance of MOFs, simulations
of transient desorption are carried out under these conditions: cross-
sectional area, A = 1 m?; superficial gas velocity at the entrance to the
bed, 0.04 m s~; voidage of the packed bed = 0.4, the mass of the
adsorbent in the bed = 180 kg.

2.5. Dynamic breakthrough experiments

The breakthrough experiments were conducted in a dynamic gas
breakthrough equipment using a stainless steel column (® 1 cm inner
diameter x 20 cm length). The weight of BSF-9 packed in the column
was 2.14 g. The column packed with sample was first purged with a Ar
flow (5 mL min™%) for 12 h at 75 °C. Then a 1/99 CoHy/CoHy gas mixture
was introduced. Outlet gas from the column was monitored using gas
chromatography (GC-9860-5CNJ, Shanghai) with the thermal conduc-
tivity detector TCD. After the breakthrough experiment, the sample was
regenerated with Ar purge for second use.

2.6. DFT calculation

The DFT calculation were performed using the Gaussian package.
The PBEO functionals with the Grimme’s D3(BJ) dispersion correction
were applied to DFT calculations along with the 6-311 + G(d, p) basis
set. All structures were optimized without any symmetry constraints and
the optimized minimum-energy structures were verified as stationary
points on the potential energy surface by performing numerical har-
monic vibrational frequency calculations. The equation for the calcu-
lation of binding energy (AE) is defined as: AE = E (BSF + gas) - [E
(BSF) + E (gas)].
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3. Results and discussion
3.1. C3Hy/CoH4 separation

Single component CoH, adsorption measurements were conducted at
273, 278, 283, 288, 293, 298, 303 and 308 K for BSF-9 after activation,
which all showed Type I isotherms with steep slopes under low pressure
range (Fig. 2a). The CyHy uptakes at 0.01 bar were relatively high and
the values were 48.6, 44.0, 40.3, 36.6, 32.7, 26.2, 22.2, 16.1 mL/g,
respectively. At 1.0 bar, the CoH; uptakes were 82.5, 76.3, and 69.1 mL/
g at 288, 298, and 308 K respectively. When compared, CoH4 adsorption
isotherms was less steep and the CoHy capacities were 41.2, 37.1, and
32.2 mL/g respectively (Fig. 2b). Notably, the CoHs/CoH,4 uptake ratio
in BSF-9 at 0.01 bar were as high as 10, superior to many leading ma-
terials such as BSF-3 (5) [13b] and NKMOF-1-Ni (4) [10a]. The isosteric
enthalpy of adsorption (Qs) for BSF-9 was then calculated using the
Clausius — Clapeyron equation. Qg values at very low loading for CoHy
and CoH4 were 54 and 35 kJ/mol (Fig. 2c), well consistent with the static
isotherms. The Qg values for C;H4 were increased rapidly after the gas
loading was over 1.0 mmol/g, which is probably due to the close
packing of CyH4 molecules in the contract pores that leads to the
enhanced guest-guest interactions.

The selectivity for CoHy/CoH4 (50/50 and 1/99) gas mixtures on
BSF-9 at 298 K was calculated using ideal adsorbed solution theory
(IAST) after fitting isotherms to the dual-site Langmuir equation with
excellent accuracy (R2 > 0.998). At 1.0 bar, the IAST selectivity for
equimolar CoHy/CoHy mixtures is 41.4 (Fig. 2d), superior to BSF-4 (7.5)
[13c], BSF-3 (13.0) [13b], BSF-3-Co (10.2) [13b], BSF-2 (2.9) [13a],
BSF-1 (2.4) [12] and many other popular MOFs such as TIFSIX-2-Ni-i
(16.3) [14], JCM-1 (13.2) [15], M’'MOEF-3a (34.2) [16], UTSA-100a
(19.6) [17], SIFSIX-2-Cu-i (41.0) [9a] and SIFSIX-1-Cu (10.63) [9a]
(Table 2). The IAST selectivity for 1/99 CoHy/CoHy in BSF-9 at 1.0 bar is
decreased to 19.7, but still much higher than those of BSF-3-Co (8.5) and
BSF-3 (8.1) (Fig. 2e) as well as many leading materials such as ELM-12
(14.8) [18], UTSA-100a (10.72) [17], SIFSIX-3-Zn (8.82) [9a], SIFSIX-3-
Ni (5.03) [9a], SIFSIX-1-Cu (10.63) [9a], SIFSIX-2-Cu (6.0) [9a], NOTT-
300 (2.17) [19] and FeMOF-74 (2.08) [20] (Table 2). The higher IAST
selectivity for 1/99 mixtures than for 50/50 mixtures is consistent with
the high affinity of BSF-9 to CoHy under low pressures but decreased
uptake ratios of CoHy/CoH4 under high pressures. The CoHp and CoHy
uptake capacities from CyHy/CoHy mixture were calculated based on
IAST model, which indicated that the CoH, uptakes from 50:50 and 1:99
mixtures were 3.05 and 0.29 mmol/g (Fig. 2f).

studies using dispersioncorrected density functional theory (DFT-D)
calculations were conducted (Fig. 3). CoHy was tightly trapped by four
H-bonding acceptors from two opposite dodecaborates. The four B-
H%...H¥"-C distances were 2.183, 2.263, 2.285, and 2.397 A, respec-
tively. The calculated bonding energy (AE) was as high as 56.9 kJ/mol.
In sharp contrast to CoHy adsorption configuration, CoH4 was observed
to only interact with the dodecoborate anion from single side with B-
H®...H%*-C distances of 2.311 and 2.399 A. The B-H>"-..H%*-C distances
between CyH4 and dodecaborate on the other side were 2.439 and 2.804
A, beyond the definition of dihydrogen bonds (<2.4 i\). However, a close
contact between CoHy4 and pyridyl groups were observed with B-H>--.n
distance of 2.867 A. The calculated bonding energy between C,H, and
BSF-9 was 44.1 kJ/mol, much lower than that for CoH, adsorption,
which is highly consistent with the experimental results.

