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The capture of CO, from CO,/H, gas mixtures in syngas is a crucial issue for hydrogen production from steam
methane reforming in industry, as the presence of CO, directly affects the purity of Hy. A combination of a high-throughput
screening method and grand canonical Monte Carlo simulation was utilized to evaluate and screen 1725 metal-organic
frameworks (MOFs) in detail as a means of determining their adsorption performance for CO,/H, gas mixtures. The
adsorption and separation performance of double-linker MOFs was comprehensively evaluated using eight evaluation indi-
cators, namely, the largest cavity diameter, accessible surface area, pore occupied accessible volume, porosity, adsorption
selectivity, working capacity, adsorbent performance score and percent regeneration. Six optimal performance frameworks
were screened to further study their single-component adsorption and binary competitive adsorption of CO,/H, respec-
tively. The CO, adsorption selectivity at different CO,/H, feed ratios was also evaluated, which indicated their excellent
adsorption and separation performance. The microscopic adsorption mechanisms for CO, and H, at the molecular level
were investigated by analyzing the radial distribution function and density distribution. This study may provide directional
guidance and reference for subsequent experiments on the adsorption and separation of CO,/H;.

Keywords: metal-organic framework, adsorption, separation, high-throughput screening, grand canonical

Monte Carlo simulation
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1. Introduction

With the industrial development in modern society, the
demand for fossil fuels is increasing, and the burning of fos-
sil fuels leads to the intensification of the global greenhouse
effect.['! As CO, is the main culprit in the greenhouse effect,
how to capture it has become a scientific challenge. CO, cap-
ture in syngas from hydrogen produced by the steam methane
reforming process has received widespread attention. Syngas
is mainly composed of CO, and Hj;. Separating CO, from H,
in syngas to obtain high-purity H; is the key to industrial pro-

e.>#1 Organic amine scrubbing to

duction of Hy from methan
separate CO2/H, mixtures is a common process used in indus-
try, but amine regeneration is an energy-intensive process.>~’!
Adsorption and separation of CO,/H, gas mixtures by porous
materials, which is both energy efficient and environmentally
friendly, is expected to replace conventional methods of gas
separation in industry.

As a commonly used porous material, metal-organic
frameworks (MOFs) have the advantages of diversified struc-

891 and are

[10-13]

ture, large porosity and adjustable pore size

extensively applied in gas adsorption and separation,

19-21

catalysis,!'*13! sensors, 1181 drug delivery!'®~2!1 and energy

o 2223

storag I MOFs have been widely explored for CO, cap-
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ture and separation of CO;-containing gas mixtures. MOFs
are built by combining metal atoms or clusters and organic
ligands, so an infinite number of MOFs can theoretically be
synthesized. MOF databases with a total number of MOFs ap-
proaching a million have been created in recent years, which
facilitates computational screening for superior materials. The
traditional exploration method is to experimentally synthesize
these materials for analysis, but this is time and resource in-
tensive. High-throughput screening methods are widely used
to compute a large number of structures at the same time for
analyzing material performance due to their lower time and
cost.[?*] Replacing traditional experimental synthesis and test-
ing methods with a high-throughput screening method may
improve the efficiency of screening high-performance mate-
rials. Qiao et al.!*>! simulated 4764 MOFs for CO, capture
in CO,/CHy4 and CO,/N; using a high-throughput screening
method, and screened 30 lanthanide metal MOFs with the best
separation performance. Avci et al.l*®) systematically inves-
tigated 54 808 MOFs from the Cambridge data by a high-
throughput screening method for the adsorption and separation
of a CO,/H; binary mixture and identified the 20 most promis-
ing MOFs. Li et al.l*’! selected 5732 MOFs with open Cu
sites from the TOBACCO-MOF database for high-throughput

© 2025 Chinese Physical Society and IOP Publishing Ltd. All rights, including for text and data mining, Al training, and similar technologies, are reserved.

