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Metal-organic frameworks (MOFs) have garnered increasing attention for their effective separation of light
hydrocarbons owing to their prominent separation selectivity and energy-efficient adsorption process. Here, we
constructed a robust stable ultramicroporous Cd(II)-MOF ([Cds(NTA)4(H20)2] (MeaNH3),-10H,0 (1)) with
abundant accessible oxygen sites and investigated its adsorption performance for recovering high-purity methane
(CHy) from natural gas (NG) including C;(CH4)/C2(C2Hg)/C3(CsHg) mixtures. At ambient conditions, the theo-
retical equilibrium separation selectivity of 1 for CoHe/CHy (v/v = 10/85) and C3Hg/CHy4 (v/v = 5/85) were
found to be 34.3 and 223.8, respectively. The CH4/CoHg/CsHg (v/v/v = 85/10/5) mixture breakthrough ex-
periments for 1, conducted at 298 K, demonstrated effective separation performance with breakthrough times of
up to 136 and 280 min-g~* for CoHg and CsHg. Particularly, the CH,4 productivity (purity > 99.9 %) with 9.8
mmol-g ! ranked the third in reported literatures, lower to the reported maximum value of 13.28 mmol-g ! for
Ni(TMBDC)(DABCO)g 5. Furthermore, Grand Canonical Monte Carlo (GCMC) simulations and first-principles
density functional theory (DFT) calculations revealed that the high uptake and selectivity for CsHg and CaHg
can be attributed to the abundant oxygen sites present in the pores. The dynamic breakthrough experiments
comprehensively demonstrated that the proposed MOF can be an effective potential adsorbent for the practical
separation of CH4/CyHg/C3Hg mixtures.

1. Introduction

Natural gas (NG), a crucial source of clean energy, is an important
chemical raw material, primarily comprising methane (CH,4) along with
variable amounts (~20 %) of ethane (CoHg) and propane (C3Hg). CHy is
a popular fuel source, when high-purity CH4 undergoes oxidized
coupling transformation, it produces the highly valuable electronic gas
ethyne (CoH3). Additionally, CoHg and C3Hg serve as vital feedstocks for
the production of olefins used in the synthesis of polyethylene materials
[1-3]. Thus, the complete utilization of these hydrocarbons through CH4
purification and C3Hg/CyHg recovery from single/double/triple carbon
(C1/Cy/Cy) light hydrocarbon mixtures can have enormous commercial
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value. However, as light hydrocarbon compounds exhibit almost iden-
tical sizes and similar physical properties, their effective separation and
purification can be quite difficult to achieve. Traditional cryogenic
distillation with energy-intensive separation is suitable for separating
the different components of light hydrocarbon mixtures, but it requires
high operational requirements, low automation, strict safety measures,
and large monetary investments. Particularly, the high energy con-
sumption of these methods leads to a serious departure from the two-
carbon policy [4,5].

Recently, metal-organic frameworks (MOFs) have emerged as
porous materials to employ in gas separation and purification due to
their superior performance for the capture of hydrocarbons with high
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capacity and selectivity [6-10]. Therefore, extensive research has led to
the development of targeted MOFs functionalized with open metal or
organic functional active sites to separate light hydrocarbon mixtures in
a cost-effective and environmentally sustainable manner [11-15].
Recently, much progress has been made to separate C;-Cs light hydro-
carbon mixtures. The most representative MOF Fep(dobdc) has an
adsorption selectivity in the range of 13-18 for CoHg/CoHy mixtures,
obtaining 99-99.5 % purity for CoHy at 318 K, because the adsorption
site of Fe-C distances between open metal Fe sites and guest CoHy fall in
the range of 2.39-2.59 A [16]. Borah’s group explored the C;/Cy/Cs
mixtures separation performance of the landmark MOF Cu-BTC as well
as the equimolar binary mixtures of CH4/CaHg and CH4/C3Hg [17]. Also,
the Cu-BTC ever holding the record of the highest CH4 adsorption had
good separation performance for C;/Cy/Cs ternary mixtures. The novel-
designed MOF ECUT-Th-10 with unique six-fold imide-sealed pockets is
beneficial to separate CsHg from the CH4/CoHg/CsHg/C4Hpo mixture
because the pocket-like cage not only presents molecular sieving effect
compared with more bulk C4H;o, while imide units decorated in the
pocket-like cages afford multiple (C)H(5")---(§)0(C) interactions with
CsHg, hence enforcing the interactions between guest and host-
framework for CsHg [18]. The porous Cu-IPA shows good CH4/CoHg/
C3Hg separation performance and adsorption selectivity and different
retention times from breakthrough experiments, which can be eluci-
dated to abundantly accessible oxygens of C—H:--O interactions in the
triangular channel for different polarizability of CoHg and C3Hg by the
molecular simulation [19]. The MOF Ni(TMBDC)(DABCO)y 5 designed
by Li group possessed remarkably high adsorption uptakes of 3.37 and
2.93 mrnol~g’1 for CgHg and CyHg, as well as a high adsorption selec-
tivity up to 274 and 29 for CsHg/CH4 and CyHg/CHg, respectively.
Molecular simulations reveal that these characteristics can be ascribed
to the strong interaction between the functionalized methylene (CHj)
and methyl (CHs) groups and the guest C3Hg and CaHg molecules within
Ni(TMBDC)(DABCO)5 channels [20]. Interestingly, we have elabo-
rately designed a stable microporous Ni(II)-MOF based on the ligand
functionalized by the hydroxy group, possessing multiple accessible
adsorption sites benefiting both high gas uptake and effective separation
for light hydrocarbons, and the adsorption selectivity for C3Hg/CHy,
C3Hg/CoHg, and CaHe/CHy4 lie in the range of 638.9-370.5, 10.9-3.5,
and 61.0-35.1. Moreover, the breakthrough experiments for equimolar
ternary CH4/CyHg/C3Hg mixture showed breakthrough times of 2.6, 35,
and 190 min, respectively, achieving effective separation of the C;/Cy/
C3 components. Significantly, GCMC simulation confirms the synergistic
host—guest interactions from functional OH groups, carboxylate groups,
and HCOO™ groups [21]. As an extension of our previous work, this
work aims to construct an ultramicroporous Cd(II)-MOF with accessible
oxygen sites to investigate the potential as gas adsorbents for CHy4 sep-
aration in C;-C3 mixed feedstocks. The porous Cd(I)-MOF was con-
structed based on the 4,4',4"-tricarboxytriphenylamine (HsNTA) ligand
with Cg symmetry. Interestingly, the pentanuclear Cds(II) clusters were
bridged with carboxylate groups to form ultramicroporous with bridged
carboxyl groups acting as oxygen active sites. The adsorption selectivity
for CoHe/CH4 and C3Hg/CHy4 at 298 K was 34.3 and 223.8, and partic-
ularly, the CH,4 adsorption capacity reaches 9.8 mmol-g !, lower than
the highest value of 13.28 mmol-g’1 for Ni (TMBDC)(DABCO)q 5 [20],
ranking the third as the reported values in the literatures. Dynamic
breakthrough experiments comprehensively demonstrated the prom-
ising potential of 1 as an adsorbent for practical CH4/CoHg/C3Hg sepa-
ration. Furthermore, GCMC simulations and DFT calculations revealed
that the high capture and selectivity of 1 for CsHg and CyHg can be
attributed to the abundant oxygen sites in the channels.

