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High-Throughput Computational Screening-Driven Porous
Material Discovery for Benchmark Propylene/Propane

Separation

Tao Zhang, Jin-Jie Lv, Yu Dang, Zheng Gao, Hui Wang,* Jian-Wei Cao, Guan-Hua Zhang,

Heng Rao, Fu-Ping Pan, and Kai-Jie Chen*

Separating propylene (C;Hg) from propylene/propane (C;Hg/C;Hg) mixture
using energy-efficient adsorption is industrially important, but due to the

lack of universal pore features, the rational selection of a suitable adsorbent in
the ocean of porous materials is a tough task. In this study, a comprehensive
work on the discovery of high-performance C;H,/C;H; separation adsorbents
is carried out by utilizing the advantages of high-throughput computational
screening (HTCS). First, based on the HTCS data mining in the CoORE MOF
2019 and Tobacco 3.0 database, the target material, Cd-HFDPA, is screened
out. Second, the pore electrostatic potential (ESP) analysis shows that Cd-
HFDPA has obvious pore characteristics and high affinity for C;H, according
to ESP matching, which is further confirmed by adsorption isotherms,

Ideal Adsorbed Solution Theory selectivity, adsorption enthalpy analyses,

and breakthrough experiments. Finally, an industrial two-bed pressure swing
adsorption process for Cd-HFDPA adsorbent is proposed and its productivity

2050 its demand will reach 150 Mt per
yearll C;H, is mainly produced by steam
cracking of naphtha, catalytic cracking of
gas oils or coal to olefin/methanol to olefin
processes, in which propane (C;Hy) is the
main impurity.2] To obtain polymer-grade
CyH, (>99.5%), it is necessary to efficiently
separate C;H, from the C;H,/C;H; mix-
ture. However, due to the similar physical
properties of C;H, and C;Hj (kinetic diam-
eter 4.0 vs 4.3 A, polarizability 62.6 vs 62.9
X 1073 cm?, boiling point 231.1 vs 225.4 K),
the industrial separation of C;H/C;Hj re-
lies on the cryogenic distillation under hash
condition (243 K, 3.0 bar and column with
over 100 trays),[*! which is highly energy in-
tensive, consuming 75-80% of energy used

and energy consumption are compared with other benchmark materials.

1. Introduction

Propylene (C;Hj) is one of the most important raw materials in
modern life, with production exploding in recent years, and by
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in the entire C;H, production process (12.9
GJ per ton).*l As a result, there is a high
demand for new alternative energy-efficient
C,H,/C,H, separation techniques, which,
together with C,H, separation,>®] are listed as one of the “Seven
chemical separations to change the world”.[%!

Adsorption separation consumes only 23% of the energy
of cryogenic distillation and is considered an effective way to
realize next-generation separation technology.!®) Metal-organic
frameworks (MOFs), which are constructed from metal ions
and organic linkers with high pore volumes, tunable pore
environments, and diverse structures have been investigated
for gas separation.!’”] After nearly 30 years of research, syn-
thetic chemists have built up a large MOF database involv-
ing more than 100000 indexes,'"? providing materials scien-
tists with a large ocean of properties to explore.'*!*] For the
separation of C;H,/C,H,, although a number of MOFs have
been reported based on different mechanisms, such as size
exclusion,>2! kinetic diffusion control!?-3!l or thermodynamic
affinity adjustments,**’] single examples provide rough prin-
ciples for designing and improving the performance of new
materials, while the general pore characterization is still rarely
studied.***% Furthermore, empirical material investigations are
labor-intensive and inefficient, so the general principles for pore
construction and efficient material mining are highly demanded.