To evaluate the practical feasibility of BSF-9 for selective CoHj
capture from the binary CyHp/CoH4 mixture, experimental break-
through studies were conducted. A gas mixture of CaHy/CoHy (1/99)
was passed over a tubular column packed with activated BSF-9 solid at
298 K with a flow rate of 5 mL/min. The breakthrough curve depicted in
Fig. 4a clearly demonstrated that BSF-9 could remove trace CoHy from
CoH4 under dynamic conditions in an effective manner. CoH4 with a
lower affinity for BSF-9 appeared at the outlet of column at 10.5 min.
The flow of pure CoHy at the outlet continued until the mass-transfer
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Table 2

Comparison of the C;H, and CoH, uptake capacities and IAST selectivity among
popular MOFs To understand the adsorption difference between CoH, and CoHy,
modeling

Porous Materials CoH, uptake CoH,4 uptake CoHy/CoHy Ref
(em®/g) (em®/g) Selectivity
(100 kPa, 298 K)
50:50 1:99

BSF-1 52.6 36.5 2.4 2.2 [12]
BSF-2 41.4 29.6 29 2.8 [13a]
BSF-3-Co 86.2 56.2 10.2 8.5 [13b]
BSF-3 81.8 53.1 13.0 8.1 [13b]
BSF-4 53.3 34.9 7.3 - [13c]
TIFSIX-2-Ni-i 94.3 54.2 16.3 22.7 [14]
JCM-1 76.5 38.1 13.2 8.1 [15]
UTSA-100a 95.65 37.18 19.6 10.72 [17]
SIFSIX-1-Cu 190.4 92.0 4.95 6.0 [9a]
SIFSIX-2-Cu-i 90.0 49.1 41.01 44.54 [9a]
M’MOF-3a 42.5 8.96 34.2 20.03 [18]
ELM-12 57.3 22.5 ~28 14.8 [10]
SIFSIX-3-Zn 81.53 50.18 13.72 8.82 [9a]
SIFSIX-3-Ni 73.92 39.2 5.98 5.03 [9a]
NOTT-300 142.01 94.97 2.3 217 [19]
FeMOF-74 152.3 136.64 2.1 2.08 [20]
CoMOF-74 183 157 1.62 1.7 [20]
FJU-22a 114.8 85.8 25.8 [21]
NKMOF-1-Ni 61 47.3 - ~50 [10a]
PCP-33 121.8 86.8 ~3 - [22]
BSF-9 76.3 37.1 41.4 19.7 This work

zone of CyH, that propagated along the column reached the end of the
column at 85.5 min. This large breakthrough time difference indicated
the excellent separation performance of BSF-9 for CoHy/CoHy mixtures.
The regeneration conditions for BSF-9 after saturation of the CoHy/CoHy
gas mixture were tested. After the completion of the breakthrough ex-
periments, the column was purged with a Ar flow (5 mL/min) at 348 K
and the outlet gas concentration was monitored. The results showed that
the outlet concentration of Cy;H4 and CyHj reduced to a very low con-
centration (<100 ppm) within 2 h, which indicated the easy regenera-
tion of BSF-9 (Fig. 4b). The breakthrough experiments were repeated for
4 times and the performance of BSF-9 was almost invariable over 4
adsorption-desorption cycles, indicating the good recycability of BSF-9
for CyHy capture. The experimental breakthrough curves were
compared with the simulated one under similar conditions (Fig. 4c). The
simulated breakthrough curves are slightly sharper due to the neglect of
the intra-crystalline diffusion in simulation, indicating that small

y (Network1)
y (Network 2)

Fig. 3. Comparison of the DFT-D optimized adsorption configurations of CoH,
(A) and C,H,4 (B) in BSF-9.

diffusional influences exist in the real breakthrough experiments.
Otherwise, these two curves matched with each other very well.

3.2. CO2/N; separation

The capture of CO, from N in flue gas is important to reduce the
emission of greenhouse gas into the atmosphere [23]. In this context, a
plenty of MOFs have been developed to selective separation of CO2
(kinetic molecular diameter 3.3 A) and N, (kinetic molecular diameter
3.65 f\) [24]. However, MOFs with suitable pores for molecular sieving
of CO, from Ny are rare. Considering the electronagetive boron cluster
that can interact with polar molecules by electrostatic interaction as well
as the small pore windows in BSF-4 and BSF-9, we would like to
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Fig. 4. The breakthrough data. (a) Breakthrough curves of CoH,/CoHy (1/99) mixtures at 298 K on BSF-9 for 4 repetitive cycles. (b) Regeneration test of BSF-9 by
purging a Ar flow (5 mL/min) at 348 K. (c) Comparison of the simulated and experimental breakthrough curves.
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Fig. 5. (a) CO; and N3 adsorption and desorption isotherms at 298 K in BSF-4. (b) CO, and N, adsorption and desorption isotherms at 288, 298 and 308 K in BSF-9.