2. Experimental
2.1. General information and materials

The detailed description for the experimental materials and
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instruments is listed in the Supplementary Material.
2.2. Synthesis of [Cd5(NTA)4 (H20)2](Me;NH3)2-10H,0 (1)

The synthesis of MOF 1 is referred to the literature with slight change
[18]. H3NTA (15.0 mg) and Cd(NO3)2-4H20 (20.0 mg) were added into
a 20 mL Teflon-lined steel vessel, following 1.5 mL dimethyl formamide,
1.5 mL ethanol and 0.5 mL HBF,4 were added to dissolve the ligand, and
heated at 80 °C for 48 h. Yellow bulk crystals were obtained with a yield
of 62 %. Anal. (%) calcd. for CggHggCdsNgOsg: C, 85.99; H, 7.17; N, 6.84.
Found: C, 86.05; H,7.12; N, 6.83. IR (KBr pellet, cm 1): 3444(vs), 1590
(vs), 1399(vs), 1313 (s), 1271(m), 1171(m), 851(m), 782(m), 681(m),
521(m).

2.3. Gas adsorption measurements

The solvent-exchanged sample was obtained from the as-synthesized
sample 1 by soaked in fresh ethanol for 1 day and exchanged for three
times. The treated sample was activated for 12 h at evacuated (<1073
torr). The gas adsorption isotherms were carried out on a Quantachrome
Autosorb-iQ. Ultrahigh-purity-grade (>99.999 %) No, CH4, CoHg and
C3Hg gases were used in all measurements.

3. Results and discussion
3.1. Structural description of 1

Crystallographic analysis showed that 1 crystallized in monoclinic
system, with the space group of P2;/c. The structure is similar to the
literature reported by Zhu’s group [22]. The asymmetric unit contains
two and a half of crystallographically independent Cd(II) atoms, two
NTA3~ ligands, and a protonated Me,NH,", in this sense, the total
charges of the framework are balanced. It is worth mentioning that in
the structure, the Cd1, Cd2, and Cd3 atoms are bounded together by
twelve carboxylate groups of the NTA®~ molecules in 115}, po—n*:?,
ps—nta? and po—ntip! modes, forming a pentanuclear CA(II) secondary
building units (SBUs) (Fig. 1a). In return, the pentanuclear Cd(II) SBUs
are linked by NTA3™ ligands to form three-dimensional ultra-
microporous framework (Fig. 1b and c), where the pore surface is
distributed with multiple exposed oxygen active sites from the
Cds5(CO0O )2 chain, benefiting for gas adsorption and separation. To-
pologically, each pentanuclear CA(II) SBUs is linked by twelve NTA3~
ligands, in return, two different NTA3~ ligands connect three Cd(II)
SBUs respectively, totally, the overall structure is a (3, 3, 12)-connected
3D net with a Schlifli symbol of (416-6%6.81%) (42.6)5(4%), (Fig. 1d).