Taking advantage of rapid iteration of computational hardware
and software, high-throughput computational screening (HTCS)
based data mining has become a popular method to replace labor-
intensive and inefficient empirical material investigations.[*!]
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Furthermore, inspired by the seminal work by Hasan et al,[*?]
in which for the first time the multiscale approach combining
material screening with process optimization was established for
carbon capture by zeolites, the comprehensive material screen-
ing and property prediction witnessed an explosive development
based on different material database collections and different ap-
plications with extended multiscale methodology, for example,
Pramudya et al. employed Density Functional Theory, molecu-
lar dynamics (MD) and Nudged Elastic Band to screen MOF
materials from the CoRE MOF database for the kinetic separa-
tion of C;Hg/CyH,.[*! Moreover, Zhang et al. performed multi-
level computational screening on a database of 936 anion-pillared
metal-organic frameworks to identify adsorbents suitable for the
separation of C;Hg/C;H, in the pressure/vacuum swing adsorp-
tion (PVSA) processes. Based on the four-step PVSA model, a
simplified batch adsorber model was proposed to efficiently iden-
tify qualified AP-MOF candidates that meet the separation crite-
ria of propylene purity (>99.5%) and specific recovery rate.[*! Re-
cently, Tang et al. developed a model based on adsorbed molec-
ular simulations combined with the geometrical and chemical
characteristics of CORE-MOF for C;Hg/C;H, separations among
Cambridge Structure Database (CSD) MOFs and hypothetical
MOFs.[] Although significant progress has been made in mul-
tiscale material screening for C;Hg and C;H, separation,[*-0l
the consistent and reliable data transfer between different scales
remains to be a challenge, which directly affects the accuracy
and reliability screening. To address this issue, experimental val-
idation seems to be an effective way to fill in the gap between
data transfer, which however has been seldom realized. Thus this
study aims to combine theoretical simulations with experimental
validation to comprehensively analyze the separation mechanism
of propylene and propane on different scales.

Herein, a general paradigm toward the discovery of high-
performance adsorbent for C;H/C;H, separation was estab-
lished. Starting from geometric screening, which would pro-
vide us primary information on the separation property and
narrow down the screening scope, the HTCS based on multi-
scale approach selected out a microporous MOF Cd-HFDPA,
which would potentially separate C;H/C;H, gas mixture. De-
tailed gas adsorption measurements showed that Cd-HFDPA
was able to selectively adsorb C;H, with IAST selectivity as high
as 827 and 505 when the volume ratios of C;H /C;H; were
50:50 and 10:90, respectively, which was attributed to the electro-
static potential-matching effect of alternately arranging positive
and negative potential regions in “sweet pocket”, thus realizing
the strong binding with C;H,. Then, the breakthrough experi-
ments further confirmed the separation property of Cd-HFDPA.
Finally, a PSA model based on two-bed model was designed
and the relevant parameters were compared. Consequently, this
study provides an effective multiscale approach of “HTCS ma-
terial discovery—Grand Canonical Monte Carlo (GCMC) property
prediction—experimental property investigation-industrial pres-
sure swing adsorption (PSA) process design” for the research of
high-performance porous adsorbents.

2. High-throughput Screening

Figure 1 shows a scheme for screening C;H,-selective MOFs
from different MOF databases. This work combines the geomet-
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ric structure and adsorption separation of C;H, properties for
screening. The first step is to select databases, which currently
include the CoRE MOF 2019 database with 12 020 MOFs and
Tobacco 3.0 database with 13 512 MOFs.’!l Subsequently, MOF
with pore limiting diameter greater than 4.1 A and specific sur-
face areas greater than 0 m? g~! is screened. The selectivity of
C;H/C;H, and adsorption amount of C;H, were then simu-
lated using the GCMC model from a screening CoORE MOF 2019
database (5756 kinds) and Tobacco 3.0 database (6605 kinds). For
more detailed information on the GCMC calculation process, re-
fer to the Supporting Information. The top MOF material is then
screened and synthesized, and the properties of the correspond-
ing screened MOF are measured. Finally, the top MOF particles
filled in the adsorption bed are used in the simulated pressure
swing adsorption process.