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

027302-1


https://doi.org/10.1088/1674-1056/ad925a
https://cstr.cn/32038.14.CPB.ad925a
mailto:liuxiuyingzx@126.com
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B 34, 027302 (2025)

screening and their results showed that 1,2,4,5-tetrazine has
good adsorption and separation performance for CO,/Hj.
These research works suggest that MOFs have promising ap-
plications in CO,/H; adsorption and separation, and the per-
formance of more MOFs awaits exploration. Ryu and Kim (%3]
developed a database of 1725 double-linker MOFs with the
advantages of larger pore size and porosity than most experi-
mental MOFs, and investigated their adsorption performance
for H, molecules. However, the double-linker MOFs did not
exhibit a promising adsorption capacity for H,, which is an-
ticipated to confer potential advantages in the adsorption and
separation of CO,/H, gas mixtures. The adsorption and sep-
aration performance of double-linker MOFs for CO,/H, gas
mixtures has not yet been investigated, and more adsorption
and separation mechanisms remain to be revealed.

Therefore, the adsorption and separation performances
of 1725 double-linker MOFs for a CO,/H, mixed system
were comprehensively investigated using a combination of
high-throughput screening and grand canonical Monte Carlo
(GCMC) simulation. Previous high-throughput screening en-
deavors have predominantly relied on the criterion of selectiv-
ity as their foundation. In this study, the adsorption and sepa-
ration performance of the 1725 double-linker MOF materials
was comprehensively evaluated using eight screened descrip-
tors, including the largest cavity diameter (LCD), accessible
surface area (ASA), pore occupied accessible volume (POAV),
porosity, adsorption selectivity, working capacity, adsorbent
After a
series of rigorous screenings based on these descriptors, six

performance score and percent regeneration (R%).

promising frameworks were identified, which demonstrated
optimal efficiency for the separation of CO, and H,. Sub-
sequently, a comprehensive assessment was performed to ana-
lyze the adsorption and separation performances of a CO,/Hy
single-component and binary mixed-component for CO,/H;
molecules. The microscopic adsorption mechanisms for CO,
and H, were revealed by analyzing the radial distribution func-
tion (RDF) and the density distribution at the molecular level.
This research will provide some theoretical guidance for CO;
trapping and H, purification, and it also provides a novel idea
for the screening process of MOFs in adsorption and separa-
tion.

2. Materials and methods
2.1. High-throughput calculation

A high-throughput screening method based on molecular
simulation is adopted, and the screening process is shown in
Fig. 1. Firstly, the geometric structures of 1725 double-linker
MOFs?8! were optimized, then the LCD, ASA and POAV of
these frameworks were calculated by Zeo ++ software us-

ing helium as the probe molecule (kinetic radius of 1.3 A).[2"]

The porosity was calculated by Raspa 2.0 software. Finally,
92 frameworks with ASA equal to 0 and a non-zero net charge
were excluded. For the 1633 screened frameworks, the adsorp-
tion isotherms of pure CO, and H, and the adsorption selec-
tivity of mixed CO,/H; at 298 K and 1 bar were calculated by
GCMC simulation. Finally, according to the relationship be-
tween the eight descriptors mentioned above and the adsorp-
tion separation performance, six top-performing frameworks
for CO, were screened and their adsorption and separation
performances for CO, and H, were further investigated.

Pore structure calculation

(LCD, ASA, POAV,
porosity)

Eliminate unsuitable
structures (net
charge=0, ASA =0)

Database of double-linker
MOFs (1725 MOFs)

GCMC simulation
(Uptake, S, Qy, AN,
APS, R%)

Six kinds of materials with
good adsorption and
separation performance

Detailed calculation of
excellent framework
performance

Fig. 1. High-throughput screening process.

2.2. Force field

The Dreiding force field*%! excels in modeling organic
small molecules, macromolecules and main-group elements.
The universal force field (UFF)*! has a wider applicability,
covering all the elements in the periodic table. Therefore, the
UFF and Dreiding force fields were used for metallic and non-
metallic elements in this study, respectively. Combined use of
these two force fields has been successfully applied and vali-
dated in previous adsorption studies of other MOFs. 327341 Tn
addition, this study aims to identify the materials with excel-
lent performance from many MOF materials, focusing on the
ranking trend of material properties rather than the absolute
value of the performance data, so the accuracy of the force
field has little influence on the results presented in this paper.

