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One-step CoHy purification from ternary CaHs/CoHo/CO2 mixtures is of prime importance but challenging in
chemical industries, owing to similar physicochemical properties of the three gases. Herein, we investigated the
potential of ultramicroporous Bi-MOFs modified with -CHO, ~-COOH, -NO,, -F, -Cl, -Br, and -I for CoHy purifi-
cation. These MOFs featured good thermodynamic and thermal stability and exhibited precise regulation of
channel sizes and surface structures/electronegativity. Their separation performances for CO5/CyH4, CoHo/CoHy,
and CO2/CoH, were theoretically investigated by grand canonical Monte Carlo, density functional theory, and
transient breakthrough simulations. Results showed that introducing -CHO/-COOH/-NO; enlarged the differ-
ence of adsorption uptakes between CO2, CoHg, and CyHy favoring efficient separation of corresponding mix-
tures, in which Bi-MOF-CHO showed the highest selectivity for CO2/CyH4, CoHa/CoHy, and COy/CoHap, with
values of 58.6 (64.5), 11.8 (11.5), and 7.7 (21.5) under 50/50 (1/99) at ambient conditions. The enhanced
separation performance is attributed to the synergism of pore size limitation, fine-tuned surface structure, and
high surface electronegativity, resulting in special COy recognition, moderate enhancement for CyHj, but
negligible influence on CyH4 adsorption. This work provides an effective strategy to design high-performance
adsorbents for one-step CaH4 purification from ternary CoHs/CoHa/COg2 mixtures.

1. Introduction C2Hy/CO2 mixtures is challenging due to their identical molecular di-
mensions and physical properties (Table S1) [11-13]. Current separa-

Ethylene (CyH4) is the most widely produced chemical, with an tion technologies, including solvent extraction and cryogenic

estimated global production of 158 million tons in 2020 and an expected
annual growth rate of ~ 4.5% until 2027 [1,2]. It is mainly produced by
steam cracking of petrochemicals, which is facing petroleum reserves
shortage and high energy consumption [3]. Oxidative coupling of
methane (OCM) has been proposed as an alternative by virtue of energy
saving, low cost, and abundant availability of methane (CH4). Apart
from CyH4, OCM processes also produce byproducts acetylene (CoHs)
and carbon dioxide (CO3) [4,5], which need to be removed to obtain
high-purity CoH4 for industrial applications [6]. Besides, CoHs is also an
important chemical/raw feedstock, emphasizing the need for its
extraction from mixtures [7-10]. However, separating ternary CoHy/
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distillations, are cost/energy intensive and environmentally unfriendly
[14]. To mitigate the deficiencies, researchers are focusing on devel-
oping novel adsorbents with facile regeneration/recycling capability
and significant affinity differences towards various components from
gas mixtures [15,16].

Great advances have been made in light hydrocarbon separations by
using metal-organic frameworks (MOFs) as adsorbents [17-20]. For
CoHy4 purification from ternary mixtures, one viable strategy is using
synergistic sorbent separation technology under the synergism of mul-
tiple MOFs, each of which is selective for one component from mixtures,
however, the interplay of packing sequence and gas mass transfer limits
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its practical application [11,21]. Therefore, it is more efficient and
maneuverable to develop a novel adsorbent realizing one-step CaHg
purification via simultaneously extracting impurities CO5 and CoHj from
CoHy/CoHy/CO, mixtures [21,22]. To fulfill the task, the required
adsorbent should simultaneously have strong affinity toward CoHy and
CO4 but weak CyHy4 affinity. Based on a survey of reported MOFs with
CoHy purification performance, we find that a certain number of MOFs
can separate CoHo/CoHy efficiently [24-26], yet relevant research is still
in the ascendant; on the other hand, the MOFs that can selectively
adsorb CO; from CyH,4 have been rarely reported, due to the lower CO,
polarizability than that of CaH4 and lack of a clear separation mecha-
nism [23]. Based on the analysis above, it will be more complex and
challenging to develop a MOF adsorbent, that can trap CO, and CyHy
simultaneously from ternary mixtures for one-step CoHy purification;
and to date, only a few successful examples include SIFSIX-17-Ni [24],
TiFSIX-17-Ni [24], Zn-atz-oba [25], and ZNU-6 [26].

Recently, we chose Bi-based SU-101 as the CO-selective adsorbent
platform [27], because of the excellent stability, ultramicropores, and
rich carbonyl O sites, as well as the non-toxicity, low cost, and envi-
ronment friendliness of bismuth [28-30]. Then the isostructural SU-101
(M) (M = Bi, In, Ga, and Al) materials with square channels were ob-
tained [27], in which pore size confinement and surface Ocarbony! atoms

(h) Bi-MOF-R
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Fig. 1. Design of the modification method and
illustration of crystal structures of Bi-MOFs. (a)
Infinite secondary building units (iSBUs) in Bi-MOFs
comprise one-dimensional Bi chains. C, H, O, and Bi
atoms are represented by gray, light blue, red, and
purple, respectively. (b,c) Structures of ellagic acid
(L1) and urolithin D (L2). (d,e) Electrostatic poten-
tial maps of channel surfaces in SU-101 and Bi-MOF-
H. The isovalue of electron density distribution is
0.017 e/A3. (f,g) Structures of SU-101 and Bi-MOF-H
with 1D channels. (h) Structure of functionalized
linker L2 and Connolly surfaces of functionalized Bi-
MOF frameworks with the Connolly radios of 1.0 A
(R = -F, -Cl, -Br, -I, -CHO, -NO,, and ~-COOH).

synergistically facilitated the surface electrostatic potential comple-
mentary to CO5 molecule but incompatible with C;Hy and CpHy, real-
izing the selective adsorption of CO5 over CoHy and CoHy, but unable to
distinguish the latter two. Therefore, although SU-101(M) materials are
CO,, favored, they are not suitable for one-step CoHy purification from
CyH4/CoHy/COy mixtures. This might be improved by regulating the
ligand structure and functionalization of SU-101, so that the channel
shape/size and surface chemistry of the new materials facilitate an
enhanced uptake of CyH; and meanwhile maintain the adsorption
character of both CoH,4 and COs.

Based on the above consideration, in this work, we built a series of
novel isostructural Bi-MOFs, featuring lower-symmetry and non-square
(plump-shaped) channels, by replacing the ellagic acid ligand (L1) in
SU-101(Bi) with low-symmetry urolithin D (L2) and its functionalized
derivatives (containing ~-CHO, -COOH, -NO,, -F, -Cl, -Br, and -I), for
precise control of channel sizes/structures and surface electrical prop-
erties (Fig. 1). We investigated the CoH, purification performance from
CO4/CyH4 and CoHy/CoHy together with corresponding intrinsic mech-
anisms in functionalized Bi-MOFs by grand canonical Monte Carlo
(GCMC) and density functional theory (DFT). Thereinto, Bi-MOF-CHO/
—COOH/-NO; not only exhibited high CO3/CaH4 and CaHy/CoHy se-
lectivities but also showed efficient COo/CyHs separation, thanks to the

Table 1
Summary of physical characteristics, charge (q) of exposed functional-group electronegative atoms, cohesive energy (E.,), and formation energy (Eform) of Bi-MOFs.
-H —-CHO -NO, —-COOH -F -Cl -Br 1
p? 2.6 2.7 2.7 2.7 2.6 2.7 2.8 3.0
Dpy, b 6.41 4.80 4.88 4.72 6.25 5.25 4.87 4.42
D¢ 7.51 5.80 6.24 5.99 6.86 6.39 6.00 5.46
vsd 0.12 0.08 0.08 0.09 0.12 0.10 0.09 0.08
qo ¢ —0.52 —0.55 —0.55 —0.53 —0.53 —0.51 —0.50 —0.50
q?{ f —0.44 —0.46 —0.52 -0.17 —-0.10 —0.03 —0.04
—0.58

Econ® 6.8 6.9 6.9 6.9 6.8 6.8 6.8 6.8
Eform h —2.66 —2.63 —-2.50 —2.62 —2.64 —2.58 —2.58 —2.59

2 Crystal density (g/cm?). ? Pore limiting diameter (PLD, A). ¢ Largest cavity diameter (LCD, A). ¢ Available pore volume (cm®/g). ¢ Charge of carbonyl O atom.
Charge of X (electronegative atom: O, F, Cl, Br, and I) from functional groups exposed to channel surfaces. éCohesive energy (eV/atom). " Formation energy (eV/atom).
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fine-tuned MOF structures, ultramicroporous channels, and surface
electronegativity exerted by functional groups. Further, we also evalu-
ated the productivities of polymer grade CoHy4 (purity > 99.996%) from
the 1/1/98 and 1/9/90 CoH3/CO42/CoHy ternary mixtures purified with
Bi-MOF-CHO/-COOH/-NO, by transient breakthrough simulations.
This work provides general guidance for designing stable adsorbents for
one-step CaHy4 purification from ternary CoHy/CoHy/CO2 mixtures.