Figure 2 shows the correlations between the selectivity based
on gas feed with composition (C;H,/C;Hg, v/v) of 50:50 at 10 kPa
and 298.15 K and geometric characterization-based structural in-
formation of MOFs. As shown in Figure 2a, the selectivities of
materials drop sharply with an increase of C;H, uptake, which
clearly demonstrates the trade-off between selectivity and gas up-
take, in which we can find that the material Cd-HFDPA stands
out with high selectivity and decent C;H uptake, suggesting the
potential separation application of this material. Figure 2b shows
the relationship between the selectivity and the largest cavity di-
ameter (LCD) for the studied MOF samples. It seems that sev-
eral materials from Tobacco 3.0 database have high selectivities
but with LCD less than 0.45 nm, which would hinder the diffus-
ing of the gas molecules within the pores, while for Cd-HFDPA,
the LCD is 0.51 nm, which seems large enough for C;H, dif-
fusing and storing. Furthermore, the relations between selectiv-
ities and accessible surface area (ASA, Figure 2c), pore volume
(Figure 2d) as well as the void fraction (Figure 2e) still demon-
strate the trade-off between selectivity and gas uptake, which is
conventional for porous materials. Taking the high selectivity as
the primary parameter and the geometric structural information
as the secondary parameter, the material Cd-HFDPA is screened
out for its high selectivity decent gas uptake, and geometric pore
features. Furthermore, the HTCS results based on gas feed with
composition (C;H,/C;Hg, v/v) of 90:10 (Figure S1, Supporting
Information) and 10:90 (Figure S2, Supporting Information) still
demonstrate the high selectivity of Cd-HFDPA, which fully sup-
port our finding. Finally, to further confirm the reliability of sim-
ulation results, the comparison between simulating and experi-
mental parameters was conducted (see Experimental Investiga-
tion part for details). The calculated specific surface area for Cd-
HFDPA is a little higher than that of the experimental value of
171.98 m? g~! because of the partial activation and/or the flexi-
bility of the material, while the calculated void fraction 0.278 is in
reasonable agreement with the experimental value of 0.256. All
the findings support the reliability of simulation result.

3. Experimental Section

Cd-HFDPA-H, O ([Cd,(HFDPA),(H,0),]-guest) was synthesized
via the solvothermal reaction of Cd(NO,),-6H,O and 4, 4'-
(hexafluoroisopropylidene) diphthalicacid (H,HFDPA) in an
ethanol-water mixture according to reported methods.52%3] This
product gives direct access to needle-like single crystals with a
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Figure 1. Schematic diagram of the workflow for computer screening-assisted discovery of the top-performing C; Hg-selective MOFs from different MOF
databases.
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Figure 2. HTCS results of MOFs for C;Hg/C3Hg separation based on gas feed with composition (C3Hg/C3Hg, v/v) of 50:50. Correlations of selectivity
with adsorption amount a), largest cavity diameter (LCD) b), accessible surface area (ASA) c), pore volume d) and void fraction e). Color codes: pink,
data from CoRE MOF 2019 database; blue, data from the Tobacco 3.0 database.
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Figure 3. a) Chemical structure of HyHFDPA ligand and structural building blocks of Cd-HFDPA-H,O; the top view b) and side view e) of pore structure
of Cd-HFDPA, defined by the Connolly surface using radius of 1.2 A; the top view c) and side view f) of electrostatic potential of Cd-HFDPA, inset picture
highlighting the “Sweet pocket” for C3Hg binding; d) the isosurface plots of electrostatic potentials for C;Hg and C3Hg. Color codes: Cd, light yellow;

C, gray; O, red; H, white; F, light blue.

length of more than 1 cm in high yields (Figure S3, Supporting
Information). In Cd-HFDPA-H, O, the Cd ions have two kinds
of coordination modes, namely Cd1 and Cd2 (Figure 3a). Cd1
coordinates with six O atoms from carboxylate groups to form
the CdO; octahedron coordination geometry, whereas Cd2 co-
ordinates with six O atoms from carboxylate groups and one O
atom from H,O to form the CdO, capped octahedron coordina-
tion geometry. Cd1 and Cd2 are alternatively bridged by carboxy-
late groups to form a 1D Cd chain along the ¢ axis of the crystal.