(c) Calculated IAST selectivity of CO5/N5 (50/50) mixture in BSF-4 and BSF-9.

investigate the separation selectivity of CO2/N3 in these two BSFs. BSF-4
took up 35.8 mL/g of CO3 at 298 K and 1 bar but only adsorbed 2.0 mL/g
of Ny (Fig. 5). Similarly, BSF-9 took up 38.1 mL/g of CO, and 2.1 mL/g
of Ny under the same conditions. Slight hysteresis was observed for the
desorption curves due to the relatively high affinity of the BSFs towards
CO,. The calculated IAST selectivity is 56 in BSF-9 and 42 in BSF-4 for
equimolar CO2/Ny mixtures. For 15/85 COy/Ny mixtures that are
related to the composition of flue gas, the calculated IAST selectivity is
53 in BSF-9 and 44 in BSF-4. Therefore, both materials showed
extremely high selectivity to capture CO5 from Ns. Such selectivity is
higher than those of many popular MOFs such as MIL-53(Al) (10.1) [25],
Ui0-67 (9.4) [26], BUT-11 (31.5) [26] and ZIF-81 (24.0) [27]. We also
measured the CO, and N3 adsorption isotherms in BSF-9 at 288 and 308
K. The calculated selectivity is 99 at 288 K and 37 at 308 K. The simu-
lated breakthrough curves for BSF-9 and BSF-4 further confirmed the
superior selectivity of BSF-9 compared to BSF-4 (Fig. 6).

3.3. C3Hg/CyHg/CH4 separation

Natural gas (NG) has been considered as a cleaner energy alternative
to other automobile fuels such as gasoline and diesel [28]. The con-
sumption is over 3.1 trillion cubic meters per year globally. In general,
NG mainly consists of methane (CH4), ethane (CpHg) and propane

(C3Hg). To fully utilize them, the separation is necessary. In this context,
we would like to study the CgHg/CoHg/CHy4 adsorption and separation
selectivity in BSF-4 and BSF-9. For all the three gases, the adsorption
isotherms are collected at 288, 298, and 308 K (Fig. 7a-f). In BSF-4, the
C3Hg capacities are 36.2, 34.0, and 32.3 mL/g from 288 to 308 K. The
CoHg capacities were slightly lower under each temperatures and the
CH4 uptakes were<1/3 of those for C3Hg. Such uptake trend (C3Hg >
CoHg > CHy) is consistent with those of nearly all the reported materials
[29]. In BSF-9, the gas uptake trend is obviously different. While the
uptakes of CHj is still very low, the uptakes of CoHg are all higher than
those of C3Hg at 100 kPa from 288 to 308 K although the uptakes of CsHg
are higher under very low pressure ranges (<20 kPa). These unusual
phenomena can be explained by: 1) C3Hg have more hydrogen atoms
and larger molecular size and can interact with the framework more
strongly initially; 2) the pores of BSF-9 are very small, leading to
weakened accommodation space for larger molecules under near-
saturation pressure. The isosteric enthalpy of adsorption (Qs) of C3Hg,
CyHg and CH4 in BSF-4 and BSF-9 are all calculated using the Clausius —
Clapeyron equation. The corresponding Qg values at near-zero loading
were 43.7, 34.8 and 22.0 kJ/mol in BSF-4 and 32.0, 34.1, 22.6 kJ/mol in
BSF-9 (Fig. 7g). For both materials, The Qg trend is the same as the
capacity trend at 100 kPa. The IAST selectivity for CsHg/CH4 (5/95) and
C3sHg/CH4 (10/90) gas mixtures on BSF-4 and BSF-9 at 288-308 K was
then calculated and compared. BSF-4 showed very high C3Hg/CHy4
selectivity (258-167 at 288 K, 192-138 at 298 K, and 145-114 at 308 K),

1.0 1 much higher than those of BSF-9 and many other porous MOFs such as

08 N, Ui0-67 (74) [29a], JUC-Liu5 (108) [30], MFM-202a (87) [31] and
] InOF-1 (90) [32]. However, for C;Hg/CHy4 separation, BSF-9 exhibited

6’ 06 4 slightly higher selectivity (32-29 at 288 K, 27-25 at 298 K, 24-22 at
< 308), which is also higher than many well-known materials such as BSF-
O 044 1(23) [12], Ui0-67 (8) [27a] and InOF-1 (17) [32]. Additionally, a large
02 kinetic difference between BSF-9 and BSF-4 were observed for CsHg

8 adsorption when we measured their adsorption isotherms at the same

0.0 time. It takes about 2-3 folds of time to finish the data collection for BSF-

. 1(')0 200 9 compared to for BSF-4 (Fig. S1-6). This can also be explained by the
Dimensionless time smaller pore windows and channels in BSF-9 that hinder the mass

Fig. 6. Comparison of the simulated breakthrough curves of CO5/N, (15/85)
for BSF-9 and BSF-4.

transfer. The simulated breakthrough curves for BSF-9 and BSF-4 for
C3Hg/CoHg/CH4 (5/10/85) mixtures indicated the better C3Hg capture