Both CO, and H, molecules are treated as a rigid
three-point model. For the H, molecule, a pseudopotential
atom is introduced at the center to simulate the experimental
quadrupole moment action. Their potential energy parame-
ters are obtained from the TraPPE force field,>! which well
describes the interaction between the framework and the gas
molecules. The detailed potential energy parameters are given
in Table 1.

Table 1. Force field parameters of CO, and H.

Atom  g/kg (K) o (A) qe
CO, C 27.0 2.80 0.70
0 79.0 3.05 —0.35
H, H 36.7 2958  0.468
com 0 0 —0.936

2.3. Structure of the six optimal performance frameworks

Structural diagrams of the six optimal performance
MOFs are depicted in Fig. 2, while the pore structure data

027302-2
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for the frameworks can be found in Table 2. The pore
size of the frameworks is between 5.487 A and 7.816 A
classified as microporous material.  d_bto+N536+E150
and d_hcb+N481+E150 are triclinic structures,
while  d_cdt+N548+ES80, d_cdt+N406+E11494891 _,
d_clh+N536+E150 and d_dia-g+N536+E150 are tetrag-
onal structures.  d_bto+N536+E150, d_cdt+N548+E80,
d_clh+N536+E150 and d_dia-g+N536+E150 have an ir-
regular pore structure. d_cdt+N406+E11494891_ and
d_hcb+N481+E150 have approximately elliptical pore
structures. They all contain C, H and O, among
which  d_bto+N536+E150,  d_cdt+N406+E11494891_
and  d_clh+N536+EI150 also
d_cdt+N406+E11494891_ also contain N, S and
Mg.  d_cdt+N548+E80 also contains N and Mn and
d_hcb+N481+E150 also contains Fe.

contain  Cr, and

(a) d_bto+N536+E150  (b) d_clh+N536+E150  (c) d_dia-g+N536+E150

SR W R Y

(d) d_cdt+N406+E11494891_ (e) d_cdt+N548+E80  (f) d_hcb+N481+E150

Fig. 2. Structure of double-linker MOFs: (a) d_bto+N536+E150,

(b) d_clh+N536+E150, (©) d_dia-g+N536+E150,
(d)  d_cdt+N406+E11494891_, (e) d_cdt+N548+E80 and
(f) d_hcb+N481+E150.

Table 2. Structural parameters of MOFs d_bto+N536+E150,

d_cdt+N548+E80, d_cdt+N406+E11494891_,
d_dia-g+N536+E150 and d_hcb+N481+E150.

d_clh-+N536+E150,

MOF LCD ASA: POAY Porosity
A& g™ (emg™)

d_bto+N536+E150 7.440 2000.41 0.583 0.463
d_cdt+N548+E80 7.249 1321.08 0.454 0.339
d_cdt+N406-+E11494891_ 5.487 1531.82 0.470 0.364
d_clh+N536+E150 7.816 2386.41 0.675 0.544
d_dia-g+N536+E150  6.715 1976.55 0.562 0.469
d_hcb+N4814+E150 6.915 1421.61 0.478 0.417

2.4. GCMC simulation details

The interaction between adsorbates and adsorbent

molecules is often represented by the Lennard—Jones (L-J) po-

tential, which can be represented by 3638

12 6
AR AN
R AN rij

where the potential energy of the interacting atoms i and j is

qi4;

1
47'!?80}",'1'7 ( )

expressed as U;;. The distance between the atoms is r;;. The
depth and diameter of the L-J potential trap are &; and o;;,
respectively. The corresponding partial charges are ¢; and g,

respectively, and the dielectric constant is &. The cross inter-

action between different atoms is calculated by the Lorentz—

Berthelot (L-B) mixing rule!3*—#!!

1
E(Gii“"cjj)a 2)
&j = /€ii€jj. 3)

All GCMC simulations are performed using RASPA 2.0
software.[*>*3] The material is regarded as a rigid framework,

O','j:

and the truncation radius of the interaction between adsorbates
and adsorbent molecules is set to 12.0 A in order to ensure that
the length of the unit cell of the frameworks is no less than
twice the truncation radius.'*#! For the adsorption process, the
frameworks are calculated using supercells. 2 x 10* cycles are
set during the simulation, of which 1 x 10* cycles are used to
calculate the system equilibrium and the other 1 x 10* cycles
are used to calculate the average of the results to ensure the
accuracy of the simulation process.