3.2. X-ray power diffraction analyses and thermal analyses

The purity of the sample was verified by assessing the consistency
between the measured and simulated values through PXRD analysis.
Thermogravimetry analysis results revealed a 7.5 % weight reduction
below 100 °C before activation, attributed to the decrease of coordi-
nated water molecules. When the temperature was increased between
100 °C and 200 °C, the weight loss was minimal, suggesting the pres-
ervation of structural integrity (Fig. S4) However, above 200 °C, the
structure of 1 gradually collapsed. PXRD analysis demonstrated the
excellent stability of 1 after immersing in organic solvents (ethanol,
methanol, acetonitrile, N, N-dimethylformamide, dimethyl sulfoxide)
and pH 2-11 aqueous solutions for a day (Fig. S5).

3.3. Gas adsorption properties

Structural analysis showed that the pore volume after desolation
accounts for 28.4 %. The structure 1 has potential multiple exposed
oxygen active sites from the pentanuclear Cds(COO ), in the pores,
indicating its potential to be employed as an adsorbent to separate gases.
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Fig. 1. (a) Cds Cluster node. (b) The three-dimensional stacking along the crystallographic b-axis. (c) Pore structure along the crystallographic c-axis. (d) The to-

pological structure of 1.

Therefore, the performance of 1 in adsorption and separation of the pure
component gases was systematically studied.

N adsorption experiments were conducted to analyze the porosity of
the activated 1 (1') at 77 K. The N3 adsorption curve of 1’ exhibited the
typical type-I adsorption behavior of microporous materials (Fig. 2a),
with the maximum N, adsorption capacity reaching 88.1 cm®g~!. The
Brunauer-Emmett-Teller (BET) method measured that the specific sur-
face area (SSA) was 327.9 rnz-g’l, whereas the Langmuir surface area
was 373.5 m?-g L. The primary pore size, as obtained from the pore size
distribution (PSD) curve, was 4.2 A (Fig. 2b), in accordance with the
pore size measured for the single crystal structure.

To further analyze the permanent porosity and ultramicroporous
characteristics of 1’, we investigated its adsorption capacity for different
single-component adsorption curve (CHy, CoHg, CsHg) was conducted at
273 and 298 K. The maximum gas uptake capacities of 1’ for single-
component adsorption curves (CH4, CoHg, C3Hg) are 16.4, 71.5, and
67.6 cm>.g™1, respectively, at 298 K and 100 kPa, with the maximum
adsorption capacities at 273 K reaching up to 32.1, 77.5, and 72.7
em®.g~1, respectively (Fig. 3). The results showed that the C3Hg uptake
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of 1’ was much steeper than that of C,Hg for a low relative pressure, P/
Py, but the uptake of both these compounds was much larger than that of
CH4. This suggested the affinity order of 1’ for guest molecules to be
C3Hg > CyHg > CHy, which was also confirmed by their adsorption
enthalpies (Qs). We know that C3Hg has a higher affinity for MOFs and a
higher absorption rate than that of CoHg at low pressures. However, due
to the large volume of C3Hg, 1’ can accommodate only a few of these
molecules in its limited pore space, resulting in a lower adsorption ca-
pacity of 1’ for C3Hg (67.6 cm3-g‘1) than that for CoHg (71.5 cm®- g‘l) at
298 K and 100 kPa. The gas occupancy values of 1’ for C3Hg and CyHg
were 11.98 and 12.68 molecules per unit cell, respectively (Table S3),
indicating a much higher filling efficiency compared to CH4 (2.90
molecules per unit cell). The densities of C;Hg and C3gHg in 1’ were 0.62
and 0.86 g-mL 7, respectively (Table 54), higher than their liquid phase
densities at 298 K (0.32 and 0.49 g-mL™!, respectively), further
demonstrating the dense packing of Co;Hg and CgHg in 1’ [23]. It is worth
mentioning as the testing environment temperature decreased, the
adsorption capacity of 1’ for the above gases increased to varying de-
grees, indicating a physical adsorption behavior [24]. 1’ exhibited
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Fig. 2. (a) N, adsorption isotherm, and (b) pore size distribution for 1.
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Fig. 3. Adsorption and desorption isotherms of CH4, CoHg, and C3Hg for 1 at (a) 273 K and (b) 298 K.

significant differences in its adsorption capacities for CH4, CoHg, and
CsHg, further indicating its great potential for CH4, CoHg, and CsHg
adsorption and separation.

In addition, the Qg reveal the affinity of the host framework towards
the different adsorbates [25-27], playing an important role in the
equilibrium separation selectivity of different gases on the material. The
Qs of 1’ with coverage change were computed using the Clausius-
Clapeyron equation to evaluate the affinity of the above gases with
the pore surface. The Qg values of 1’ for CHs, CoHg, and C3Hg were
determined to be 27.7, 33.3, and 50.5-60.7 kJ-mol?, respectively
(Fig. 4). Notably, C3Hg exhibited a substantially higher Qs throughout
the adsorption process compared to CoHg and CHy, indicating a stronger
affinity between the host framework and CgHg. It is hypothesized that
the extraction of C3Hg and CoHg from their mixtures can be achieved
with relative ease, as supported by the corresponding adsorption iso-
therms [28,29].