2. Simulation details
2.1. Structure design

Based on SU-101(Bi) [27], we first constructed the isostructural Bi-
MOF-H by replacing ligand L1 with L2 (Fig. 1a-g). This led to missing
of half of the carbonyl groups on channel surface, which is featured by a
lower-symmetrical non-square shape with enlarged pore size of 7.52 A
(vs. 6.8 Ain SU-101(Bi)) [30]; then, various functional groups (R = -F,
-Cl, -Br, -I, -CHO, —COOH, and -NOy) containing exposed electronega-
tive atom(s) were introduced in L2 to make up the missing carbonyl
groups. The obtained functionalized Bi-MOFs (named Bi-MOF-R)
featured decreased pore sizes (5.46 ~ 6.86 Z\, Table 1) and different
non-square shapes of 1D functionalized channels, exhibiting fine-tuned
channel structures and surface electronegativity driven by functional
groups (Figs. 1h and S1). The structural parameters of Bi-MOFs are
presented in Table 1, which are calculated by zeo++ software [31,32]
using Ny probe.

2.2. Density functional theory (DFT) calculations

DFT calculations were performed to obtain the atomic partial
charges, electrostatic potentials, and stable adsorption configurations
and energies by using the Dmol® module [33]. Generalized gradient
approximation (GGA) with the Perdew-Burke-Ernzerhof (PBE) func-
tional was used to do all-electron spin-unrestricted DFT calculations.
Tkatchenko-Scheffler (TS) correction method was employed to account
for the vdW interactions [34]. The double numerical including polari-
zation (DNP) basis set was chosen for all atoms. The adsorption energy
(AEqgs) was calculated based on the following equation:

AEud.x = E.wrbenr + Egu.s - Eruml (1)

where Egorbens Egas, and Epq are the total energies of the sorbent
framework, gas molecule, and gas-sorbent adsorption system,
respectively.

Cohesive energy and formation energy were calculated using Vienna
Ab initio Simulation Package [35-37]. A plane-wave cutoff energy of
500 eV and 1 x 1 x 1 Gamma-center k-point were adopted for all cal-
culations. The electronic energy was converged to within 10® eV and
the force on each atom was less than 0.02 eV/A. The cohesive energy
(Econ) represented the required energy to decompose a MOF framework
into isolated atoms, calculated by the formula [38,39]:

Econ = (Z mE; — Efram)/z n; (2)

where E; and Efqpy, represent the total energies of isolated atom i and
MOF framework, and n; is the number of atom i in the MOF framework.
The formation energy (Eform, €V/atom) of Bi-MOFs was expressed as
[40,41]:

E/urm: (Efmm - anﬂl)/ Zn[ (3)

where y; is the chemical potential of atom i in Bi-MOF frameworks. The
thermal stability of Bi-MOFs was examined with the simulation time of
5000 fs based on the Nosé-Hoover method using Ab-initio molecular
dynamics (AIMD) simulations [42].
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2.3. Grand canonical Monte Carlo (GCMC) simulations

GCMC simulations were carried out to evaluate the adsorption and
separation performance of Bi-MOFs by using the multipurpose simula-
tion code [43]. The simulation box (containing 2 x 2 x 5 unit cells) of
Bi-MOFs was kept rigid and periodic boundary conditions were applied
in all three dimensions. The Lennard-Jones (L-J) and electrostatic in-
teractions were combined to describe gas-gas and gas-framework in-
teractions. The cutoff of 12 A was employed for L-J interaction and
electrostatic interaction was described by Ewald summation. For each
pressure point, the first 40% of 8 x 10 steps were used to guarantee the
system equilibration, and the remaining steps were implemented to
obtain the desired thermodynamic properties.

CO3 and CyH; were modeled as rigid linear molecules, and CoH4 was
modeled as a rigid three-site model, including two CH; groups and one
pseudoatom at the center of mass (COM) [44-46]. For Bi-MOFs, the
universal force field (UFF) [47] and Dreiding force field [48] are used for
metal and non-metal atoms, respectively. Details of force field param-
eters and atomic partial charges for adsorbates and MOFs are provided
in Table S3 and Fig. S2. In addition to the force field validation
demonstrated in our previous work [27,49,50], the force field parame-
ters have also been extensively employed in reproducing experimental
adsorption isotherms and conducting mechanism analysis for synthe-
sized MOFs [51-54], making performance prediction [55-59], and
providing theoretical guidance for the rational design and synthesis of
MOFs [60-63]. The cross-interaction parameters between different
atoms were calculated by Lorentz-Berthelot mixing rules:

&5 = /&g, 05 = (0, + 0;)/2 (4)
For binary mixtures, the adsorption selectivity (S;/;) of component i

over component j was derived from:

xi/X;

Vil

Sy = 5)

where x; (x;) and y; (y;) are the molar fractions of component i (j) in
adsorbed phase and bulk gas phase, respectively.

3. Results and discussion
3.1. Structural analysis and performance prediction

Fig. 1h shows that carbonyl and functional groups are distributed
diagonally in channels, making the surface structure and chemistry
differ significantly across various Bi-MOFs. In Bi-MOF-CHO/-COOH/
—NO3 shown in Fig. S3b—d, the distances between O.cno,-No2/-cooH (i-€.,
atom X) and 01/02 from carbonyl groups are 6.10 ~ 6.29/5.14 ~ 5.30
A, larger than those in Bi-MOF-F/-Cl/-Br/-I (5.33 ~ 5.57/4.27 ~ 4.90 A
for X-01/02; see Fig. S3e-h). Oppositely, the X-O3 and X-O4 distances
in Bi-MOF-CHO/-COOH/-NO are 7.00 ~ 7.03 and 7.75 ~ 7.78 A,
respectively, smaller than those in Bi-MOF-F/-Cl/-Br/-I (7.69 ~ 8.29
and 8.23 ~ 8.71 A). Therefore, a plumper region by carbonyl and
functional groups can be formed in Bi-MOF channels modifying with
—CHO, -NO., and -COOH, as compared to the situation of the halogen
substitution (Fig. 1h). In addition to facilitating interaction with COs,
these plump spaces in Bi-MOF-CHO/-COOH/-NO; are expected to favor
multiple-site recognition of linear CoHy but not for plane CoHy, as
comparing the X-03/04 distances (7.00 ~ 7.78 .7\) with the dimensions
of the molecules (Table S1).

Owing to the crucial importance of structural stability in practical
applications, we explored the stability of Bi-MOFs from the following
aspects. First, the Bi-O bond lengths of Bi-MOFs (2.13 ~ 2.22 ;\) are
similar with those in synthesized SU-101(Bi) (2.1 ~ 2.3 10\) and shorter
than those in reported carboxyl-based Bi-MOFs (2.4 ~ 2.8 A) [30]. This
indicates the strong metal-ligand bond strengths resulting in good
thermodynamic stability of Bi-MOFs. Second, the cohesive energy (Econ)
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Fig. 2. The comparison of Ry, values for CO,, CoH,, and CoH4 adsorption in Bi-
MOFs. Rp = In(2D/Dyc), where D represents the DFT-calculated equilibrium
distance between gas and framework (see Fig. S5 for details) and Dy is the
largest cavity diameter of corresponding Bi-MOF (Table 1) (Rp > 0: repulsive
adsorption; Rp < 0: attractive adsorption).

values of Bi-MOFs are calculated to be 6.8-6.9 eV/atom (Table 1), which
are comparable to or even larger than that of many stable MOFs, such as
Zn-BTC (6.93 eV/atom) [64], Zr-MOF-525 (5.36 eV/atom) [65], and Hf-
MOF-525 (5.47 eV/atom) [65], revealing the good stability of these Bi-
MOFs. Next, the negative formation energy (Eform) (—2.50 ~ —2.66 eV/
atom) of Bi-MOFs is comparable to that of synthesized SU-101(Bi)
(-2.64 eV/atom), suggesting their formation is thermodynamically
favorable (Table 1). Finally, AIMD simulations were performed to prove
the good thermal stability of Bi-MOFs, showing the structural integrity
of Bi-MOFs could well maintain at 300 K, and meanwhile, the energy
only fluctuated over time in a narrow range (Fig. S4).