In the adsorption process, the isosteric heat of adsorption
(Qg) is calculated by

Qst = —AH = —Upg + Up + Uy +RT, 4)

where Upg represents the interaction between subject and
guest, Uy and Ug represent the subject interaction and object
interaction, respectively. R and T are the universal gas con-
stant and the temperature of system, respectively. Both U}, and
Uy are 0 as both the frameworks and gas molecules are con-
sidered rigid.[+>46]

Adsorption selectivity is one of the parameters for eval-
uating the separation performance of the framework in the
binary adsorption process of mixed gases, and is calculated
by47]

XCO,YH,
XH,YCO, ’

&)

Sco,/m, =

where xco, and xy, represent the absolute adsorption uptakes
of CO, and Hy, respectively. yco, and yy, are the partial pres-
sures of CO, and Hj in the gas mixture, respectively; a large
value of § indicates an excellent separation performance of the
porous material.

In addition, the working capacity (AN), percent regen-
eration (R%) and adsorbent performance score (APS) of the
frameworks are calculated by

AN = Nygs,c0, — Ndes,cO, » (6)
AN,
R% = — 92« 100%, )
ads,CO,
APS = AN x S, (8)

where N,gs and Nges are the gas absorption rates under ad-
sorption and desorption conditions, respectively. During the
simulation, the adsorption (desorption) pressure is set to 1 bar
(0.1 bar).[26:48]
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3. Results and discussion
3.1. Structural characterization of MOF frameworks

After excluding ASA and non-zero net charge structures,
the GCMC simulation was performed for 1633 qualified struc-
tures, and the adsorption performance data were obtained at
298 K and 1 bar. Four key geometrical descriptors are dis-
cussed, including LCD, ASA, POAV and porosity. Further-
more, the discussion also delves into the inherent relationship
between the energy descriptor Qg and its impact on adsorp-
tion performance. Figure 3 shows the relationship between
the geometric parameters of these structures and the CO, ad-
sorption performance. Figure 3(a) shows the excellent uptake
for the framework with LCD distribution in the range of 5-

CO, adsorption. Figure 3(b) shows that the uptake is large
for the frameworks with a POAV distribution in the range of
0.23-2 cm3~g’1. As seen in Figs. 3(c) and 3(d), the values of
ASA and porosity with excellent uptake are mainly distributed
in the intervals of 1400-2500 m?-g~! and 0.34-0.55, respec-
tively. The uptake increases with increase in ASA, reaching a
maximum at an ASA of about 2000 mz-g’l, then it decreases
with increase in ASA. Overall, the CO, uptake of the stud-
ied double-linker MOFs reaches its maximum value when the
LCD s close to 7 A, the ASA is about 1500 m?-g~!, the POAV
is about 0.5 cm>-g~! and the porosity is about 0.5. In addition,
the Qg of CO; is primarily concentrated within the range 3—
24 kJ-mol~!, and its distribution is positively correlated with

, which indicates that the microporous material favors e uptake.
15 A, which indicates that th P terial f; the uptak
(a) 3.5 (b) 3.5
B -
s 3.0 . 3.0f
20 - o0
i 2.57 e a § 2.57 @,
o ¢ o [ % 24
é 2.0F . E 2.0 o
L] o L] e 29
Q &> 3 Q :
R | @2 say v | 49 o
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o 1O s o 1O0f &
8 0.5 u“i":" 3 4 . 8 057‘#: } a a0 "“/\
: ”.,‘ﬁ%;\-_“wf g Y ,'.ﬂbd@gg&g@:ﬁ» 9 . 14 g
0O 10 20 30 40 50 60 70 OO 1 2 3 4 5 6 7 8 9 E
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(c) 3.5 (d) 3.5 10 o
I i o
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=] =]
= 2.5¢ i 3 25} A 5
£ . = 3
~ 2.0t s ~ 2.0} ’
g @ . ® @ é} : '“- s
2 150 45 3% . g 2 15} o A o 0
& ° agy® BN, B & do ol WPy
o~ - e " 2 Ny ~ - dH W
& FOT 4 e S N e
= & L ) 9 " e Bira
0.5 %% . T WA TN 0.5 % el
. ok T'.J.;:ﬁg‘!a‘%fwed“!?”: i . . ‘ . -f{v‘ﬁ’
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ASA (m?g™!) Porosity

Fig. 3. The relationship between uptake of double-linker MOFs and LCD (a), POAV (b), ASA (c) and porosity (d).