The above-described significant differences between the 1’ isotherm
adsorption curves (Fig. 3) and Qs (Fig. 4) of C3Hg, CoHg, and CH4 at 273
and 298 K further confirmed the potential of 1’ to separate CoHg, C3Hg,
and CHy4 gas mixtures. Therefore, the IAST model was used to predict the
equilibrium separation selectivity of CH4, CoHg, and CsHg mixtures by
accurately fitting the isotherms to either the dual-site or single-site
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Fig. 4. The adsorption enthalpy (Qs) of 1’ for CH4, C2Hg, and C3Hg calculated
using the corresponding isotherms at 273 and 298 K.

Langmuir-Freundlich/Langmuir equation (detailed parameters are lis-
ted in Tables S5-S7 and IAST fitting curves at 273 K and 100 kPa are
shown in Fig. 5a). At 298 K and 100 kPa, the theoretical equilibrium
separation selectivity of CoHg/CHy4 (v/v = 10/85) and C3Hg/CHy (v/v =
5/85) reached 34.3 and 223.8, respectively (Fig. 5b), with the latter
value being significantly higher than those of most reported MOFs
(Fig. 6d) [14,19,20,30-37]. The separation potential (Aq =

(qcsms +9qcame) (1{ ;H; 3 —qcua4) Was utilized as a comprehensive indicator

to measure both selectivity and capacity [38,39]. The findings indicated
that the Aq value for 1’ was 10.77 mol-kg™! [Figs. $6-S7], providing
further evidence of the effectiveness of separating CH4/CyHg/C3Hg
mixed hydrocarbon gases.

3.4. Breakthrough measurements

To verify the practical CH4/CoHg/CgHg separation performance of 1,
breakthrough experiments were conducted at 298 K. The penetration
results of the CH4/CyHg/C3Hg (v/v/v = 85/10/5) mixture showed in
Fig. 6a that CH4 broke immediately through the packed bed, while CoHg
and C3Hg were retained for 136 and 280 min-g ™! (Fig. 6a), respectively,
exceeding most previously reported values [40,41]. The CH4 yield
(purity > 99.9 %) was 9.8 mmol-g !, surpassing that of most previously
reported MOFs [24], lower only in comparison with that of Ni(TMBDC)
(DABCO)g 5 (13.28 mmol-g1) [20] and ZUL-C2 (11.4 mmol-g~!) [23]
(Fig. 6¢). It should be noted that the higher “roll-up” peak of CyHg
breakthrough curve was due to its smaller Qy; compared to CsHsg,
resulting in more significant competitive adsorption of CsHg by 1’,
replacing CoHg [23]. To determine the stability of 1’ in recovering CHy
from CpHg and CsHg hydrocarbons, the breakthrough tests were
repeated five times, each attempt demonstrating consistently excep-
tional performances (Fig. 6b).

3.5. Molecular simulations

Considering the ability of 1’ to extract highly pure CH4 from CyHe-
C3Hg hydrocarbons, the adsorption mechanism towards CH4/CyHg/
CsHg was further investigated. Initially, we employed GCMC simulations
(calculated with RASPA) to unveil the favorable CH4, CoHg, and C3Hg
adsorption sites within the host framework and compute the expected
adsorption amounts and gas density distributions (Fig. 7). At 298 K, the
GCMC simulated adsorption of CH4, CoHe and C3Hg at pressures ranging
from 0 to 100 kPa (Fig. S9). Moreover, the simulated and experimental
adsorption at low pressures indicated a marginal variance, which was
considered acceptable given the disparities between the two methods.
These results validated the accuracy of the force field employed in our
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Fig. 5. 1’ selectivity for (a) CoHg/CHy (v/v = 10/85) and (b) C3Hg/CHy (v/v = 5/85) gas mixtures at 273 and 298 K derived from IAST.
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Fig. 6. (a) 1’ breakthrough curves for CH4/C3He/CsHg (v/v/v = 85/10/5) mixtures at 298 K and 100 kPa; (b) 1’ cycling stability test; (c) comparison of high purity
CH,4 yield of 1’ with reported benchmark adsorbents for CH4/C2He/C3Hg (v/v/v = 85/10/5) mixtures; and (d) comparison of 1’ IAST-computed adsorption selectivity
for CH4/C3He/C3Hg (v/v/v = 85/10/5) along with previously reported adsorbents at 298 K and 100 kPa.

system. Notably, the experimental adsorption of CoHg by 1’ exceeded the adsorption capacities of the mixed gases within the host framework
that of C3Hg, which was consistently reproduced by the simulations, by considering a CH4/C2He/CsHg volumetric ratio of 85/10/5 at 298 K
further confirming the accuracy of the model. Similarly, we simulated and 100 kPa. For separation of CH4/CoHg/CgHg (v/v/v = 85/10/5)



X.-Z. Guo et al.