We have previously explained the opposite adsorption properties for
CO4 (attractive) and CpHy/CoHy (repulsive) in SU-101 materials by
comparing adsorbate-Ocarbonyl distances with channel radius [27]. To
roughly estimate the adsorption property for gas separation, we define
Rp = In[D/(D1c/2)] = In(2D/Dyc), where D represents the minimum
equilibrium distance of the gas molecule at surface adsorption sites and
Dy is the largest cavity diameter of corresponding adsorbent. If Rp > 0,
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the gas tends to be adsorbed repulsively, otherwise it will be attractively.
As shown in Fig. 2, the Rp values in Bi-MOF-H and Bi-MOF-F follow the
order of Rp(CO,) < Rp(CoHy) ~ Rp(CoHy) < 0, showing the attractive
adsorption for the three gases; while in Bi-MOF-Cl/-Br/-I, the opposite
order of Rp(CO3) > Rp(CoHy) ~ Rp(CaH4) > 0 shows the repulsive
adsorption for the three gases; and the close Rp values together with no
strong attractive adsorption of specific gases indicate that it is hard to
distinguish the three gases with above Bi-MOFs. For Bi-MOF-CHO/
—COOH/-NO,, however, the larger divergence of Rp values for CO»
(-0.04 ~ 0.00), CoH> (0.18 ~ 0.28), and CyH4 (0.30 ~ 0.43) not only
demonstrates the attractive adsorption for CO, and repulsive ones for
CoHy/CoHy, but also predicts the different affinities toward the three
gases as well as the potential for CO,/CoHy/CoHy separation.

3.2. Single-component gas adsorption

Fig. 3a—c presents the absolute adsorption isotherms of CoH4, CoHo,
and CO; in Bi-MOF materials at 298 K, together with those of Bi-based
SU-101 for comparison. We can find that all the adsorption isotherms
exhibit the Type-I adsorption character. The substitution of ligand L2
(Bi-MOF-H) for L1 (SU-101) could significantly and slightly enhance
CoHy and CoHy adsorption, respectively, but negligibly affects CO5
adsorption. The CoH4/CoHo/CO- uptakes at 100 kPa are changed from
58.5/138.4/145.0 cm®/cm® (SU-101) to 91.2/131.5/147.2 cm®/cm®
(Bi-MOF-H), exhibiting a similar increase trend of the adsorption iso-
therms in the two materials. Except CO, adsorption in Bi-MOF-F, the
functionalization of ligand L2 can greatly impact the adsorption of COo,
CoHj, and CoH4 in Bi-MOFs, giving a gentler increase trend in the
adsorption isotherms, through enhancing and suppressing the adsorp-
tion uptakes at the low and high pressures, respectively.

Fig. 3a shows that functionalization in Bi-MOFs slightly enhances
CoHy adsorption at low pressures, but decreases it mildly at high pres-
sures, with the uptakes of 4.7 ~ 10.7 cm®/cm® at 1 kPa and 71.2 ~ 82.0
em®/cm?® at 100 kPa. For CoH, adsorption (Fig. 3b), Bi-MOF-CHO shows
the largest uptake of 56.6 ~ 81.8 cm3/cm? between 1 ~ 100 kPa, while
other functionalized Bi-MOFs exhibit lower uptakes (9.6 ~ 18.8 cm®/
cm?) at low pressures and comparable uptakes (72.1 ~ 92.1 cm®/cm®) at
high pressures. For CO2 adsorption (Fig. 3c), Bi-MOF-CHO exhibits the
largest uptakes (77.1 ~ 147.7 cm®/cm®, 1 ~ 100 kPa), followed by Bi-
MOF-NO3 (16.1 ~ 129.1 cmg/cmg) and Bi-MOF-COOH (33.7 ~ 114.7
em®/cm®). Bi-MOF-F exhibits similar uptake-pressure relation as Bi-
MOF-H for CO, adsorption (5.9 ~ 147.0 cmg/cmB), while introducing
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Fig. 3. (a—c) Adsorption isotherms of CyH4, CoHa, and CO, in SU-101 and Bi-MOF materials at 298 K and up to 100 kPa. (d) The mass densities of adsorbed CO,,
C,H,, and CyH,4 at 298 K and 100 kPa in Bi-MOF materials obtained based on framework volumes. (e) The uptakes of CO,, CoH,, and CoH4 at 298 K and 1 kPa as a
function of initial affinity (Qs) for Bi-MOF materials. Note that 1 cm®/em?® is equal to 1 cc/cc.
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ratio for equimolar CO,/CyH4 and CoH,/CoHy between functionalized Bi-MOFs and other top-performance MOFs at atmospheric temperatures [11,25-27,69-78].

-Cl, -Br, and -I decreases the CO5 uptakes with values between 3.4 ~ 8.9
cm®/cm® (1 kPa) and 95.7 ~ 110.3 cm®/cm® (100 kPa). The mass
densities of adsorbed gases based on framework volumes in the Bi-MOF
frameworks are calculated to intuitively display the adsorption ability of
Bi-MOFs (Fig. 3d), with the values of 0.20 ~ 0.29 g/cm3 for CO5 and
0.09 ~ 0.15 g/cm3 for CoHy and CoHy at 100 kPa. The ultrahigh CO4
adsorption densities in Bi-MOFs are comparable to those of the com-
pressed COy at 6000 ~ 8000 kPa and room temperature [66]; the
adsorption densities of all three gases are two orders of magnitude
higher than those at standard temperature and pressure (1.98 x 107,
1.16 x 1073, and 1.25 x 107> g/em® for CO,, CyHy, and CoHy) [67],
revealing the efficient dense packing of gases in Bi-MOFs. During the
CoHy4 production process, traces of impurity CoHy are always produced
inevitably, which can poison Ziegler-Natta catalysts and lower the
quality of downstream products obtained from CyH4 polymerization
[68,69]. To meet the requirement, CoHy as the feedstock should be
subjected to pre-purification so that the content of CoHy becomes less
than 40 ppm [68,69], which drives us to perform GCMC simulations
below 1 kPa. Fig. S6a—c shows the CO, and CyH; uptakes are larger than
that of CoHy in Bi-MOF-CHO/-COOH/-NOs in 2 ~ 1000 Pa. In partic-
ular below 4 Pa (Fig. S6d—f), compared with almost zero CoH4 adsorp-
tion, only Bi-MOF-CHO exhibits significant adsorption for CO, and
CoH,, showing the potential for CO/CoH4 and CoHa/CoHy separation.

Fig. 3e shows that the adsorption heats (Qg) of gases in Bi-MOFs are
positively correlated with their low-pressure uptakes. Among all Bi-
MOFs, Bi-MOF-CHO exhibits the largest low-pressure uptakes and Qs
(in cm®/cm?® and kJ/mol) in sequence of CO3 (77.1/48.2) > CoHs (56.6/
46.2) > CyH4 (10.7/34.6); Bi-MOF-COOH shows the similar sequence
CO,(33.7/43.6) > C2H; (18.5/40.6) > CoHy4 (6.4/30.6), and the order in
Bi-MOF-NOg is CO2 (16.1/38.8) ~ CaH; (16.6/38.5) > CaH4 (6.2/30.7).
Halogen-modified Bi-MOFs show better adsorption performance for
CoHy than COy and CaHy (see details in Fig. S7), but in general, the
difference between the three gases is very small for both the uptakes and
Qs values, consistent with the prediction shown in Fig. 2. To sum up, Bi-
MOFs-CHO/-COOH/-NO, differs greatly in adsorption abilities for
CoHy, CoHg, and CO4 and shows potential separation performance for
COZ/C2H4, C2H2/C2H4, and COz/Csz.

3.3. Separation of gas mixtures

To evaluate the separation performance of Bi-MOFs, GCMC simula-
tions were performed for CO2/CyH4, CoHa/CoHy, and CO2/CoHy mix-
tures at 298 K (Figs. 4 and S8). Compared to SU-101, Bi-MOF-H exhibits
significantly decreased selectivities of CO3/CoHy and COy/CoHy, with
values of 3.7 (3.4) and 3.0 (7.9) under 50/50 (1/99) and 100 kPa.
However, this disadvantage can be modified by ligand functionalization.
Introducing -CHO/-COOH/-NOy, efficiently improves the separation of
CO, from CyH4 and CoHo, well consistent with the fact that ~-CHO/
—COOH/-NO3 can enlarge the difference in adsorption amounts be-
tween different components from equimolar CO2/CaH4 and CO2/CoHs
mixtures (Fig. S9b-d). Unlike SU-101 beneficial for CO5/CoH; separa-
tion [27], Bi-MOF-CHO/-COOH/-NO; is more conducive to separate
CO9/CyH4 and also shows additional CyHy/CoHy4 separation perfor-
mance, which is the key improvement of our new materials for one-step
CoHy purification. However, introducing halogen groups leads to only a
negligible or even negative effect on CO2/CyH4 and COy/CoH; separa-
tion, and completely fails to separate CoHo/CoHy. Besides, the selectivity
of binary mixtures is not substantially dependent on the component
ratios, but varies differently for different mixtures, especially under 1/
99, showing a nearly linear increase relation with pressure for COy/
CoHy, ramp-up tendency for CO2/CyHp, and ramp-down for CoHy/CoHy.