Figure 4 shows the relationship between the adsorption
selectivity of the CO,/H; mixed system on the framework
and four structural descriptors of the frameworks. As seen in
Figs. 4(a) and 4(b), when the LCD of the frameworks is about
7 A and the POAV is close to 0.5 cm3-g~!, the adsorption se-
lectivity of CO; has its highest value. This trend is consistent
with the changes in CO, adsorption shown in Figs. 3(a) and
3(b). At the same time, figures 4(c) and 4(d) demonstrate that
when the ASA is close to 700 m?-g~! and porosity is about
0.25, the adsorption selectivity of CO, also reaches its maxi-
mum.

Figure 5(a) depicts the relationship between LCD and
POAV in the frameworks. As the LCD increases, the POAV

increases accordingly. This trend is similar to the relationship
between the uptake and adsorption selectivity of CO, for LCD
and POAV shown in Figs. 3 and 4. Figure 5(b) depicts the
correlation between the Qg of CO, and adsorption selectivity.
It can be observed that there is a positive correlation between
the Qg of CO, and the adsorption selectivity, especially when
the value of Qg exceeds 16 kJ-mol~! and the CO, adsorption
selectivity undergoes a substantial augmentation. Figure 5(c)
shows that the adsorption selectivity of CO, and the adsorp-
tion capacity of MOFs are not directly related. Some MOFs
with higher selectivity for CO, may not have a higher adsorp-
tion capacity. This is because the adsorption selectivity of CO,
is defined as in Eq. (5) in Subsection 2.5. This formula shows
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that the reason why the selectivity is high is mainly because the
difference in adsorption capacity of CO;, and H, molecules in
MOFs is relatively large. For example, although the adsorp-
tion capacity of CO; is not high, the adsorption capacity of
H; is even lower, resulting in a high selectivity and making
it more favorable for the separation of these two molecules.

(a) 240 (b)
200f °

> ° >
Z 160F ° 2
i) L -
Q a &)
ks : 2
g 120 ¥ . . B
o % ? > ]
g0l gafs,° " g
6‘ @ 7‘-;.\_75 & " 6‘
O sof EEERS,e ©

0 o Ao Db ailhlh; T

0 10 20 30 40 50 60 170

LCD (A)
(c) 240 (d)
200 °

2 * o 2
& 160F ° 5 2
g kst
5 ® 5SS s <
e I . 2
~ e 9 a i-; ‘;e . m
£ 80p grlaresde v, T S
ON .’3 ﬁgﬁ:.f’%’ . 9 2 . O
O 40 STROEESe. SN ©

oFf a9 e R e

0 1000 2000 3000 4000 5000 6000

ASA (m?/g)

Although the adsorption capacity of MOFs on CO;, molecules
may be very high, the H, adsorption capacity of MOFs is also
relatively large at the same time, resulting in the adsorption
capacity of the two molecules being relatively close; thus the
selectivity is relatively low, which is not favorable for their

separation.
240
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Fig. 4. The relationship between the CO; selectivity of double-linker MOFs and LCD (a), POAV (b), ASA (c) and porosity (d).

Based on this, the AN, R% and APS of the framework
were calculated, and the relationships are shown in Fig. 6. Fig-
ure 6(a) shows the relationship between AN and the adsorp-
tion selectivity of CO,. This relationship has the same trend
as that in Fig. 5(b), and most of the frameworks in the fig-
ure have a ‘blue’ APS, which indicates that the APS of these
frameworks is smaller. Our aim is to screen the frameworks
with higher APS, and the brown-red frameworks near the up-
per right corner are the preferred frameworks. Figure 6(b)
shows the relationship between the adsorption selectivity of
CO;, and R%. We can see that the R% of the frameworks is
negatively correlated with the adsorption selectivity of CO;.
As the MOFs with high CO,/H, selectivity strongly adsorb
CO, molecules rather than Hy molecules, the desorption of
CO, becomes difficult, resulting in a low working capacity
(AN) and low percent regeneration (R%). Although the R%
of most of the frameworks is above 80%, the selectivity of
these frameworks is less than 100. Figure 6(c) shows that the
R% of the frameworks gradually decreases with increase in
APS, which is the same trend as that in Fig. 6(b). Based on