Separation and Purification Technology 334 (2024) 125987

Volume
(a) Var scolory
.—6 55404004

~ 491504004

327704004

163804004

Volume
Var. calary
(b) .—e 55404004
- 491504004

327704004

1.6380+004

Uptake(cm3(STP)/g): 65.98

mixtures, the maximum yield of high-purity CH4 that is theoretically
achievable in a fixed bed adsorber is determined by Aq [38,39]. The
result of the breakthrough measurement showed a yield of 9.8
mmol-g~!, which was lower than the calculated value of Aq = 12.67 for
1’ (Fig. S8). The Aq obtained from the adsorbed amount of each
component in the IAST was 10.77, which matched the calculated value
of Aq = 12.67, as discussed earlier. The theoretical calculations con-
ducted in this study are in generally accordance with the experimental
findings discussed earlier, providing robust validation and reinforcing
their coherence.

Therefore, the employed force field model can be considered suitable
for capturing the interactions between the host 1’ and the CHy, CoHg,
and CgHg adsorbates. Furthermore, the density distributions of CHy,
CoHpg, and C3Hg within the simulated 1’ primarily concentrated in one
favorable adsorption region: the oxygen sites within the Cds(II) clusters
in the channel, where these molecules are prone to adsorption [42]. The
adsorption density of CoHg surpassed that of C3Hg and CH,4 at 100 kPa
and 298 K, consistent with the static adsorption curves and simulation
results (Fig. 7).

Based on the approximate adsorption sites obtained from the DFT
(calculated with CP2K) calculations, we selected structural fragments
near the NTA3~ ligand and Cds(II) clusters as the initial target adsorp-
tion sites, which were further subjected to CP2K calculations. This
approach provides a more detailed demonstration of the interactions
between the gas molecules and host-framework. Multiple-site in-
teractions were observed for the CH4, CsHe, and CsHg molecules,
including (i) C-HeeeO interactions with carboxylic O atoms on neigh-
boring Cds(II) clusters and (ii) C-H interactions with C atoms on the
benzene ring via van der Waals forces. Particularly, the interaction of the
Cds(II) O-sites with C3Hg (1.71-2.26 A) was stronger than that with
CoHg (2.20-3.40 10\). Moreover, despite the multi-point interactions with
1’, C3Hg (-62.1 kJ-mol™!) exhibited a lower calculated value of the
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Fig. 7. 1’ density distributions of (a) CHy, (b) C2He, and (c) C3Hg at 298 K and 100 kPa computed from GCMC simulations.

binding energy between gas molecules and the framework than CaHe
(-55.4 kJ ~mol’1). The calculated binding energies (CaHg), while slightly
higher than the experimental Q values, remain reasonable given the
inherent limitations of theoretical calculation [43,44]. These computa-
tional simulations thoroughly confirmed the strong adsorption affinity
of 1’ for C3Hg. However, the final adsorption capacity 1’ for C3Hg did not
exceed that for CoHg due to the pore size limitation in the skeletal
structure (See Fig. 8).

4. Conclusion

In summary, a stable ultramicroporous Cd(II)-MOF, with multiple
exposed active oxygen sites from the Cds(COO™);5 chain on the pore
surface has been constructed to exhibit high adsorption capacity for
CyHg and C3Hg hydrocarbons. The gas adsorption and separation per-
formance analysis showed that the gas selectivity separation rate of 1’
for C;Hg/CH4 and C3Hg/CH4 was 34.3 and 223.8, respectively. Dynamic
breakthrough experiments comprehensively confirmed the promising
potential of 1’ as an adsorbent for practical CH4/CyHg/C3Hg separation
with a high-purity (>99.9 %) CHy yield of 9.8 mmol-g~!. Furthermore,
GCMC simulations and DFT calculations reveal that the high capture and
selectivity of 1’ for C3Hg and CoHg can be attributed to the abundant
oxygen sites present in the channels.
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Materials and methods
All chemical reagents are commercially available without further purification. IR spectra

were measured on a Thermo Fisher IS-50 FT-IR Spectrometer in the range of 400-4000 cm™.
Elemental analyses were carried out on a Vario MACRO cube elemental analyzer. TGA was
measured from 25 to 800 °C on a TA Instrument at a heating rate 10 °C/min under air atmosphere.
X-ray powder diffractions of titled complexes were measured on a Rigaku XtalLAB Synergy
PC diffractometer with Cu-Ka radiation over the 20 range of 5-50° at room temperature. All
gas adsorption isotherms were measured on a Quantachrome Autosorb-iQ surface area by the

static volume method.

Crystal data collection and refinement

Single-crystal X-ray diffraction data for 1 were collected on Bruker SMART APEX II with
Mo Ka radiation (A = 0.71073 A) using the ® -¢ scan mode at 293 K. The SAINT programs
were used for empirical absorption corrections and data integration [1]. All Crystal structures
were solved by direct method and refined by full-matrix least-squares refinements within the
ShelXS-2014 and ShelXL-2014 program [2]. All non-hydrogen atoms were refined
anisotropically. Hydrogen atoms of the organic ligands were in the geometrically ideal positions
and refined using a riding model. The details of the crystal parameters and selected bond lengths

and angles are listed in Table S1 and Table S2.