W. Sun et al.

Separation and Purification Technology 283 (2022) 120220

(

A
&
=

5

_
)

298 K BSF-4 288 K BSF-4 308 K BSF-4
5304 w”mgocmng::xzﬁzﬁ 5 wm“ww,:::gowmoggzz 5 304 wonwwmoaooomoz:::::
S o T30 e e e e 3 oo (o000
2 oo - eV A I I o
Bl & o : Bl Pl B I A Lo
ol o CoHg @207, 5 ° CaHg o o ° CoHg
9] o CaHg [ ! o ° e o CaHg
® 10/ j | T ¢ voesmee|  E 0]
g ot B-al I ooo® g soawese
9 ® e 0@ 00 @
8 | oo 8 18 geeoo="" 8 comwee0e®
O 0 °e=° O g © 0 Yo2°
0 20 40 60 8 100 0 20 40 60 8 100 0 20 40 60 8 100
@ Pressure (kPa) © Pressure (kPa) 0 Pressure (kPa)
e
298 K BSF-9 288 K BSF-9 000000000000000 301 308 K BSF-9 0000
530 ] B R o ecreec o] RN S
3 o 0698838335000 3 o 89 0000 3 10
£ ° °0333330“ E o g9%eee™” CHy E o0 Qoaaﬁooﬂow%uouaomow
0" g 00 ° Q000
%20_ :,o o CHy & 20 . O & 20 °aog;gcm o CHy
23 e CoHe (23 2 ° o CoHg
2 " o CgHg 2 < o ot 2 $ o CaHg
E104 ¢ S 10{¢ £101 2
s % S s > | ¢
(2] [%2] ° [2]
3 8,15 8
0 A 0 - 01
0 20 40 60 8 100 0 20 40 60 80 100 0 20 40 60 8 100
(9)60 Pressure (kPa) (h)300 Pressure (kPa) 0} w© Pressure (kPa)
= BSF-9 L 4 BSF-9 288K
u o BSF-4288K 2
50 o BSF4 ._- CsHg > o BSF-4298K 2 35 : Eg;-g %&
0 Joesesesesesaaengrionces,,, %200- o BSF-4308K % a0
— () LLTTYYY s °
° ln;;nnnlﬂmm o9 020000000 @ L,
£ 3 ™= CoFe B | e ———— —| 32
3 =
£, Jeeaaseaaseaaa cHy @ 00| 2
g ® seseo | X100 M“_ =
0] LRE e . oo N
0 o1 BSF-0.308K 40 ° BSF4308K
0 5 10 15 20 25 30 35 40 0 20 40 60 8 100 0 20 40 60 80 100
Gas loading (STP mL/g) Pressure (kPa) Pressure (kPa)

Fig. 7. (a-c) C3Hg, Co;Hg and CH,4 adsorption and desorption isotherms at 298, 288 and 308 K in BSF-4. (d-f) C3Hg, C2Hg and CH,4 adsorption and desorption isotherms
at 298, 288 and 308 K in BSF-9. (g) The isosteric heat of adsorption, Qy, for C3Hg, CoHe and CH,4 in BSF-9 and BSF-4. (h) Calculated IAST selectivity of C3Hg/CH4 (5/
95) mixture in BSF-4 and BSF-9. (i) Calculated IAST selectivity of CoHg/CH4 (10/90) in BSF-4 and BSF-9.

performance in BSF-4, consistent with the static gas adsorption data
(Fig. 8). Dynamic breakthrough experiments were also conducted for
BSF-9 and BSF-4, which showed that BSF-4 owned the better C3Hg
capture performance (Fig. S2).

4. Conclusions

In summary, two isostructural ultra-microporous boron cluster pil-
lared metal organic supramolecular frameworks, BSF-4 and BSF-9,
constructed by the self-assembly of Cu®', closo-dodecaborate and
dipyridyl linkers were synthesized for highly selective separation of
CoHy/CoHy, CO2/Ny, and C3Hg/CoHg/CHy. Notable features of this work
include: 1) remarkable CoHy/CoHy selectivity and high CoHg capacity in
BSF-9; 2) good dynamic separation performance of CoHy/CoH,4 in BSF-9
with excellent recyclability; 3) reasonable illustration of the CoHy and
CoHy adsorption difference by modeling study; 4) high CO,/N5 selec-
tivity achieved both by BSF-4 and BSF-9 through near-sieving effect; 5)
inverse ambient adsorption capacity of CsHg and CaHg observed in BSF-

(a) 16

BSF-9

[
»

CH, Cals

H f C3Hg
0.0H

0 100 200 300 400
Dimensionless time

e S

9; 6) distinct C3Hg adsorption kinetics observed for BSF-4 and BSF-9. In
general, our work demonstrates the importance of pore size control and
boron cluster functionality for efficient gas separation. Other iso-
structural boron cage hybrid MOFs can be synthesized based on the
reticular chemistry [33] or crystal engineering [34] and applied
potentially for separation of other fundamental industrial gas/vapor
mixtures.
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Table S1. Raw data for C3Hg adsorption isotherms of BSF-9 at 298 K