At 100 kPa, Bi-MOFs modified with -CHO, -COOH, -NO,, and
halogen exhibit equimolar CO5/CyH4 selectivity of 58.6, 10.6, 10.3, and
2.1 ~ 4.3, respectively, and slightly increase to 64.5, 14.2, 7.5, and 1.7
~ 3.9 under 1/99. In Bi-MOF-CHO/-COOH/-NO,, the CoHs/CoH4 se-
lectivities are 11.8/3.1/2.2 (50/50) and 11.5/2.7/2.1 (1/99) at 100 kPa.
Besides, the functionalized Bi-MOFs only show moderate CO3/CyHgz
separation performance, with the selectivity no more than 7.7 at 100
kPa, except for Bi-MOF-CHO (21.5) under 1/99 (Fig. S8). We also
calculated the IAST selectivity of Bi-MOF-CHO/-COOH/-NO; based on
single gas adsorption isotherms in Fig. 3a—c, and found that the IAST
selectivity of equimolar COy/CoHy and CoHy/CoHy (Fig. S10) is highly
consistent with the GCMC calculated results (Fig. 4a,d), whether in the
growth trend or in the range of values. As is well-known, light hydro-
carbon mixtures always contain contaminants, such as hydrogen sulfide
(H2S) [59], which not only has a great harm to the human health even in
very low concentrations (300 ppm), but also deactivates the catalysts
and corrodes the equipment [79]. The calculated adsorption uptakes of
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Fig. 5. (a, b) The selectivity of CO,/CyH, (Solid ball)
and C,H,/CyH,4 (Open ball) from ternary 1/1/98 and
1/9/90 C,H,/CO5/CoH4 mixtures in Bi-MOF-CHO/
—COOH/-NO, at 298 K. (¢, d) Transient break-
through simulations for 1/1/98 and 1/9/90 CyHy/
CO5/CyH,4 mixtures in the fixed bed packed with Bi-
MOF-CHO at 298 K. The continuous solid lines
represent simulations in which due account is taken
of diffusional influences. The dashed lines are the
simulations in which diffusional influences are
considered to be negligible.
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ternary HyS/CO4/CoHy4 and HoS/CoHy/CoHy mixtures at 298 K (Fig. S11)
show that HjS has little influence on adsorbate uptakes in Bi-MOF-CHO/
—COOH/-NO;, during the separation processes of CO2/CoH4 and CoHy/
CoHy; and Bi-MOF-CHO/-COOH/-NO; only adsorb a small amount of
H,S during the separation processes.

Among all Bi-MOFs, Bi-MOF-CHO shows the largest equimolar COy/
CoHy selectivity (58.6, 100 kPa), which is only lower than benchmark
MUF-16 materials (130 ~ 600) [70], but sits above most other COy/
CoHy-separation-used MOFs, such as Qc-5-Cu (39.95, 1/99) [11], Zn
(5NO2-ip)(dpe) (14.56, 1/99) [71], and SU-101(Al) (8.3) [27] (see
Fig. 4c). As shown in Fig. 4f, Bi-MOF-CHO also shows a higher CoHa/
CoHy selectivity (11.8, 50/50) than many famous MOFs, such as NOTT-
300 (2.3) [72], SIFSIX-2-Cu (5.0) [73], and Fe-MOF-74 (2.1) [74], but
lower than the top-performance MOFs including [Sc(Hpzc)(pzc)] (43.6)
[75], SIFSIX-2-Cu-i (41) [73], and ZU-62-Ni (37.2) [76]. Despite supe-
rior separation performance for binary mixtures, the reported adsor-
bents may be challenging to separate CoH4/CoH2/CO2 mixtures through
a single material [24]. For example, MUF-16 materials can separate
CO4/CyH4 efficiently but show comparable adsorption performances for
CoHy and CoHs [70]. Unexpectedly, Bi-MOF-CHO/-COOH/-NO», espe-
cially Bi-MOF-CHO, could simultaneously separate CO2/CyHs, CoHy/
CyH,4, and COy/CyH,, showing the potential of one-step CaH4 purifica-
tion from CyHy4/CoHy/COo mixtures.

In order to show directly the separation performance of Bi-MOF-
CHO/-COOH/-NO,, we also performed GCMC simulations for two
ternary CpHy/CO2/CoH4 (1/1/98 and 1/9/90) mixtures, which are
generally presented in oxidative coupling of methane [80,81]. Fig. 5a,b
shows the selectivity of CO2/CoH4 and CoHy/CoHy calculated from the
ternary mixtures is strictly analogous to that from the binary mixtures
(Fig. 4), which predicts Bi-MOF-CHO the best-performance adsorbent,
followed by Bi-MOF-COOH and Bi-MOF-NO,. For the 1/1/98 CyHy/
CO,/CoH,4 mixture, the selectivities of CO5/CoHy (70.5/15.0/7.5, 100
kPa) and CoHo/CoHy (12.5/2.6/2.2, 100 kPa) in Bi-MOF-CHO/-COOH/
-NO, are comparable to those of 1/99 binary mixtures (Fig. 4b,e).
Changing the ratio of gases to 1/9/90, the selectivity of Bi-MOF-CHO/
—COOH/-NO; changes to a small extent, with the values of 52.1/12.8/
8.5 (CO,/CyHy) and 15.3/2.7/2.8 (CoHy/CoHy) at 100 kPa.

Transient breakthrough simulations for CyHy/CO2/CoHy (1/1/98

100 200 300 400 500 600
Qyt/m ,, (L/kg)

and 1/9/90) mixtures on Bi-MOF-CHO/-COOH/-NO, in a fixed bed
were carried out at 298 K and P, = 10° Pa total pressure, with the
methodology described in earlier works of Krishna [82,83]. Only a brief
description of the breakthrough simulations is given in Section S2. The
simulations show that in all three Bi-MOFs, CoHy is first detected at the
outlet, followed by CoHs, and COs is retained in bed for the longest time
(Figs. 5¢,d, S14, and S15), in accordance with the sequence of the uptake
abilities (Fig. 3a—c); also, intra-crystalline diffusion is expected to affect
adversely the productivity of purified CoHg4, because it shortens the time
intervals between the breakthrough points of CoH4 and CaHp. Consid-
ering the intra-crystalline diffusion, the time interval in Bi-MOF-CHO is
the maximum; and the productivities of polymer grade CpHy
(>99.996%) for 1/1/98 and 1/9/90 C,H,/CO,/CoHy4 mixtures are also
the largest, with the values of 6.1 mol/kg (400.41 cm®/cm®) and 5.2
mol/kg (341.33 em3/cm®), respectively, showing the best one-step CoHy
purification performance, among the three Bi-MOFs simulated
(Tables S8 and S9). The CoHy4 productivity of Bi-MOF-CHO under 1/9/
90, the most reported ratio for CoHy/CO2/CoH4 separations, is only
lower than the top-performance MOFs, such as ZNU-6 (13.81 mol/kg or
367.39 cm®/cm®) [26], but is higher than most reported materials
[24,26,80] (Table S10). Note that if volumetric productivities are
considered (important for separator sizes), Bi-MOF-CHO shows a more
obvious advantage (see Table S10), due to the higher density of Bi-
containing MOFs with ultramicropores (Table 1).

3.4. Packing pattern for single-component gases and gas mixtures

From the snapshots in Fig. 6, COy, CoHg, and CoHy4 all tended to
adsorb on channel surfaces in Bi-MOF-H, verifying the attractive
adsorption predicted in Fig. 2. Besides, the relative concentration of
three gases showed only one broad peak in Bi-MOF-H channels along the
a-axis (Fig. 6a—c). As shown in Fig. 6d,e,g—j, some CO3 (CoHy) molecules
are parallelly adsorbed on channel surfaces through Cco,-Ocarbony! (C-
H---Ocarbony! hydrogen bonds) interactions, and the remaining molecules
interact with other framework atoms and adsorbed CO5 (CoHs) mole-
cules. The Ocarbony! site plays a crucial role in the CO2 (C2Hz) adsorption
in Bi-MOF-H, mirrored also by the obvious g(r) peaks in Fig. 7a,b. While
CoHy is just adsorbed through weak non-Coulomb interactions (or vdW
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Fig. 6. The adsorption of CO,, CoH,, and C,Hy in Bi-MOF-H at 298 K and 100 kPa. (a-c) Relative concentrations, (d-f) adsorption configurations, and (g-1) snapshots

in channels from GCMC simulations (Top view: g, i, and k; Side view: h, j, and 1).

interactions) without forming any specific adsorption configuration
(Fig. 7c¢). To sum up, ligand substitution does not affect the packing
pattern of CO4 obviously but brings significant changes to CoHy/CoHy
adsorption, when compared with SU-101(Bi), in which CyHy/CoHy
gathers in channel centers accompanied by strong g(r) peaks between
C2Hy/CoHg and Ocarbonyl atoms [27].