Cd-HFDPA-H, O contains two kinds of 1D channels, namely
Channel A and Channel B (Figure 3b,e). Owing to the self-
aggregation of —CF; groups, the pore surface of Channel A is
formed by F atoms with a window size of 7.3 x 7.3 A? (defined
Dby the interatomic distance regardless of the van der Waals radii
of the atoms), which belongs to the hydrophobic channel. While
Channel B is occupied by coordinated and free H,O molecules,
which are hydrophilic. Interestingly, after removal of guest H,O
molecules and coordinated H,O molecules on Cd2, the guest-
free phase Cd-HFDPA containing unsaturated coordinating Cd**
ions is exposed on the surface of Channel B with a triangular win-
dow size 0f 13.9 x 12.4 A?, resulting in a highly polarized pore en-
vironment. According to Platon software calculations, the voids
account for 25.6% of the entire crystal volume.>*]

To further investigate the pore features of Channel A and
Channel B, the electrostatic potential of Cd-HFDPA was calcu-
lated (Figure 3c,f). Channel A shows a uniformly distributed elec-
trostatic potential with an average value of + 0.05 V, which means
that although the F atoms are decorated on the pore surface,
Channel A is nonpolar and the charge distribution in it is uni-
form. This counterintuitive observation is mainly due to the fact
that the covalent C—F bonds in the —CF; group give the F atoms
less charge than the inorganic F~ ions. Unlike channel A, the
electrostatic potentials of Channel B are heterogeneously aligned
with an average value of + 0.5 V. In the electrostatic potential
field, the positive and negative potential zones alternate, with the
positive potential zone located near the unsaturated coordinat-
ing Cd** and the negative potential zone near the O atoms of
carboxylate groups (Figure 3f). By comparing the electrostatic po-
tential of C;H, and C;H,, C;H, has negative electrostatic poten-
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tial near the double bond and positive electrostatic potential near
the —CH, group, while C;Hg has uniformly distributed positive
electrostatic potential. We infer that the alternating positive and
negative potential regions in Channel B are likely to be “Sweet
pockets” for strong C;H, binding due to electrostatic potential
matching. Furthermore, to further illustrate the strong correla-
tion between electrostatic potential distribution and selectivity,
the counter example of JUN-90,/*”] which shares a lot of structural
features with Cd-HFDPA, has been studied (Figure S4, Support-
ing Information), and its uniformly distributed negative electro-
static potential makes it a benchmark material for C;Hg-selective
adsorption (see SI for details). Despite the fact that Lennard-
Jones (L-J) potential could provide reliable and low-cost HTCS,
the calculation of electrostatic potential is helpful for the precise
analysis of host-guest interactions as well as drawing the outline
of visualized general pore features. Thus we believe both analyses
are necessary for this comprehensive study.

The phase purity of bulk sample was confirmed by examin-
ing the PXRD patterns (Figure S5, Supporting Information). In
order to investigate the thermal stability and activating condition
of Cd-HFDPA-H, O, thermogravimetric analyses (TGA) were per-
formed under an inert atmosphere (Figure S6, Supporting Infor-
mation). A gradual weight loss of ca. 9.0% was observed before
100 °C, corresponding to the removal of free H,O molecules.
Upon further heating, a sustained weight loss of ca 13% at 250 °C
may indicate that the material is fully activated, which is in good
agreement with previous findings.’>*3 Therefore, the activated
material Cd-HFDPA was produced by heating Cd-HFDPA-H,0O
under dynamic vacuum or He flows (see SI for details). To inves-
tigate the porosity of Cd-HFDPA, the CO, adsorption isotherms
were tested at 195 K and the corresponding BET surface area
was calculated to be 171.98 m? g~! (Figure S8, Supporting
Information).