the trade-off between the two parameters, six top-performing
frameworks, d_bto+N536+E150, d_clh+N536+E150, d_dia-
g+N536+E150, d_hcb+N481+E150, d_cdt+N548+E80 and
d_cdt+N406+E11494891_, which are labeled by the penta-
gram in Fig. 6(c), were screened out with the condition of
APS > 200 and R% > 80%. The AN, CO,/H; selectivity, APS
and R% data for the six top-performing frameworks are listed
in Table 3.

Table 3. The AN, CO,/H; selectivity, APS and R% data for the six top-
performing frameworks.

Framework AN _1, S(CO2/Hy) APS_] R%
(mol-kg™") (mol-kg™")

d_bto+N536+E150 2425 107.990 261.889 83.46
d_cdt+N548+E80 1.608 128.341 206.419 81.32
d_cdt+N406+E11494891_  2.016 125.941 253911 84.70
d_clh+N536+E150 2.521 79.768 201.097 87.07
d_dia-g+N536+E150 2.663 153.817 409.680 80.91
d_hcb+N481+E150 2.732 185.469 506.705 83.20

Table 4 presents the CO, selectivity of some reported
MOFs and the MOFs in this study to compare the CO; sep-
aration performance of double-linker MOFs and other MOFs
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double-linker MOFs in this study is much higher than that of
Co-btec SC at 298 K and 1 bar, which suggests that double-
linker MOFs are a potential material for CO,/H, separation.

in CO,/H; mixed systems. It is evident that the double-linker
MOFs have excellent CO, selectivity at 298 K and 10 bar, sim-
ilar to the other MOFs. It is noted that the CO, selectivity of

Table 4. Comparison of the selectivity of CO,/H; in MOFs in this study with the reported results in Refs. [27,49].

Materials Temperature (K) Pressure (bar) CO; selectivity Reference
MOF-4641 298 10 166.680 [27]
MOF-8595 298 10 80.520 [27]
MOF-7159 298 10 209.870 [27]
MOF-4867 298 10 155.600 [27]
Co-btec SC 298 1 18.790 [49]
d_bto+N536+E150 298 10 (1) 91.579 (107.990) this study
d_cdt+N548+E80 298 10 (1) 100.659 (128.341)  this study
d_cdt+N406+E11494891 _ 298 10 (1) 88.100 (125.941) this study
d_clh+N536+E150 298 10 (1) 76.876 (79.768) this study
d_dia-g+N536+E150 298 10 (1) 106.569 (153.817) this study
d_hcb+N481+E150 298 10 (1) 178.311 (185.469) this study
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3.2. Single-component adsorption of CO; in double-linker
MOFs with optimal performance

The CO; adsorption isotherms of six top-performing
double-linker MOFs were calculated using the GCMC method
at a temperature of 298 K and 1-10 bar pressure; as shown
in Fig. 7(a) they are typical Langmuir curves. At a pres-
sure of 10 bar, the order of CO, uptake of the frame-
works is: d_clh+N536+E150 > d_bto+N536+E150 > d_dia-
g+N536+E150 > d_hcb+N481-+E150 > d_cdt4+-N5484-E80 >
d_cdt+N406+E11494891_. The CO, uptake of
d_hcb+N481+E150 increases the fastest at 0—1 bar, but when
the pressure continues to increase to 10 bar the uptake of
d_hcb-+N481+E150 only reaches 5.948 mol-kg~!, which is a
medium value. The uptake of d_clh+N536+E150, which has
a slower growth rate at 0—1 bar, is the highest (8.394 mol-kg ")
at 10 bar. Figure 7(b) shows the relationship between Qg and
the uptake of the frameworks. The Qg of the frameworks
slightly decreases with increase in uptake, due to the increase
in the number of CO, molecules in the framework making the
spacing between the CO, molecules smaller and the repulsive
forces increase. It is noteworthy that while the initial Qg of
d_hcb+N4814E150 is superior to that of the other five frame-
works, its uptake at 10 bar is not the highest. This suggests
that the pore structure of the framework exerts a more sig-
nificant influence on adsorption than the energy effect of the
framework itself.
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Fig. 7. The uptake (a) and Qg (b) of CO; in double-linker MOFs at 298 K
and 1-10 bar.
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Fig. 8. The RDF between framework atoms and CO, molecules of (a) d_bto+N536+E150, (b) d_clh+N536+E150, (c) d_dia-g+N536-+E150,
(d) d_cdt+N406+E11494891_, (e) d_cdt-+N548+E80 and (f) d_hcb-+N481+E150 at 298 K and 1 bar.