After functionalization (Figs. 8 and S16), CO, molecules were still
adsorbed on channel surfaces, while the relative concentration exhibited
two narrow peaks in channels along a-axis (Fig. 8a); CoHy and CoHy

arranged orderly and nearly parallelly in two rows, also showing two
narrow peaks (Fig. 8b,c). From Figs. 7d and S17a,d, the distances be-
tween CO; and ~-CHO/-NO2/—-COOH are smaller than those at carbonyl,
revealing the stronger CO» affinity of -CHO/-NOy/—COOH. This is due
to the high electronegativity as well as easier access of O.cro,/-No2/-cooH
atoms. However, halogen sites show the weakened CO; affinity with
larger distances towards CO than those at carbonyl groups, owing to the
smaller number of electrons in halogen atoms (Table 1).

CaH; and CyH, tend to bridge a Ocarbonyl @and its opposite functional
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Fig. 7. Radial distribution functions (RDFs) of CO,, CoHs, and CoHy in (a-c) Bi-MOF-H and (d-f) Bi-MOF-CHO at 298 K and 100 kPa.

group through multiple hydrogen bonds shown in Fig. 8e,f. By consid-
ering snapshots and RDFs (Figs. 7e, 8, and S17), the CyHy affinity of
various bonding sites follows the same order as CO, adsorption: -CHO/
-NO,/-COOH > carbonyl > halogen sites, also attributed to the charge
differences between functional-group electronegative atoms. For CoHy
adsorption, there is no g(r) peak at carbonyl and functional groups for all
Bi-MOFs, except for a weak g(r) peak at O.cyo site in Bi-MOF-CHO
(Figs. 7f and S17). Because the distances between carbonyl and func-
tional groups (i.e., dx.03/04 > 7 A, Fig. S3) can better match the molecule
size of linear CoHy (5.7 A, Table S1) to generate a multiple-site recog-
nition, but not suitable for CoH,4 due to the smaller molecule size (4.8 A)
in plane structure.

For the snapshots of CO2/CoH4 (Fig. S18b-d), introducing -CHO/
-NO,/-COOH largely enhances the competitive adsorption for COo,
while suppresses the CoH,4 adsorption in same regions. This is signifi-
cantly different from that in SU-101, in which CO5 is adsorbed on
channel surfaces but CoH4 accumulates at channel centers [27]. For
CoHy/CoHy separation (Fig. S19b—d), the most ordered arrangement of
CoHy molecules and the shorter CoHa-Ogyrface distances (1.7 ~ 3.0 10\)
ensure the best CoHy/CoHy separation performance of Bi-MOF-CHO.
What’s important, the efficient separation of Bi-MOF-CHO/-NO2/
—-COOH for COy/CoH,4 and CyHy/CoHy successfully verifies the predic-
tion of divergent Rp values in Fig. 2. To sum up, Bi-MOF-CHO/-NOy/
—COOH can effectively purify CoH4 from CoHy and CO5 through one
adsorbent, with Bi-MOF-CHO the most preferred.

3.5. Mechanisms in adsorption and separation processes

DFT calculations were performed to understand the influence of
functional groups on the adsorption and separation properties of Bi-
MOFs. In Bi-MOF-CHO/-COOH/-NO3, (Fig. 9b-d), the high electroneg-
ativity of surface O atoms (—0.44e ~ —0.58e) and ultramicroporous
channel sizes facilitate multiple strong CO2-framework interactions and
CO,-CO4, interactions; besides, the suitable distances between carbonyl
and -CHO/-COOH/-NO;, (i.e., dx.02/03 = 5.14 ~ 5.30/7.00 ~ 7.03 10\,
Fig. S3) guarantee sufficient free space to adsorb CO5 molecules for each
Ocarbonyl/ OFunctional atom. All of these factors result in high CO2
adsorption energy (59.2 ~ 66.4 kJ/mol) and the increased CO, uptakes
with pressure (Fig. 3c) in Bi-MOF-CHO/-COOH/-NO>. In contrast, the
low charge of -Cl/-Br/-I (—0.03e ~ —0.10e) and small distances to O2
atoms (4.27 ~ 4.56 A, Fig. S3) force CO, adsorbed with the Ocarbo-
nyl-Cco, -~-halogen configuration, resulting in lower AEq4(CO>) of 47.9
~ 53.7 kJ/mol (Fig. 9f-h); -F site shows the smallest AE,4(CO2) of 43.1
kJ/mol. For CpHy adsorption, the Ocarbonyl---H-C=C-H---Xpunctional
configuration offsets the negative effect of pore size limitation,

predicting the moderate enhancement of CoHy adsorption in Bi-MOFs
except for Bi-MOF-CHO at low pressures (Fig. 3b).

Considering the Rp(CoHy4) values larger than Rp(CoHy/COs3) in Bi-
MOF-CHO/-COOH/-NO, (Fig. 2), we further analyzed the interactions
between gases and Bi-MOFs shown in Fig. S20. Coulomb interaction of
gas-framework plays a major role in CO, and CyHy adsorption in Bi-
MOF-CHO/-COOH/-NO,, owing to the stable adsorption configurations
formed at surface functional groups. However, CoH4 adsorption is
mainly dependent on non-Coulomb interaction (Fig. S20c), explaining
almost no g(r) peak during CoH,4 adsorption and minor differences in
CoHy4 uptakes of functionalized Bi-MOFs (Fig. 3a); similar phenomenon
also happens in CH,4 adsorption using MOF adsorbents [57,84]. More-
over, ignoring Coulomb interaction of gas-framework would lead to a
dramatic decrease of the CO,/CoH> selectivity (<2.5) and even reverse
the CO2/CoH4 and CoHy/CoHy separation (Fig. S20d-f), showing the
importance of Coulomb interaction. In conclusion, introducing -CHO/
-COOH/-NO> in Bi-MOFs can greatly facilitate the selective capture of
CO5 and CyHj from CyHy/CoHy/CO2 mixtures through precisely regu-
lating the channel size and surface structure/electronegativity, thus
realizing one-step CoHy purification from ternary mixtures successfully.

4. Conclusion

In summary, Bi-MOFs modified with -CHO, -COOH, -NOy, -F, -Cl,
-Br, and -I have been evaluated for CO5/CoHy, CoHy/CoHy, and COs/
CoHy separations by GCMC and DFT. These Bi-MOFs exhibit good
thermodynamic and thermal stability, and realize precise regulation of
channel sizes and surface structures/electronegativity through func-
tional groups. Among them, introducing -CHO, -COOH, and -NO; can
enlarge the difference of adsorption amounts between CO5, CoHs, and
CoHy, i.e., (1) a large enhancement for CO5 owing to multiple and strong
COo-framework interactions and CO,-CO, interactions; (2) moderate
enhancement for CoH; due to optimal channel structure and rich O sites;
(3) negligible influence on CyH4 adsorption, in which non-Coulomb
interaction of CyHy-framework dominates. Thus, Bi-MOF-CHO/
—COOH/-NO;, realizes efficient separation for CO2/CyHy4, CoHy/CoHa,
and COy/CoHy and, among them, Bi-MOF-CHO possesses the highest
selectivity of 58.6, and 11.8, and 7.7 under 50/50 and 64.5, 11.5, and
21.5 under 1/99 at 298 K and 100 kPa, indicating its potential appli-
cation in one-step CoHy4 purification. Breakthrough simulations confirm
the excellent one-step CoHy purification performance of Bi-MOF-CHO,
and the productivities of polymer grade CoHy (>99.996%) for 1/1/98
and 1/9/90 CaH,/CO2/CoH4 mixtures are 6.1 mol/kg (400.41 cm®/em®)
and 5.2 mol/kg (341.33 cm®/cm®), respectively. This work emphasizes
the importance of precise channel-structure and surface-chemistry
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regulation in Bi-MOFs for separating CoH4/CoH3/CO2 mixtures, which
will guide the development of multifunctional adsorbents for one-step
CoH4 purification.
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Section S1 Molecular dynamics (MD) simulation details

MD simulations were performed to analyze the diffusion behavior between gases and
functionalized Bi-MOFs, including mean square displacement (MSD) and diffusion
coefficient (see Figs. S12 and S13). All simulations were carried out by BIOVIA
Materials Studio software package. In the first step, the energy and geometry of the
total systems of adsorbates and adsorbents obtained from GCMC calculation were
optimized using the Forcite module. The UFF force field was applied for all
optimization. Ewald and Atom-Based integration method were applied for modeling
and calculation of the electrostatic and van der Waals energy potential at constant
temperatures. In order to reach the equilibrium state, Canonical ensemble (NVT) was
initially applied for 500 ps on systems. Micro-Canonical ensemble (NVE) was applied
on systems for 5 ps to reach the equilibrium.