Adsorption
SN Pressure [KPal Relative pressure [P/Pol] Volume [cc/g] Time [H:M:S]
1 1. 031600 1. 0114E-02 8. 454302 01:38:54
2 2. 045882 2. 0058E-02 11. 656582 02:13:30
3 3.085272 3. 0248E-02 13.834328 02:49:27
4 4100634 4.0202E-02 15. 055773 03:08:51
5 5.102458 5.0024E-02 16. 090193 03:27:21
6 6.121939 6. 0019E-02 16. 923264 03:42:53
7 7.171576 7.0310E-02 17. 758286 04:01:33
8 8. 181797 8. 0214E-02 18. 291721 04:12:01
9 9.207543 9.0270E-02 18. 811863 04:22:46
10 10. 24364 1. 0043E-01 19. 300762 04:33:15
1 12. 80709 1. 2556E-01 20. 364176 04:55:43
12 15..30221 1.5002E-01 21.019983 05:07:57
13 17. 85461 1. 7505E-01 21. 652704 05:20:14
14 20. 41324 2. 0013E-01 22. 206797 065:31:33
15 22. 98111 2. 2530E-01 22. 759758 05:44:08
16 25.57092 2. 5070E-01 23. 266424 05:56:28
14, 28. 23806 2. 7684E-01 23. 733496 06:08:45
18 30. 69800 3. 0096E-01 24. 193924 06:22:41
19 33. 16856 3. 2518E-01 24. 561995 06:34:02
20 35.83017 3. 5128E-01 24. 961493 06:47:34
21 38. 27862 3. 7528E-01 25. 286472 06:58:58
22 40. 98801 4. 0184E-01 25. 645184 07:13:13
23 43. 50966 4. 2657E-01 25. 928568 07:23:55
24 4609563 4. 5192E-01 26. 192924 07:33:58
25 48. 46007 4. 7510E-01 26. 352404 07:39:08
26 51.18119 5.0178E-01 26. 626532 07:50:57
27 53.56105 5. 2511E-01 26. 767750 07:56:00
28 56.10210 5.5002E-01 26.924028 08:01:05
29 58. 66073 5. 7511E-01 27. 086632 08:07:42
30 61.22182 6. 0021E-01 27251503 08:13:39
31 63. 85551 6. 2603E-01 27. 465488 08:23:48
32 66.31315 6. 5013E-01 27. 589767 08:28:35
33 68. 88763 6. 7537E-01 27.740885 08:35:05
34 71.41868 7.0018E-01 27. 876698 08:40:51
35 73.99516 7. 2544E-01 28. 006769 08:46:38
36 76.55207 7.5051E-01 28. 114141 08:50:49
37 79. 09900 7. 7548E-01 28. 246387 08:56:36
38 81. 63239 8. 0032E-01 28. 315231 08:59:21
39 84. 18754 8. 2537E-01 28. 430307 09:02:45
40 86. 70561 8. 5005E-01 28. 557039 09:08:41
41 89. 26054 8. 7510E-01 28. 647200 09:13:50
42 91.81430 9. 0014E-01 28. 781427 09:20:05
43 94, 38532 9. 2535E-01 28. 878681 09:24:38
44 96.91404 9. 5014E-01 28. 990353 09:30:51
45 99. 49335 9. 7542E-01 29.071613 09:35:36
46 101. 52681 9. 9536E-01 29. 120001 09:37:50



Table S2. Raw data for C3Hg adsorption isotherms of BSF-4 at 298 K

Adsorption
SN Pressure [KPa] Relative pressure [P/Po] Volume [cc/g] Time [H:M:S]
1 1.027177 1.0070E-02 12. 890207 00:47:03
2 2. 074563 2. 0339E-02 17. 806271 00:53:43
3 3.080828 3. 0204E-02 20. 207922 00:58:30
4 4.147473 4 0661E-02 21. 833076 01:03:53
5 5.115164 5. 0149E-02 22. 882885 01:08:11
6 6. 163242 6. 0424E-02 23. 743679 01:11:57
i 7.201774 7. 0606E-02 24. 434776 01:16:04
8 8.164333 8. 0042E-02 24. 966707 01:19:30
9 9. 280987 9. 0990E-02 25. 494463 01:23:41
10 10. 20227 1. 0002E-01 25. 869400 01:26:35
11 12. 86588 1. 2614E-Q01 26. 738649 01:30:49
12 15. 43364 1. 8131E=0] 27. 406672 01:35:43
13 17. 86611 1. 7516E-Q1 27.926247 01:392:10
14 20. 41176 2. 0012E-01 28. 393705 01:42:32
15 22.95203 2. 2502E-01 28. 802870 01:45:565
16 25. 67485 2. 5171E-01 29. 188080 01:50:44
17 28. 06343 2. 518E=01 29. 483459 01:54:02
18 30. 63540 3. 0035E-01 29. 781368 01:56:57
19 33.17203 3.2522E-01 30. 059204 02:00:33
20 35. 71737 3. 5017E-01 30. 302940 02:03:52
21 38. 28279 3. 7532E-01 30. 543905 02:06:49
22 40.81820 4. 0018E-01 30. 757469 02:09:38
23 43. 37405 4. 2524E-01 30. 958042 02:12:35
24 45.92309 4.5023E-01 31. 159897 02:15:46
25 48. 50620 4. 7555E-01 31. 354250 02:19:04
26 51.08248 5.0081E-01 31. 533096 02:21:49
27 53. 62373 5 2572E-01 31. 704287 02:24:52
28 56. 18832 5. 5087E-01 31. 878098 02:27:46
29 58. 73004 5. 7578E-01 32. 025177 02:30:38
30 61. 24167 6. 0041E-01 32. 174461 02:33:46
3 63. 81665 6. 2565E-01 32. 330616 02:37:08
32 66. 34405 6. 5043E-01 32. 476147 02:40:14
33 68. 94172 6. 7590E-01 32. 624763 02:43:16
34 71. 44660 7. 0046E-01 32. 746124 02:45:56
35 74.00233 it 285 1E=0]1 3Z2. 875320 02:49:02
36 76.58286 7.5081E-01 33. 009659 02:52:22
37 79.07561 7. 7525E-01 33. 128914 02:55:43
38 81. 64018 8. 0039E-01 33. 246986 02:58:43
39 84. 21529 8. 2564E-01 33. 365417 03:01:30
40 B4. 73969 8. 5039E-01 33. 490253 03:04:34
41 89. 29432 8. 7543E-M 33. 618599 03:08:06
42 91.84605 9. 0045E-01 33. 721203 03:10:43
43 94.42901 9. 2577E-01 33. 831409 03:13:20
44 96.93479 9. 5034E-01 33. 935600 03:15:59
45 9948729 9. 7537E-01 34. 036846 03:18:45
46 101. 30371 9. 9317E-01 34. 109283 03:21:22