The permanent porosity and pore features of Cd-HFDPA were
further investigated for the selective adsorption behavior of C;H,
and C;H,. First, the adsorption isotherms of single-component
gases were measured up to 100 kPa under 273 and 298 K. To our
surprise, the adsorption behavior of C;H, and C,H, isotherms
plots showed great differences and were expressed on a
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Figure 4. C;Hg and C3Hjg isotherms a), adsorption enthalpies b) and IAST selectivities c) of Cd-HFDPA; d) IAST selectivities on 50:50 C3H¢/C3Hg at

298 K and 100 kPa of selected materials.

logarithmic scale (Figure 4a; Figure S9, Supporting Information).
At 298 K, Cd-HFDPA adsorbed C;H, from very low-pressure re-
gion of 0.4 Pa, and the gas adsorption increased dramatically with
logarithmic pressure, reaching 16.2 cm® g=! at 17.9 Pa. This be-
havior suggests a strong binding effect between C;H, and Cd-
HFDPA. Due to the strong coordination between the 7 orbitals of
C;H, and Cd** open metal sites in Channel B, C;H, in Channel
B was effectively loaded. Upon further inflating, the gas uptake
increased slightly to 26.0 cm?® g=! at 100 kPa, which may be due
to the stepwise filling of Channel A, which does not have a strong
binding site. For C;H, a normal Langmuir Type I isotherm was
detected, in which the gas uptake increased almost linearly with
the logarithmic pressure, culminating in an uptake of C;Hg with
21.5 cm?® g™! at 100 kPa. Although Cd-HFDPA has two kinds of
channels, there is no special binding effect that would result in a
normal adsorption behavior for C;Hg.

To study the selectivity of Cd-HFDPA for C;H, and C;Hg, the
Ideal Adsorbed Solution Theory (IAST)[>*] was applied based on
the parameters extracted from the dual-site Langmuir-Freundlich
fittings of isotherms at 298 K (Figures S10-S11, Supporting In-
formation). As shown in Figure 4c, the IAST selectivities for
C,H,/C;H mixture with molar ratios of 50:50 and 10:90 at 298
K and 100 kPa were 827 and 505, respectively. Unexpectedly, the
50:50 C;H,/C;H; mixture IAST selectivity of Cd-HFDPA sur-
passes some well-studied materials such as ZJUT-2a% (17.2),
Co-MOF-74157] (38), SIFSIX-2-Cu-i*® (4.5), MAF-23-0%1 (8.8),
MFM-520(%°1 (17) and ZJU-75al*!l (54.2), even comparable to
some well-known molecular sieves such as KAUST-71%] (~200),
Co-gallate!®’! (333), HIAM-3012!1 (150) and JNU-3al??l (513),
but lower than NTU-85-WNT!!8! (1570) and UTSA-100116) (107)
(Figure 4d). It is noteworthy that despite the size exclusion ef-
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fect of molecular sieves, the C;H,-preferred adsorbent seldom
achieves such a high IAST selectivity by a thermodynamic mech-
anism, which may be due to the stronger binding effect between
Cd-HFDPA and C,H, than that of C;Hj,.

To further understand the thermodynamic reason for this high
selectivity, the adsorption enthalpies (AH,,,) were evaluated by
directly fitting the adsorption data using the Clausius-Clapeyron
equation via 3Flex software package (Figure 4b, Table S2-S3, Sup-
porting Information). At the low adsorption level of 0.12 mmol
g1, the ~AH,,, of 44.5 k] mol~! for C;H, are much higher than
those of 38.7 k] mol™' for C;Hg due to the strong = complexa-
tion of the uncoordinated Cd2 with the double bond in C;H, as
indicated by the electrostatic potential matching. During further
loading, the —~AH, 4, of C;H, gradually increase, reaching a max-
imum value of 62.9 k] mol~! at 0.49 mmol g~! loading, at which
point the most favorable binding sites created by uncoordinated
Cd2 in Channel B are still available for C;H, molecules, and the
aggregation of C;H, molecules creates an additional intermolec-
ular binding effect. Consequently, we hypothesize that the total
contribution of the strong 7 complexation and the intermolecular
interaction between C;H molecules causes the increase. Upon
further loading, the ~AH,,, of C;H, decreased to 39.0 k] mol~!
at a loading level of 0.85 mmol g='. At this point, although the
favorable binding sites are still not fully occupied, the previously
loaded C;H, molecules congested Channel B and began to crowd
out with each other, preventing further loading of Channel B and
ultimately leading to a decrease in —~AH, . Finally, when loaded
to 0.89 mmol g1, the —~AH, . was increased to 46.4 k] mol~! as
a result of stepwise loading in Channel A, which has been con-
firmed by the packing model study and Figure 5. In contrast, the
-AH, 4 of C;H, exchanged slightly with gas loading, suggest-