MSD is the deviation of a particle’s position towards a referenced position over time,

which can be calculated using the following equation:

MSD——z[x ~x,(0)]

Nn=1
where N is the number of particles to be averaged, x,(0) is the referenced position of
each particle and xn(t) is the specific position of a particle at time t.

The diffusion coefficient can be calculated using the following equation:

2

D= lim 23 (x,(1)-x,(0))

Where % represents the slope of MSD curve.



Section S2 Transient breakthrough simulations

Transient breakthrough simulations were carried out for the same set of operating
conditions as in the experimental data sets, using the methodology described in earlier
publications [1-5]. To demonstrate the separation capabilities of Bi-MOF-CHO, Bi-
MOF-NO2, and Bi-MOF-COOH, we performed breakthrough simulations for 1/1/98
C2H2/CO2/CyH4 and 1/9/90 C2H2/CO,/C2Ha ternary mixtures at 298 K and Py = 10° Pa
total pressure. We considered the influence of intra-crystalline diffusion, and the intra-
MOF diffusivities used for C2Hz, CO, and C2H4 were determined from MD simulations
(Fig. S13). The radius of the crystallites used in the simulations re = 2 mm.

Breakthrough simulations were performed with following parameters: the adsorber
length, L = 0.3 m; the cross-sectional area, A = 1 m?; the interstitial gas velocity in the
packed bed, v = 0.1 m/s; the voidage of the packed bed, £ = 0.4; the superficial gas
velocity at the inlet to the packed bed, uo = 0.04 m/s; the volumetric flow rate of the gas
mixture at the inlet, Qo = 40 L/s. The total volume of the packed bed is Vped = LA. The
volume of Bi-MOFs in the packed bed is Vags = LA(1-¢) = 0.18 m®. The mass of Bi-
MOFs in the packed bed is mags = pLA(1-£), where pis the crystal density of Bi-MOFs
(see Table 1 in the main text).

The mixture adsorption equilibrium were determined using the Ideal Adsorbed
Solution Theory (IAST) of Myers and Prausnitz [7]; the unary isotherm data used are
based on molecular simulations (Fig. 3a-c in the main text).

The breakthrough data (Figs. S14, S15, and Fig. 5¢,d in the main manuscript) are
presented in terms of the dimensionless concentrations at the exit of the fixed bed,
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C;/Ci , as function of the modified time parameter

(Q, =flowrate L's™)x(timeins) Qg

=L kg™.
(kg MOF packed in tube) m g

ads

The objective of the simulations is to demonstrate that Bi-MOFs are capable of one-
step purification of CoH2/CO2/CoHa mixtures to produce CoHs that fulfils the purity
requirement of the feedstock to polymerization reactors. Industry demands that C2H:
be present in concentrations below 40 ppm; this translates to a CoHa purity of >99.996%
(polymer grade CoHi) [6]. Based on the breakthrough data, we can gain the

productivities of polymer grade C>H4 by doing the calculations as shown in Fig. S2-1.

1.4
C,H,/CO,/C,H, (V,/Vy/Vy)
1.2 1
! T~ ® Determine the integral upper limit
10 ! _
r'. Oytg/m g, :
]
g 87 i Vi%XScom
Q" 0.6 : 0, 0 <40 ppm
© T Scamg | —Co, Vi%XS ot V3% XS con,
0.4 | —CH,
1
! —CH,
0.2 i ® (Calculate the C,H, productivity:
|/~ Breakthough p6int (C,H,)
Loy S Vi%X%S oyt V3 %% Scong
0 200 400 600 800 1000 1200

(Qotg/m 40 (Qyt / m,) I L kg

Fig. S2-1 Simulated breakthrough curves of a representative adsorbent for
C2oH2/CO2/CoH4 (V1/V2/V3) mixtures. Sconz (Scona) represents the CoH2 (C2Hs) amount
in the outlet leaving fixed-bed adsorbers, which is the integral of Ci/Cio between 0 and
Qots/Mads. The integral upper limit Qots/mags is determined by the condition of the CoH2

impurity below 40 ppm.



The calculated productivities of polymer grade C,Hs are listed in Tables S8 and S9. It
is clear that the productivity of purified C2Hg is adversely influenced by intra-crystalline
diffusion in all the tree Bi-MOFs, which accounts for relatively flat breakthrough curves
due to the slow diffusion within the channels. Considering the intra-crystalline diffusion,
Bi-MOF-CHO is the best and excellent performing MOF, but the performance of both

Bi-MOF-NO2 and Bi-MOF-COOH are rather poor.



Section S3 Nomenclature

Latin alphabet

Ci molar concentration of species i, mol m
Cio molar concentration of species i in fluid mixture at inlet to adsorber, mol m™
B Maxwell-Stefan diffusivity for molecule-wall interaction, m? st

Mads mass of adsorbent packed in fixed bed, kg

L length of packed bed adsorber, m

Pt total system pressure, Pa

Qo volumetric flow rate of gas mixture entering fixed bed, m® s
re radius of crystallite, m

t time, s

u superficial gas velocity in packed bed, m s
v interstitial gas velocity in packed bed, m s
Greek alphabet

e voidage of packed bed, dimensionless

p framework density, kg m3

Subscripts

i referring to component i

t referring to total mixture



Table S1 Physical properties of CO», C2H», and CoHa [8, 9].

Molecules CO2 CzH: CoHs

Electrostatic potential m O

Dimensions (A%) 3.18>3.38>5.36 3.32>3.34>5.70 3.28>4.18>4.84
Kinetic diameter (A) 3.3 3.3 4.2
Quadrupole moment 4.3 3.0 15

(<10% esu cm?)
Polarisability (A3) 2.91 3.33~3.93 4.25
Boiling point (K) 194.7 189.4 169.5




Table S2 Crystal data and structure refinement for Bi-MOFs.

Bi-MOF-H Bi-MOF-NO> Bi-MOF-CHO

Chemical formula BizO(HzO)z(C13H40e) BizO(HzO)z(ClgHgogN) BizO(HzO)z(C14H407)

Formula weight 726.194 771.196 754.204
Crystal system Tetragonal Tetragonal Tetragonal
Space group P42 P42 P42
a(A) 19.2520 19.2444 19.2398
b (A) 19.2520 19.2444 19.2398
c(A) 5.10790 5.10796 5.10836
o (A) 90.0000 90.0000 90.0000
B (A) 90.0000 90.0000 90.0000
v (R) 90.0000 90.0000 90.0000
Volume (A3) 1893.20 1891.73 1890.96
Z 2 2 2




Table S2 Crystal data and structure refinement for Bi-MOFs (continued).

Bi-MOF-COOH Bi-MOF-F Bi-MOF-CI

Chemical formula BizO(HzO)z(C14H408) BizO(HzO)z(Cle,He,OsF) BizO(HzO)z(C13H306C|)

Formula weight 770.204 744.186 760.636
Crystal system Tetragonal Tetragonal Tetragonal
Space group P42 P42 P42
a(A) 19.2456 19.2518 19.2476
b (A) 19.2456 19.2518 19.2476
c(A) 5.11018 5.10893 5.11011
o () 90.0000 90.0000 90.0000
B A 90.0000 90.0000 90.0000
y (A) 90.0000 90.0000 90.0000
Volume (A3) 1892.77 1893.54 1893.15
z 2 2 2




Table S2 Crystal data and structure refinement for Bi-MOFs (continued).

Bi-MOF-Br Bi-MOF-I
Chemical formula Bi,O(H20)2(C13H306Br) Bi,O(H20)2(C13H306l)
Formula weight 805.086 852.086
Crystal system Tetragonal Tetragonal
Space group P42 P42
a(A) 19.2461 19.2415
b (A) 19.2461 19.2415
c(A) 5.11099 5.11233
a (R) 90.0000 90.0000
B(A) 90.0000 90.0000
y (A) 90.0000 90.0000
Volume (A3) 1893.17 1892.77
Z 2 2
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Table S3 Lennard-Jones parameters and atomic partial charges for adsorbates and

adsorbents [10-14].

Gas models Frameworks

Molecule  Atom o (A)  &(K) q (e) Atom o (A) g (K)
COz C 2.80 27.00 0.748 C 3.47 47.85

@) 3.05 79.00 -0.374 H 2.85 7.65

CaH> C 3.80 57.868  -0.278 ) 3.03 48.16
H 0.278 N 3.26 38.95

CoH4 CH> 3.72 83 0.85 F 3.09 36.48
COM -1.70 Cl 3.52 142.56
Br 3.52 186.18
| 3.70 256.63
Bi 3.89 260.66
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Table S4 Adsorption capacities of C2Hs, C2H2, and COz in Bi-MOF materials at 298

K and different pressures (in mmol/g).