Table S3. Raw data for C3Hg adsorption isotherms of BSF-9 at 308 K

Adsorption
SN Pressure [KPa] Relative pressure [P/Pol] Volume [cc/gl Time [H:M:S]
1 1.022945 1. 0029E-02 5. 795971 01:17:25
2 2. 042569 2. 0025E-02 8. 268955 01:48:00
3 3. 071666 3. 0114E-02 10. 975419 02:14:24
4 4.103661 4.0232E-02 12. 334906 02:35:58
5 5. 130657 5. 0301E-02 13. 405576 02:56:28
6 6. 136676 6. 0163E-02 14.171387 03:11:08
7 7.174953 7.0343E-02 14. 859057 03:26:22
8 8. 223588 8. 0623E-02 15. 533664 03:45:43
9 9. 229508 9. 0485E-02 15. 964916 03:56:10
10 10. 22581 1. 0025E-01 16. 406971 04:08:08
11 12. 85292 1. 2601E-01 17. 307459 04:29:26
12 15. 32289 1. 5022E-01 17.896084 04:41:31
13 17.92822 1. 7577E-01 18. 476299 04:56:03
14 20. 49833 2. 0096E-01 18. 893684 05:04:54
15 23. 05950 2. 2607E-01 19. 279234 05:13:43
16 25. 58668 2. 5085E-01 19. 695765 052642
i 28.17796 2. 7625E-01 20. 021177 05:35:46
18 30.87038 3. 0265E-01 20. 337206 05:45:29
19 33. 28864 3. 2636E-01 20. 587540 05:53:02
20 3571223 3. 5012E-01 20. 767031 05:58:02
21 38. 25764 3. 7507E-01 20. 974991 06:03:40
22 40. 80628 4. 0006E-01 21. 190519 06:10:45
23 43. 38253 4. 2532E-01 21.386143 06:17:07
24 45.90139 4. 5001E-01 21.533997 06:21:43
25 48. 45456 4. 7504E-01 21. 737455 06:28:55
26 51.04712 5. 0046E-01 21. 869724 06:33:06
27 53. 59285 5. 2542E-01 22.022915 06:38:18
28 56. 30285 5. 5199E-01 22.209473 06:45:22
29 58.71012 5. 7559E-01 22.308035 06:48:40
30 61. 21299 6. 0013E-01 22. 447311 06:55:15
31 63. 76797 6. 2518E-01 22. 580099 07:00:35
32 66. 35780 6. 5057E-01 22. 672575 07:04:44
33 68. 85659 6. 7506E-01 22.799282 07:10:19
34 71.42126 7.0021E-01 22.881786 07:13:06
35 74. 00449 7. 2553E-01 22.938915 07:15:43
36 76.54930 7. 5048E-01 23.057245 071914
37 79. 06438 7. 7514E-01 23. 164896 07:24:14
38 81. 64191 8. 0041E-01 23.247253 07:27:47
39 84. 17257 8. 2522E-01 23. 326254 07:31:04
40 86. 72895 8. 5028E-01 23. 431585 73559
41 89.28153 8. 7531E-01 23.509378 07:39:32
42 91. 84679 9. 0046E-01 23. 565594 07:42:36
43 94. 39944 9. 2548E-01 23. 634075 07:46:12
44 96.93239 9 5032E-01 23. 736498 07:50:31
45 99. 48891 9. 7538E-01 23. 797400 07:53:22
46 101. 44820 9. 9459E-01 23. 835655 75539