S
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(a) C,H,@Cd-HFDPA

(b) C,H,@Cd-HFDPA

Figure 5. The GCMC simulated results for C3Hg a) and C3Hg b) packing
in Channel B of Cd-HFDPA, the enlargements show the interaction details
of gas molecules and pore surface. Color codes: Cd, light yellow; C, gray;
O, red; H, white.

ing no specific strong binding effect between Cd-HFDPA and
C,H;. Taken together, these observations are consistent with high
selectivity.

To gain insight into the interactions between the host and
guest, the theoretical calculations were performed using the
Grand Canonical Monte Carlo (GCMC) method (see Supporting
Information for details). First, the preferable binding sites were
calculated. As shown in Figure 5a, the C;H, was bound near the
uncoordinated Cd2 via side-on interaction model with C-Cd dis-
tance of 3.08 and 3.57 A, respectively, and these results are con-
sistent with the = complexations between the double bond and
uncoordinated metal site. In addition, short contacts between H
atoms in the —-CH; and =CH, groups and O atoms in the car-
boxylate groups were observed, with C-H---O distances of 2.73—
2.91 A. Conclusively, C,H, was just located in the “Sweet pocket”
of Channel B, where the positive and negative electrostatic poten-
tial regions arrange alternately, and the strong 7z complexations as
well as the electrostatic interactions contribute the strong binding
effect between Cd-HFDPA and C;H, with an energy of 47.49 k]
mol~!. For C;Hyg, the first preferable binding site is still the same
as for C;H, but with a different model, where the C atom in
the —-CH,— group interacts with the uncoordinated Cd2 with a
C?-...Cd%* distance of 3.58 A. Multiple weak interactions between
the H atom in —CH, group and O atoms in the carboxylate groups
have also been observed, with C-H---O distances ranging from
2.69 to 3.65 A. The electrostatic sum provides a binding energy
of 39.87 k] mol™!, which is in good agreement with the experi-
mental results.

The molecule packing model within the pore was subsequently
calculated (Figure 5). According to the experimental isotherms,
44 CyH, and 36 C;H, molecules were loaded intoa 1 X 1 X 3 su-
percell of Cd-HFDPA. Most of the C;H molecules are located in
the preferable binding site containing Channel B, where the het-
erogeneous electrostatic potential distribution leads to the “Sweet
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pocket” for specific binding of C;H, and only 5 C;H, molecules
are located in the fluoride-containing Channel A with a uniform
charge distribution. This illustrates that Channel B contributes
most to the selective binding of C;H, We also found that al-
though the pore surface of Channel B is triangle and each face has
the same strong binding site of Cd2, the loaded C;H, molecules
only interact with two faces of the pore and other one face is in-
nocent for binding gas, which may be due to the steric effect of
C;H, packing. Therefore, the shrinking of Channel A and expan-
sion of Channel B can improve the packing efficiency and better
occupation binding site of Cd2.