Bi-MOF-H -CHO -COOH -NO. -F -Cl -Br -1
1 kPa CoHs 0.06 0.18 0.11 0.10 0.13 0.07 011 0.10
CoH2 0.05 0.95 0.31 027 032 024 023 0.14
CO2 0.07 1.30 0.56 027 010 0.06 013 0.13
100 kPa  CoH4 1.60 1.29 1.22 118 140 120 119 110
CoH2 2.30 1.38 1.28 125 158 125 118 1.08
CO2 2.58 2.49 1.90 213 251 167 175 143
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Table S5 Metrics relevant to equimolar CO2/C2H4 separation for Bi-MOFs in

comparison to typical CO»-selective MOFs at 298 K and 100 kPa reported until now.

Uptake of Qst of CO./CzH4
Adsorbent Pore size (A) Ref.
COy/CoHs®  CO2/CoHs®  selectivity
MUF-16 3.6~7.6 2.14/0.14 32/24.9 600° [15]
MUF-16(Mn) 3.6~7.6 2.25/0.37 36.6/- 150 ¢ [15]
MUF-16(Ni) 3.6~7.6 2.14/0.24 37.3/- 130° [15]
Bi-MOF-CHO 5.8 2.49/1.29 48.2/34.6 58.6 This work
Qc-5-Cu 3.3 2.48/0.74 36.2/23.1 39.95 ¢ [16]
Zn(5NOz-ip)(dpe) - 1.98/1.43 - 1456 ¢ [17]
Bi-MOF-COOH 6.0 1.90/1.22 43.6/30.6 10.3 This work
Bi-MOF-NO, 6.2 2.13/1.18 38.8/30.7 10.6 This work
SU-101(Al) 5.1 2.37/0.98 31.3/25.8 8.3f [18]
SU-101 6.6 2.40/0.97 34.3/24.4 8.1f [18]
Zn-atz-oba 3.2~4.4 2.50/2.03 29.0/27.0 1.33 [19]
Mg-MOF-74 10.2 8.86/8.03 - 1.13¢ [16]
ZNU-6 8.22~10.76 4.76/~4.7 37.1/~29.0 7.8¢ [6]
TIFSIX-17-Ni 3.6 2.1/0.3 37.8/27.4" 7¢ [20]
ZJU-197a 3.7~6.8 1.20/0.53 24.1/47.8 2.28°¢ [21]
F-PYMO-Cu 3.4 1.41/0.014 53.5/- 100.7 € [22]

2 Gas uptake (mmol/g). ® Qs at low coverage (kJ/mol). ¢ At 293 K. 9 Selectivity of CO2/CzH4 (1/99,

v/v). ¢ Uptake ratio of CO,/C,H4 at 100 kPa. f Calculated from Monte Carlo simulations.
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Table S6 Metrics relevant to equimolar CO2/C;H. separations for Bi-MOFs in

comparison to typical CO»-selective MOFs at 298 K and 100 kPa reported until now.

Uptake of Qst Of CO,/C2H>
Adsorbent Pore size (A) Ref.
COy/CoH, 2 CO/CoH P selectivity

Zn-ox-mtz 38 3.07/0.24 43.02/~38 1064.9 [23]
MUF-16 3.6~7.6 2.14/0.18 32/25.8 510° [15]
Cd-NP 3.2 2.58/0.43 27.7/- 85 [24]
MUF-16(Ni) 3.6~7.6 2.14/0.34 37.3/- 46° [15]
MUF-16(Mn) 3.6~7.6 2.25/0.43 36.6/- 31° [15]
Tm-MOF(la) ¢ 6.1 5.83/2.1 45.2/17.8 175¢ [25]
SU-101(Al) 5.1 2.37/0.88 31.3/24.8 15.5° [18]
SU-101(Ga) 55 1.80/0.69 27.7/23.5 111 [18]
[Mn(bdc)(dpe)] - 2.08/0.32 29.5/27.8 99 [26]
Bi-MOF-CHO 5.8 2.49/1.38 48.2/46.2 7.7 This work
SIFSIX-3-Ni 3.8 2.80/3.30 50.9/36.7 7.7¢ [27]
CD-MOF-2 48 2.67/2.03 67.2/25.8 6.1 [28]
SU-101 6.6 2.40/2.29 34.3/16.1 55 [18]
Bi-MOF-COOH 6.0 1.90/1.28 43.6/40.6 5.3 This work
Bi-MOF-NO, 6.2 2.13/1.25 38.8/38.5 4.9 This work
F-PYMO-Cu 3.4 1.61/0.89 53.5/35.9 3.7 [22]
CD-MOF-1 5.2 2.87/2.23 41/17.6 3.4 [28]
Zn-MOF " 5.7~7.8 34.61/1801  32.7/25.4 2.4 [29]
Tm-MOF(1a’) ¢ 6.2 6.21/5.25 32.7/26.0 1.65¢ [25]

2 Gas uptake (mmol/g). ® Qs at low coverage (kJ/mol). ¢ 293 K and 100 kPa. ¢ [Tm(OH-bdc)z(ps-
OH)2(H20):]. ¢ Selectivity of CO2/C,H, (1/2, viv). f Calculated from Monte Carlo simulations. ¢ 273

K and 100 kPa. " [Zn(atz)(BDC-Cl4)os]n. | Volumetric uptake (cm®/cm3)
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Table S7 Comparison of pore size, gas uptake, and IAST selectivity among reported

MOFs used in one-step C2H4 purification from ternary CO2/C2H2/CoHa mixtures.

Pore size Uptake 2 Selectivity °
Ref.
A CO/CoH2/CoHa  CO2/CoHs  CoHa/CoHa

Bi-MOF-CHO 5.8 2.49/1.38/1.29 58.6 11.8 This work
Bi-MOF-COOH 6.0 1.90/1.28/1.22 10.3 3.1 This work
Bi-MOF-NO> 6.2 2.13/1.25/1.18 10.6 2.2 This work
Zn-atz-oba 3.2~4.4 2.50/2.77/2.03 1.33 1.43 [19]
NTU-67 4.95 2.04/3.29/1.41 10.8 8.1 [30]
NTU-65 ¢ 5.5 3.55/3.85/0.10 - - [31]
TIFSIX-17-Ni 3.6 2.1/3.3/0.3 - 670.9 [20]
SIFSIX-17-Ni 35 2.3/3.3/0.6 - 506.4 [20]
ZNU-6 8.2~10.9 4.76/8.06/~4.7 7.84 ¢ 8.19¢ [6]

2 Gas uptake (mmol/g). ® IAST selectivity with the ratio of 50/50. ¢ Flexible MOF. ¢ Henry’s

selectivity.
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Table S8 Productivities of purified C2H4, containing less than 40 ppm impurity (C2H>)
for 1/1/98 C;H2/CO2/CoHs mixture separations with Bi-MOFs. The unit of

productivities are expressed in mol/kg and cm®cm? respectively.

Simulations including diffusion Simulations ignoring diffusion

in mol/kg in cm¥/cm? in mol/kg in cm3/cm?®
Bi-MOF-CHO 6.1 400.41 115 754.87
Bi-MOF-NO; 0.15 10.07 1.3 87.26
Bi-MOF-COOH 0.18 12.04 1.75 117.04
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Table S9 Productivities of purified C2H4, containing less than 40 ppm impurity (C2H>),
for 1/9/90 CzH2/CO./CoHs mixture separations with Bi-MOFs. The unit of

productivities are expressed in mol/kg and cm®cm? respectively.

Simulations including diffusion Simulations ignoring diffusion

in mol/kg in cm/cm? in mol/kg in cm3/cm?®
Bi-MOF-CHO 5.2 341.33 9.7 636.71
Bi-MOF-NO; 0.14 9.40 1.27 85.25
Bi-MOF-COOH 0.18 12.04 1.7 113.69
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Table S10 Comparison of C2H4 productivity from CoHo/CO2/CoHa (1/9/90) mixtures

among reported porous adsorbents.

C2Ha productivity

Crystal density (g/cm?) Ref.
inmol/kg  in cm¥/cm?

Bi-MOF-CHO 2.65 5.2 341.33 This work
ZNU-6 1.074 13.81 367.39 [6]
NTU-67 1.289 5.42 173.05 [30]
SIFSIX-17-Ni 2.47 - [20]
SIFSIX-2-Cu-i 1.247 2.40 74.13 [6]
Activated carbon 0.49 - [6]
Zeolite 5A 0.36 - [6]
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Fig. S1 Electrostatic potential maps of channel surface of Bi-MOF materials. The

isovalue of electron density distribution is 0.017 e/A3.
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Fig. S2
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Fig. S2 DFT-derived atomic partial charges (in e) of Bi-MOF structures.
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(e) Bi-MOF-F

Fig. S3 Structures of channel surfaces in Bi-MOF materials and the positional

relationship of various surface electronegative atoms. The relevant X-O distances (in

A) are listed in the below table.