©CO~NOOOTA~AWNPE

Calculation details

Fitting of experimental data on pure component isotherms for calculating IAST selectivity
The experimental isotherm data for pure CH4, C2Hg were fitted using a single-site Langmuir-

Freundlich (L-F) model:
byp"A (S1)

4 = qasat 1+ bypa

The experimental isotherm data for pure Cs;Hg were fitted using a dual-site Langmuir-

Freundlich (L-F) model:
bap”4 bgp*® (S2)

q = qasat W qB,satW

Here, P is the pressure of the bulk gas at equilibrium with the adsorbed phase (kPa), ¢ is the
adsorbed amount per mass of adsorbent (mol kg™), g..sa and ¢p s« are the saturation capacities
of site A and B (mol kg!), b4 and bj are the affinity coefficients of site A and B (kPa™), and v,
and vp represent the deviations from an ideal homogeneous surface.

Fitting of experimental data on pure component isotherms for calculating Q.

The unary isotherms for CsHg measured at two different temperatures 273 K, and 298 K in

Cd-MOF were fitted with excellent accuracy using the dual-site Langmuir model, where we

distinguish two distinct adsorption sites A and B:
— qsat,AbAp qsat,Bbe

S3
1+ byp 1+ bgp (53)
In eq (S3), the Langmuir parameters by, by are both temperature dependent
Ey Ep
= AN p, = ZB sS4
ba = bao exp (RT)' bp = byo exp (RT) (54

In eq (S4), E,, Ep are the energy parameters associated with sites A, and B, respectively.
The unary isotherms for CH4, and CoHs measured at two different temperatures 273 K, and
298 K in Cd-MOF were fitted with excellent accuracy using the single-site Langmuir model.
The unary isotherm fit parameters are provided in Table S7.
Calculation of isosteric heat of adsorption (Qs)

The isosteric heat of adsorption, Qst, is defined as
dinp
0w = -RT*(2E)
q

T (55)

where, the derivative in the right member of eq (S5) is determined at constant adsorbate loading,
g. the derivative was determined by analytic differentiation of the combination of eq (S3), eq
(S4), and eq (S5).

Separation potential
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For separation of 5/10/85 C3Hs/C2Hs/CH4 mixtures, the maximum productivity of purified
CHjs that is theoretically achievable in a fixed bed adsorber is determined by the metric defined
by Krishna [3, 4] as the separation potential, 4q, derived on the basis of the shock wave

model:
YcHa

A=y~ dcHa (S6)

Aq = (qcsns + qczne)

In eq (S6), ycus 1S the methane mole fractions of the feed mixture during the adsorption
cycle. In the derivation of eq (S6), it is assumed that the concentration “fronts” traversed the
column in the form of shock waves during the desorption cycle. The molar loadings
qcsus 9ezner Qena OF the three components are determined using the Ideal Adsorbed Solution
Theory (IAST) of Myers and Prausnitz using the unary isotherm fits in as data inputs.[5] At a
total pressure of 100 kPa, the value of Aq is 10.77 mol kg™.

Prediction of Adsorption Selectivity via IAST
The adsorption selectivity for separation of CsHs, C2Hs, CH4 is defined by

. q1/q
ST Saas = pi/pz

where q1, q2 are the molar loading (units: mol kg™') of C3Hs/C2Hs and CHs in the adsorbed

phase in equilibrium with a gas mixture with partial pressures p1, p2 in the bulk gas.

Notation

b Langmuir constant, Pa~!

E energy parameter, J mol™

q component molar loading of species i, mol kg™

Osat saturation loading, mol kg*

Aq separation potential, mol kg*
Qs isosteric heat of adsorption, J mol*
T absolute temperature, K

Breakthrough experiment
The breakthrough experiments of light hydrocarbons were carried out in a dynamic gas

breakthrough equipment. All experiments were conducted using a stainless-steel column (4.6
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mm inner diameter x 30 mm). According to the different particle size and Table S2 density of
1 sample powder, the weight packed in the column was: 1 (0.500 g), respectively. The columns
packed with sample were firstly purged with N2 flow (15 ml-min~") for 24 h at 298 K. The
ternary mixed gas of C3Hs/C2He/CH4=5/10/85 (v/v/v) was then introduced at 2.0 ml min !,
respectively. Outlet gas from the column was monitored using gas chromatography (GC-2010
pro, SHIMADZU) with a flame ionization detector (FID). When the breakthrough experiments
were finished, the column was heated to 323 K and a flow rate of 4~6 ml-min~' N, was

introduced, and the outlet gas from the column was also monitored.

Calculation of gas occupancy and gas density

Gas occupancy for CH4, C2Hs, and C3Hg in 1 were calculated by the following equation:

Gas occupancy = Q * N * p * V¢ * 10

Here, Q (mmol/g) is the saturated gas uptake; N is the Avogadro constant; p(g/cm?) is the
structure density and V. (A3) is the cell volume. Calculated results are shown in Table S3.

Gas density of CHa, CoHg, and C3Hs in the pore of 1 were calculated by the following
equation:

Gas density = Q * 10 3 * M/V,,
Here, Q (mmol/g) is the saturated gas uptake; M is the molar mass (g/mol) and V,, (ml/g)

is the pore volume. The calculated results are shown in Table S4.