Table S4. Raw data for C3Hg adsorption isotherms of BSF-4 at 308 K

Adsorption
SN Pressure [KPal Relative pressure [P/Po] Volume [cc/g] Time [H:M:S]
1 1.134374 1.1 21E~02 9.830808 00:45:38
2 2. 058346 2. 0180E-02 14. 056192 00:51:03
3 3. 062207 3. 0022E-02 16. 834999 00:56:20
4 4.124383 4. 0435E-02 18. 785007 01:01:39
5 5.103875 5. 0038E-02 20. 061264 01:05:46
6 6. 157642 6. 0369E-02 21.126472 01:10:04
7 7.188883 7. 0479E-02 21.960913 01:13:57
8 8. 224010 8. 0628E-02 22. 644875 01:18:18
Q 9.191629 9. 0114E-02 23. 188875 01:22:10
10 10. 30975 1. 0108E-01 23.728462 01:26:31
11 12. 86046 1. 2608E-01 24. 709129 01:30:45
12 15. 30452 1. 5004E-01 25. 429806 01:34:18
13 18. 00613 1. 7653E-01 26. 093090 01:38:23
14 20. 41553 2. 0015E-01 26. 586979 01:42:15
15 23.12341 2. 2670E-01 27.060936 01:46:15
16 25. 52464 2. 5024E-01 27. 436249 01:49:40
17 28. 05162 2. 7502E-01 27. 766253 01:52:58
18 30. 61112 3. 0011E-01 28. 092867 01:56:36
19 33.17364 3. 2523E-01 28. 386324 02:00:12
20 35.71674 3. 5016E-01 28. 639999 02:03:16
21 38. 29625 37545601 28. 900827 02:06:45
22 40. 82051 4. 0020E-01 29. 116350 02:10:05
23 43.40923 4. 2558E-01 29.333372 02:13:12
24 45. 95859 4. 5057E-01 29. 528835 02:16:21
25 48. 48613 4. 7535E-01 29. 719065 02:19:00
26 51.05352 5. 0052E-01 29. 895695 02:21:52
27 53. 58672 5. 2536E-01 30. 068617 02:24:51
28 56. 17965 5. 5078E-01 30. 227530 02:27:44
29 58. 69139 5. 7541E-01 30. 378857 02:30:22
30 61. 22469 6. 0024E-01 30. 518902 02:32:56
31 63. 81392 6. 2563E-01 30. 679108 02:36:09
32 66. 35284 6. 5052E-01 30.811733 02:38:53
33 68. 93079 6. 7579E-01 30. 944687 02:42:17
34 7147911 7.0078E-01 31.062250 02:45:21
35 73.98835 7. 2538E-01 31. 180994 02:48:20
36 76. 59904 7. 5097E-01 31. 295891 02:50:57
37 79.13317 7. 7582E-01 31.423092 02:54:00
38 81. 66048 8. 0059E-01 31.526194 02:57:21
39 84. 23505 8. 2583E-01 31. 641747 02:59:57
40 86. 79107 8. 5089E-01 31. 740860 03:03:01
41 89. 28692 8. 7536E-01 31. 855713 03:05:38
42 91. 84943 9. 0048E-01 31.951902 03:08:41
43 9441734 9. 2566E-01 32. 060318 03:11:24
44 96. 95011 9. 5049E-01 32.147774 03:15:04
45 99. 51831 9. 7567E-01 32. 237236 03:17:57
46 101. 36386 9. 9376E-01 32.290234 03:19:52




Table S4. Raw data for C3Hg adsorption isotherms of BSF-9 at 288 K

Adsorption
SN Pressure [KPal Relative pressure [P/Pol Volume [cc/g] Time [H:M:S]
1 1.028863 1. 0087E-02 10. 407788 01:55:28
2 2. 041875 2. 0018E-02 13. 490642 02:34:21
3 3.075218 3. 0149E-02 15. 509540 03:10:16
4 4. 104091 4. 0236E-02 16. 897552 03:39:47
5 5128227 5. 0277E-02 17. 965418 04:05:04
& 6. 143055 6. 0226E-02 18. 711298 04:22:32
7 7.167199 7.0267E-02 19. 438675 04:40:51
8 8. 162847 8. 0028E-02 19.915344 04:51:16
9 9. 216758 9. 0360E-02 20. 580242 05:10:25
10 10. 23058 1. 0030E-01 20. 996386 05:20:51
14 12. 81678 1. 2565E-01 21. 933697 05:42:31
12 15. 32445 1.5024E-01 22. 535461 05:54:34
13 17.87464 1.7524E-01 23. 126057 06:06:36
14 20. 44538 2. 0044E-01 23. 683538 06:19:33
15 23. 00620 2. 2555E-01 24. 205572 06:31:59
16 25. 55467 2. 5054E-01 24. 686687 06:44:13
17 28. 32497 2. T770E-01 25. 188902 06:57:31
18 30. 67094 3. 0070E-01 25. 641537 07:11:28
19 33.23095 3. 2579E-01 26. 062271 07:24:14
20 35.78737 3. 5086E-01 26. 445705 07:37:20
21 38. 36821 3. 7616E-01 26. 748461 07:45:50
22 40. 90810 4. 0106E-01 27.136103 08:00:23
23 43. 65450 4. 2799E-01 27. 459803 08:12:03
24 45. 90036 4. 5000E-01 27. 710991 08:20:53
25 48. 44931 4. 7T499E-01 27. 899855 08:26:07
26 51.15142 5. 0148E-01 28. 202423 08:37:34
27 53. 56999 5. 2520E-01 28. 370287 08:43:16
28 56.12072 5. 5020E-01 28. 620075 08:53:41
29 58. 68641 5. 7536E-01 28. 799301 09:00:03
30 61.23204 6. 0031E-01 28. 981527 09:06:38
31 63. 93046 6. 2677E-01 29. 145857 09:12:28
32 66. 64861 6. 5342E-01 29. 310017 09:17:57
33 68. 88085 6. 7530E-01 29. 456701 09:22:58
34 71.40888 7. 0009E-01 29.597952 09:28:04
35 73.98429 7. 2534E-01 29. 759132 09:33:41
36 76. 50933 7. 5009E-01 29.925844 09:39:48
37 79.06224 7. 7512E-01 30. 073706 09:45:48
38 81. 62974 8. 0029E-01 30. 211010 09:51:14
39 84.16220 8. 2512E-01 30. 330215 09:55:49
40 86. 74937 8. 5048E-01 30. 438902 09:59:00
41 89. 29921 8. 7548E-01 30. 555571 10:03:49
42 91.81628 9. 0016E-01 30. 714546 10:10:05
43 Q4. 43387 Q. 2582E-01 30. 786200 10:12:51
44 96. 95799 9. 5057E-01 30. 899466 10:16:48
45 99.47628 9. 7526E-01 31.011896 10:20:52
46 101. 44715 9. 9458E-01 31.037745 10:22:47