-H -CHO -COOH -NO; -F -Cl -Br -1
X-01 5.59 6.10 6.23 6.29 5.57 5.45 5.40 5.33
X-02 5.10 5.14 5.26 5.30 4.90 4.56 4.43 4.27
X-03 8.49 7.02 7.03 7.00 8.29 7.97 7.85 7.69
X-04 8.79 7.75 7.78 7.78 8.71 8.51 8.43 8.23

X represents the H atom in Bi-MOF-H and the electronegative atoms (marked in the structure

diagram) from various functional groups exposed to channel surfaces. In Bi-MOF-NO;, X

represents the O atom named O1.no2. O1-O4 atoms are all from the carbonyl groups.
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Fig. S4 AIMD simulations of the total energy (black) and system temperature (blue) in
the process of Bi-MOF structural evolution. The insets are the snapshots of Bi-MOFs

at 5000 fs.
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Fig. S5 DFT calculated adsorption configurations and energies of CO2, CoHz, and C2Ha
at the electronegative atoms from ligand carbonyl and functional groups in Bi-MOF

materials.
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Fig. S6 Adsorption isotherms of C2Ha, C2H2, and CO; in Bi-MOF materials at 298 K

and different pressure ranges: (a-c) 2-1000 Pa; (d-f) 2-12 Pa.

24



Fig. S7
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Fig. S7 The isosteric heats of adsorption of CO2, C2H., and C2H4 in Bi-MOF materials

near zero-coverage at 298 K.
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Fig. S8
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Fig. S8 (a,b) CO./C2H: selectivity in Bi-MOFs at 298 K under 50/50 and 1/99 and (c)
comparison of the selectivity and corresponding uptake ratio at 100 kPa for equimolar

CO2/CzH2 between functionalized Bi-MOFs and other top-performance materials at

atmospheric temperatures (see details in Table S6).
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a) 140 b
(@) (b) r
,5,; 120 "E\ 120 -CHO
3 100+ ;f:' 100l
g 80 g sol
Z 60 o
e 2 oo}
g 40 *g 40l
= 20l = ol O__o—ooodlpooow
0k o L_o——o—0-00onoocommonmRd
1 10 100
Pressure (kPa Pressure (kPa
(¢) 140 e (d) 140 (Fe)
120 NO 120 Co0
o i o - H
g 100t 2 E 100}
& 80t & sof
= 2
3 60 E 60
g 40 £ a0
= 20] = 20}
113 oL
Pressure (kPa Pressure (kPa)
(e) 140 it () 140
G 120 F o 120+ cl
E 100} E 100}
"2 8ot & 80t
& o
o 60f S 60}
£ £
£ 40} 2 o}
= 20r = 20}
(1)3 1] ; .
1 10 100
Pressure (kPa Pressure (kPa
(g) 140 tka) (h) 140 L),
120 120 .
i -Br L -
g 100} g 100}
= 2
g sof "= 80}
g =
o 60F o 60
2 £
£ 40t £ 40t
= a0} 2 0l
Ok . 1 113
1 10 100
Pressure (kPa) Pressure (kPa)

Fig. S9 Adsorption amounts of component gases from equimolar CO2/C>H2 and

CO2/C2H4 mixtures in Bi-MOFs at 298 K.
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Fig. S10
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Fig. S10 IAST selectivity of Bi-MOF-CHO, Bi-MOF-COOH, and Bi-MOF-NO; for

equimolar mixtures based on single-component gas isotherms from GCMC simulations.

Langmuir-Freundlich fit parameters:
For calculating IAST selectivity, adsorption isotherms for CO2, C2Hz, and CoHa in

Bi-MOFs were first fitted to the single-site Langmuir-Freundlich model:

G

q=0Q, 1:’1}% where g is the gas capacity (mmol/g) at gas pressure (kPa); Qsat iS
1

the theoretical maximum gas capacities (mmol/g); bz is Langmuir-Freundlich constant
for site 1 (kPa); c1 is Freundlich exponent (dimensionless). Langmuir-Freundlich

fitting parameters are listed below:

Gas Qsat by C1
Bi-MOF-NO, CO. 2.27507 0.16993 0.90862
CzH: 1.37098 0.25655 0.79765
CaHy 1.28537 0.08849 1.03815
Bi-MOF-COOH CO; 2.05773 0.44981 0.66262
CzH: 1.28727 0.31856 1.19747
CaHy 1.27414 0.08566 1.20954
Bi-MOF-CHO CO; 2.84721 0.84827 0.45277
C2H: 1.37815 2.3383 0.76832
CzaH4 1.32013 0.15982 1.15486
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Fig. S11
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Fig. S11 Adsorption amounts of each component from CO2/C2Hs and CoH2/CoHa
mixtures containing trace amount of H.S in (a) Bi-MOF-CHO, (b) Bi-MOF-COOH,
and (c) Bi-MOF-NO; at 298 K and different pressures (10 kPa and 100 kPa). The molar
composition of H2S (0.002, 2000 ppm) was selected based on the prototypical examples
of real natural gas, biogas, and flue gases [32]. The ratios of CO2/C2H4/H2S and

C2H2/C2H4/H2S mixtures were 50/50/0.2 (100 kPa) and 5/5/0.02 (10 kPa) respectively.
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Fig. S12
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Fig. S12 Mean square displacement (MSD) vs mean simulation time diagrams for
diffusion of single-component C2H4, C2H2, and CO: in various functionalized Bi-
MOFs at 298 K.
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Fig. S13

(a) 400

300+

MSD (A?)

100+

(¢) 500

400

MSD (A?)

100+

200}

® CH,
A Co,

-CHO

0

100

lel(} 31IIII
Time (ps)

400

500

w

>

=
T

200

-NO,

0

100

200 300
Time (ps)

400

500

(b) 500
-COOH
400} A
A
% 300} P
= a
Z 200} A
= a
100} a
ote ) ) , , ,
0 100 200 300 400 500
Time (ps)

Fig. S13 Mean square displacement (MSD) vs mean simulation time diagrams for

diffusion of equimolar CO./C2H, mixture in -CHO, -COOH, and -NO- functionalized

MOFs at 298 K. The relevant diffusion coefficient of single-conponent C,H4, C2H>, and

CO:z2 in Bi-MOFs, as well as equimolar CO2/C2Hz mixture in Bi-MOF-CHO/-COOH/-

NO, are listed in the below table (298 K, in 10° m?/s).

-H .CHO  -NO;  -COOH F -l -Br -
CO; 034 062 0.96 0.91 159 184 159 131
CoH2 083 142 131 0.92 320 290 455  2.26
C2Hq 010 0.2 0.51 0.47 049 129 129 132
CO,_bin?@ 1.01 1.35 1.40
C2H._bin? 0.81 1.11 0.85

2 From binary CO./C2H> mixture.
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Fig. S14 Transient breakthrough simulations for (a) 1/1/98 C2H2/CO2/C2H4, and (b)
1/9/90 CzH2/CO2/CoHs mixtures in fixed bed packed with Bi-MOF-NO2. The
continuous solid lines represent simulations in which due account is taken of diffusional
influences. The dashed lines are the simulations in which diffusional influences are

considered to be negligible.
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Fig. S15
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Fig. S15 Transient breakthrough simulations for (a) 1/1/98 C2H2/CO2/C2H4, and (b)
1/9/90 C2H2/CO2/CoHs mixtures in fixed bed packed with Bi-MOF-COOH. The
continuous solid lines represent simulations in which due account is taken of diffusional
influences. The dashed lines are the simulations in which diffusional influences are

considered to be negligible.
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Fig. S16
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Fig. S16 Snapshots of CO2, C2Hz, and C2H4 in various functionalized Bi-MOFs at 298

K and 100 kPa.
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Fig. S17 Radial distribution functions of CO2, C2H>, and C2H4 in various functionalized

Bi-MOFs at 298 K and 100 kPa.
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(b) -CHO (d) -COOH

Fig. S18 Snapshots of CO2/C2H2 and CO/C2H4 mixtures in Bi-MOFs at 298 K and 100

kPa (Gray, CO2; Green, CoH. or CaHa).
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Fig. S19
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Fig. S19 Snapshots of equimolar mixtures in functionalized Bi-MOFs at 298 K and 100
kPa (Blue, Ocarbonyi; Purple/Red, Orunctional). Five unit cells along the channel direction

are shown. Top view: COy, Grey; CoHo, Orange; C2H4, Green.
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Fig. S20
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Fig. S20 (a-c) Average contribution percentages of Coulomb and non-Coulomb
interactions between adsorbates and Bi-MOFs at 298 K. (d-f) Selectivities of equimolar
CO./CoH2, CO2/CoHa, and CoH2/CoHsa mixtures without considering Coulomb

interactions between adsorbates and Bi-MOFs.
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