Density-functional theory (DFT) and GCMC calculations

DFT calculations were carried out using the CP2K code. A mixed Gaussian and planewave
basis sets were employed to the calculations. Core electrons were represented with norm-
conserving Goedecker-Teter-Hutter pseudopotentials, and the valence electron wavefunction
was expanded in a double-zeta basis set with polarization functions along with an auxiliary
plane wave basis set with an energy cutoff of 400 Ry. The generalized gradient approximation
exchange-correlation functional of Perdew, Burke, and Enzerhof (PBE) was used. Each
configuration was optimized with the Broyden-Fletcher-Goldfarb-Shanno (BGFS) algorithm
with SCF convergence criteria of 3x10° au. To compensate the long-range van der Waals
dispersion interaction between the adsorbate and the zeolite, the DFT-D3 scheme with an
empirical damped potential term was added into the energies obtained from exchange-
correlation functional in all calculations. The supercell of 1 was modeled using 2 X 1 % 1 unit
cell.

To calculate adsorption performance in MOF, we use the GCMC simulation method within

RASPA package [6]. During the simulation, the MOF are treated as rigid framework and the
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GenericMOFs force field is used [7]. As for the gas molecules, the potential parameters are
taken from TraPPE force field. A cutoff distance is set to 12 A for the Lennard-Jones (LJ)
interactions, and all unit cells were sufticiently replicated to avoid interaction between periodic
replica. The long-range electrostatic interactions are treated with CoulombSmoothed algorithm.
For each state point, GCMC simulations consist of 100000 steps to ensure the equilibration,

followed by 100000 steps to sample the desired thermodynamic properties.
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Table S1 Selected bond lengths [A] and bond angles [°] for 1.

Cd1-07 2.2856(19) Cd3-013 2.246(3)
Cd1-07* 2.286(2) 012-Cd2® 2.2406(19)
Cd1-05t 2.2181(19) 012-Cd3° 2.394(2)
Cd1-05 2.2181(19) 010-Cd2° 2.579(2)
Cd1-0112 2.2754(19) 010-Cd3" 2.314(2)
Cd1-011° 2.2754(19) 03-Cd3*2 2.329(2)
Cd2-012° 2.2406(19) 04-Cd312 2.460(2)
Cd2-06 2.251(2) 09-Cd21 2.298(2)
Cd2-010* 2.579(2) Cd3-03’ 2.329(2)
Cd2-08 2.168(2) Cd3-047 2.460(2)
Cd2-09* 2.298(2) Cd3-02 2.308(3)
Cd3-012° 2.394(2) Cd3-C367 2.745(3)
Cd3-010° 2.314(2) Cd3-01 2.573(3)
07-Cd1-07! 180.0 08-Cd2-012° 119.59(9)
05-Cd1-07 91.03(8) 08-Cd2-06 103.32(9)
05-Cd1-07! 88.97(8) 08-Cd2-010* 139.86(8)
051-Cd1-07! 91.03(8) 08-Cd2-09* 90.16(9)
051-Cd1-07 88.97(8) 09*-Cd2-010* 53.26(8)
05-Cd1-05! 180.0 0125-Cd3-04° 78.18(8)
05-Cd1-0112 91.01(7) 0125-Cd3-01 67.96(10)
051-Cd1-0113 91.01(7) 0107-Cd3-012° 79.07(7)
05-Cd1-0113 88.99(7) 0107-Cd3-03° 136.54(8)
051-Cd1-0112 88.99(7) 0107-Cd3-04° 85.62(8)
0112-Cd1-07" 90.05(8) 0107-Cd3-01 80.20(10)
0113-Cd1-07 90.05(8) 036-Cd3-012° 104.53(8)
0112-Cd1-07 89.95(8) 036-Cd3-04° 54.17(8)
0113-Cd1-07! 89.95(8) 03°-Cd3-01 142.05(9)
0112-Cd1-0113 180.0 04°-Cd3-01 145.13(11)
0123-Cd2-06 124.17(9) 02-Cd3-012° 83.26(10)
0123-Cd2-010* 76.57(7) 02-Cd3-0107 134.03(11)
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0123-Cd2-09* 121.77(8) 02-Cd3-03° 88.90(11)
06-Cd2-010° 93.40(7) 02-Cd3-04° 131.43(10)
06-Cd2-09* 89.64(9) 02-Cd3-01 53.83(12)

013-Cd3-012° 164.94(14) 013-Cd3-01 99.38(17)

013-Cd3-010’ 91.01(10) 013-Cd3-C29 101.93(17)
013-Cd3-03° 90.48(14) Cd28-012-Cd3° 102.32(7)
013-Cd3-04° 112.64(16) Cd3'9-010-Cd2" 94.99(7)
013-Cd3-02 95.93(14)

1-X,1-Y,1-Z; 2+X,3/2-Y,1/2+Z; 31-X,-1/2+Y,1/2-Z; *-X,-1/2+Y,1/2-Z; 31-X,-1/2+Y,3/2-Z; 6-X,-1/2+Y,3/2-
Z; "1-X,-1/2+Y,5/2-Z; 31-X,1/2+Y,1/2-Z; °1-X,1/2+Y,3/2-Z; '°-X,1/2+Y,1/2-Z; "-X,1/2+Y,3/2-Z; 1?1-X,

1/2+Y,5/2-Z
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Table S2 Crystal data and structure refinement for 1.