To evaluate the actual separation performances of Cd-HFDPA,
dynamic breakthrough experiments were carried out. The pow-
der samples were packed into column and the C;H,/C;H, gas
mixture was allowed to pass continuously, while a mass spec-
trometer was connected to the other side of the column to de-
tect the exit gas. To confirm the high selectivity and C;H, extrac-
tion property of Cd-HFDPA, the C;H/C;H, gas mixture with
a molar ratio of 10:90 was used. As shown in Figure 6a, C;H,
was firstly detected at 7.2 min g=!, with a sudden maximum at
9.2 min g~!, while C;H, was not detected until 60.9 min g~!. Fur-
thermore, by integrating the mass spectrum data, the gas uptake
amounts of 14.2 and 9.0 cm? g! for C;H, and C,Hy at equilib-
rium were obtained, corresponding to a dynamic selectivity of
14.18, which is much higher than that of SIFSIX-3-Nil®!l (2.3),
Co-MOF-74531) (6.48), Y-abtc!2*! (8.3), Ni-NP[*¢! (9.6) and ZJUT-
2al>%] (10), standing along with benchmarks such as ZU-36-Nil®!]
(19), MAF-23-01%] (15), ZJU-75a*% (14.7), and KAUST-7%5] (12).
The long retention time and high separation coefficient of C;H,
relative to C;H, indicate that C;H, can be effectively extracted by
Cd-HFDPA at low concentrations, which is consistent with the
high selectivity and strong binding of C;H;. In addition, dynamic
breakthrough experiments based on the gas feeds with composi-
tions (C;H,/C;Hg, v/v) of 50:50 (Figure 6b) and 90:10 (Figure
S12, Supporting Information) further confirm the selective ad-
sorption behavior for Cd-HFDPA (see SI for detailed discussion).
Furthermore, to clarify the dynamic aspect of breakthrough se-
lectivity, the kinetic gas adsorption experiments were also carried
out at 100 kPa and 298 K (Figure 6¢; Figures S13 and S14, Sup-
porting Information), and almost identical mass transfer behav-
ior was observed for C;Hg and C;H, with calculated diffusion
coefficients of 0.3856 and 0.3356, respectively. As a result, the
high C;H, extraction property of Cd-HFDPA was attributed to
the strong binding effect of the polar pore surface with C;H,,
while the mass transfer progress played an innocent role in the
actual separation.

4. Pressure Swing Adsorption Process Design

A two-bed PSA process for C;Hg/C H, separation was estab-
lished as shown in Figure 7a with an adsorption pressure bound-
ary of 100 kPa and desorption pressure boundary of 10 kPa
at 298.15 K to evaluate the practical ability of Cd-HFDPA to-
ward C;H,/C,;H, separation, as well as ZU-609, Cd-HFDPA,
Co-gallate, KAUST-7, Zeolite 4A and ZIF-8, respectively (Table
S4, Supporting Information).I"] Detailed calculations are given
in the Supporting Information. The productivity of Cd-HFDPA
can reach up to 2.04 mol kg™! h™!, which is slightly lower than
that of ZU-609 (2.28 mol kg™! h7!), but higher than that of
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benchmark materials such as Co-gallate (0.66 mol kg=! h71),
KAUST-7 (0.72 mol kg=! h™1), Zeolite 4A (0.34 mol kg~ h~') and
ZIF-8 (1.14 mol kg~! h7!). Furthermore, the energy consump-
tion of Cd-HFDPA (3.26 M] kg(C;H,) ™) is also lower than that of
Co-gallate (6.23 MJ kg(C,H,)~!), KAUST-7 (6.68 M] kg(C,H,)™"),
Zeolite 4A (8.86 M] kg(C,H,)") and ZIF-8 (5.12 M] kg(C,H,)™!),
but slightly higher than ZU-609 (2.35 M] kg(C;H,)™!). Moreover,
it should be noted that Cd-HFDPA can produce polymer-grade
C;H, (>99.5%) with C;H, recovery of 80.2%, higher than se-
lected benchmark materials such as Co-gallate (28.7%), KAUST-
7 (25.4%), Zeolite 4A (13.2%) and ZIF-8 (56.3%) except for
newly reported ZU-609 (89.7%). These findings indicate that the
screened material Cd-HFDPA can be a good candidate for indus-
trial gas separation due to the good productivity and low energy
consumption.

5. Conclusion

Benefiting from HTCS, a microporous MOF of Cd-HFDPA with
optimal C;H,/C;H, separation performance was selected out.
Further, ESP analysis revealed that in the nano-channels of Cd-
HFDPA, the positive and negative potential zones were arranged
alternately, which made such site a “sweet pocket” for strong
C,;H, binding. Experimental studies confirmed its high affinity
for C;H,, significantly high selectivity, and efficient separation
capability in real dynamic breakthrough experiments/simulated
PSA processes. Overall, this study can provide a useful guide for
data-driven material screening to precisely discover excellent ad-
sorbents previously available in the database.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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