Table S4. Raw data for C3Hg adsorption isotherms of BSF-4 at 288 K

Adsorption
SN Pressure [KPa] Relative pressure [P/Pol Volume [cc/gl Time [H:M:S]
1 1.022754 1. 0027E-02 17. 366718 00:48:12
2 2. 054744 2. 0145E-02 21.579187 00:53:55
3 3.106121 3. 0452E-02 23. 620960 01:00:14
4 4. 093213 4. 0130E-02 24.811432 01:04:49
5 5.142889 5. 0420E-02 25.728174 01:09:24
6 6. 562640 6. 4340E-02 26. 643110 Q71 :13:43
7 7.433140 7. 2874E-02 27.085848 01:16:46
8 8. 323358 8. 1602E-02 27. 486872 01:20:12
9 9. 254021 9. 0726E-02 27. 842405 01:23:10
10 10. 29488 1. 0093E-01 28. 195587 01:25:56
11 12. 87534 1. 2623E-01 28. 929333 01:30:39
12 15. 44932 1. 5146E-01 29. 509045 01:34:23
13 17. 87254 1. 7522E-01 29.972027 01:37:33
14 20. 42034 2. 0020E-01 30. 3946738 01:41:03
15 22. 99526 2. 2544E-01 30. 778866 01:44:07
16 25. 64870 2. 5146E-01 31. 137796 01:49:15
17 28. 06040 2. 7510E-01 31. 415249 01:52:08
18 30. 63235 3. 0032E-01 31.704245 071:55:31
19 33. 20332 3. 2552E-01 31. 988201 01:58:50
20 35. 72539 3. 5025E-01 32. 199532 02:01:36
21 38. 27029 3. 7520E-01 32. 464291 02:06:09
22 40. 86050 4. 0059E-01 32. 661366 02:08:48
23 43.35618 4. 2506E-01 32.873203 02:12:29
24 45, 94983 4. 5049E-01 33. 080265 02:15:29
25 48.51238 4. 7561E-01 33.274147 02:20:04
26 51. 05609 5. 0055E-01 33. 453445 02:22:56
27 53. 61132 5. 2560E-01 33.614376 02:25:33
28 56. 17036 5. 5069E-01 33.803043 02:28:25
29 58. 73678 5. 7585E-01 33. 949539 02:30:56
30 61. 28401 6. 0082E-01 34. 111931 02:35:24
31 63. 81105 6. 2560E-01 34. 265045 02:38:13
32 66. 36755 6. 5066E-01 34.427231 02:41:32
33 68. 87944 6. 7529E-01 34. 569050 02:44:07
34 71. 44315 7. 0042E-01 34. 711422 02:46:46
35 74. 01971 7. 2568E-01 34. 851662 02:50:47
36 76. 56137 7. 5060E-01 34. 985199 02:53:43
37 79.10442 7. T553E-01 35. 117435 02:56:34
38 81. 67139 8. 0070E-01 35. 245079 02:59:33
39 84. 19804 8. 2547E-01 35.376137 03:02:39
40 86. 75527 8. 5054E-01 35. 484043 03:05:18
41 89. 32623 8. 7575E-01 35.617012 03:09:04
42 91. 83331 9. 0033E-01 35. 741970 03:12:08
43 94. 38078 9. 2530E-01 35. 846985 03:15:06
44 96. 93677 9. 5036E-01 35. 957047 03:17:55
45 99. 50735 9. 7556E-01 36.088814 03:20:41
46 101. 31664 9. 9330E-01 36. 160328 03:22:59
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Figure S1. Repetitive measurement of C3Hg adsorption in BSF-4 at 298 K. Blue color
curves represent the first adsorption-desorption cycle. Red color curves represent the
second adsorption-desorption cycle where the sample was direct measured without
any activation. Black color curves represent the third adsorption-desorption cycle
where the sample was activated at 75 °C for 30 min before measurement. The black

circles nearly completely covered the blue color circles, indicating the good
repeatability.
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Figure S2. Experimental breakthrough curves of C3Hs/C2H¢/CH4 (5/10/85) for BSF-9
and BSF-4. Fixed bed size: ® 0.46 cm inner diameter X 5 cm length. Flow rate: 4
mL/min. BSF-9 loading: 0.32g. BSF-4 loading: 0.31g.
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