Identification code
Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

a/A
b/A
c/A
a/°
B/°
Y/°

Volume/A?3

V4
P calcg/ Cm3

B /mm’!

F(000)

Crystal size/mm?

Radiation

2 ® range for data collection/*
Index ranges
Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?
Final R indexes [[>=2 0 ()]
Final R indexes [all data]
Largest diff. peak/hole / e A

1
CssHesCdsNeOas
2187.48
298.00
monoclinic
P2i/c
14.6903(4)
23.3640(6)
15.7945(5)

90
107.637(4)

90
5166.2(3)

2
1.406
1.081
2172.0
0.19 x0.16 x 0.12
Mo Ka (A =0.71013)
4.414 t0 59.324
-19<Sh<19,-30<k<31,-20<1< 17
43446
12858 [Rint = 0.0392, Rsigma = 0.0378]
12858/0/567
1.084
R =0.0353, wR2 =0.0906
R1=0.0440, wR2 = 0.0941
0.78/-1.12
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Table S3 Structure parameters and the calculated results for gas occupancy

adsorbent adsorbate p (g/em®) V. (A% Q Gas
(mmol/g)  occupancy
CH4 1.41 5166.20 0.66 2.90
1 C>Hs 1.41 5166.20 2.89 12.68
C;sHs 1.41 5166.20 2.73 11.98
Table S4 Structure parameters and the calculated results for gas density
adsorbent adsorbate M(g/mol) V, (ml/g) Q Gas
(mmol/g) density
(g/ml)
CH4 16 0.14 0.66 0.075
1 C>Hs 30 0.14 2.89 0.62
C;Hs 44 0.14 2.73 0.86

Table S5. Dual-site Langmuir-Freundlich parameter fits for C3;Hs adsorption isotherms and
single-site Langmuir-Freundlich parameter fit for CHs and C>Hs adsorption isotherms in 1 at

273 K.
Site A Site B R?
qA,sat bA CIB,sat bB
mol/kg | kpaA V4| mol/kg | kpav® Vs
CsHs | 2.05641 | 9.06719 | 1.17758 | 1.25372 | 0.10083 | 1.02903 | 0.9999
CoHe | 3.64298 | 022672 | 0.88572 0.9995
CHs | 3.71753 | 0.00513 | 1.04058 0.9999

Table S6. Dual-site Langmuir-Freundlich parameter fits for C3Hs adsorption isotherms and
single-site Langmuir-Freundlich parameter fit for CH4 and C>Hs adsorption isotherms in 1 at

208 K.
Site A Site B R?
qA,sat bA qB,sat bB
mol/kg | kpaA Vi | mol/kg | kpav® Vs
CsHs | 1.49696 | 1.79808 | 127163 | 2.26950 | 0.07849 | 0.59306 | 0.9999
C-He | 3.33901 | 0.08432 | 0.92524 0.9996
CHs | 2.13200 | 0.00256 | 1.12150 0.9999

Table S7. Dual-site Langmuir parameter fits for CsHg adsorption isotherms and single-site
Langmuir parameter fit for CoHs and CH4 adsorption isotherms in 1.

Site A Site B
dasat bao E, 4B sat bgo Eg
mol/kg Pal k] mol -t mol/kg Pal k] mol -t
CsHs 2.05 1.574E-12 50.4 1.25 2.561E-16 61
CzHs 3.4 1.107E-10 33
CHa 4.8 2.133E-11 27.7
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Fig. S2 The coordination environment around Cd (II) in 1.

Symmetry codes = *1-x,1-y,1-z; B1-x,-1/2+y,1/2-z; “+x,3/2-y,1/2+z; P-x,-1/2+y,1/2-z; E1x,-
1/2+y,3/2-z; F1-x,-1/24y,5/2-z; S-x,-1/2+y,3/2-z; 11-x,1/2+y,1/2-z; 11-x,1/2+y,3/2-z; *-

x,1/2+y,3/2-z; ®-x,1/2+y,1/2-z; '1-x,1/2+y,5/2-z.
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Fig. S4 The TG curves of 1
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Fig. S6 The molar loadings qcsus, Gezne Aena OF the three components are determined using
the Ideal Adsorbed Solution Theory (IAST) of Myers and Prausnitz using the unary isotherm

fits.
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Fig. S5 The X-ray powder diffraction patterns of 1
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Fig. S7 IAST based separation potential for CH4/C2He/C3Hg (85/10/5) mixtures.

CH,:C,H,:C;Hg=85:10:5
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Aq=[(41.17+ 8.91)*0.85/(1-0.85)-4.83]/22.4= 12.67 mmol/g

4q = (qc,u, + 9c,n,)

Fig. S8 the adsorption capacities of the ternary mixed gas in the host framework through GCMC

simulations and the calculation of the separation potential (4q).
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Fig.S9 GCMC simulated the single-component gas adsorption curve of CH4/C>He/C3Hg of 1 at

298 K (blue) and experimental single-component gas adsorption curve (red).
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