Figure 8 illustrates the RDF between each atom in the
frameworks and the C atom in CO, (C_CO;) under the condi-
tions of 298 K and 1 bar. The RDFs between C_CO; and C and
H atoms in the frameworks are ignored, highlighting the dis-
tribution of enriched electrons such as metal atoms. The first

peaks of d_bto+N536+E150, d_clh+N536+E150 and d_dia-
g+N536+E150 are C_CO,_Cr atomic pairs, and the strongest
peaks are also C_CO,_Cr atomic pairs (in Figs. 8(a)-8(c)),
indicating that CO; in these three frameworks is mainly ad-
sorbed near Cr atoms. This corresponds to the density distri-
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bution of CO; in Figs. 9(a)-9(c). The first and strongest peaks
of d_cdt+N406+E11494891_ are C_CO,_S and C_CO,_N
atomic pairs, respectively (Fig. 8(d)). The first peak of
d_cdt+N548+E80 is C_.CO,_Mn and C_CO,_O atomic pairs,
and the strongest peak is C_CO,_Mn atomic pairs (Fig. 8(e)).
The first peak of d_hcb+N481+E150 is also the strongest
peak, which is a C_CO,_Fe atom pair (Fig. 8(f)). As depicted
in Fig. 9(d), CO, molecules are mainly distributed irregularly
in holes close to S and N atoms. In Fig. 9(e), the largest num-
ber of CO, molecules are found in the middle of the line be-
tween the nearest two Mn atoms. Figure 9(f) illustrates that
CO;, molecules are most distributed in the middle of the line
between two adjacent Fe atoms. The entire density distribu-
tion corresponds to the RDF.
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High

(a) d_bto+N536+E150

A%
285

et AP
&3y

(d) d_cdt+N406+E11494891_  (e) d_cdt+N548-+E80 (f) d_hcb+N481+E150

Fig. 9. Density distribution of CO; in double-linker MOFs:
(a) d_bto+N536+E150, (b) dclh+N536+E150, (c) d.dia-
g+N536+E150, (d) d_cdt+N406+E11494891_, (e) d_cdt+N548+E80
and (f) d_hcb+N481+E150 at 298 K and 1 bar.

3.3. Single-component adsorption of H; in double-linker
MOFs with optimal performance

The adsorption isotherms of H; in the six top-performing
double-linker MOFs at 298 K and 1-10 bar were calculated

and are shown in Fig. 10(a). The adsorption curve of H,
in the framework is basically a straight line. At a pressure
of 10 bar, the order of H, uptake of the framework is as
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Fig. 10. The uptake (a) and Q (b) of H; in double-linker MOFs at 298 K
and 1-10 bar.
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Fig. 12. Density distribution of CO, in double-linker MOFs:
(a) d_bto+N536+E150, (b) d_clh+N536+E150, (c) d_dia-
g+N536+E150, (d) d-cdt+N406+E11494891_, (e) d_cdt+N548+E80
and (f) d_hcb+N481+E150 at 298 K and 1 bar.
follows: d_bto+N536+E150 > d_clh+N536+E150 > d_dia-
g+N536+E150 > d_hcb+N481+E150 > d_cdt+N548+E80 >
d_cdt+N406+E11494891_. This order is basically consistent
with the order of CO, uptake. The H; uptake of the six frame-
works is in the range 0.121-0.223 mol-kg~!, which is overall
smaller than the smallest CO, uptake (4.178 mol-kg~'). Fig-
ure 10(b) shows the Qg curve of the framework. The Qg of
the six double-linker MOFs basically does not change with the
change in uptake and always remains near a fixed value. The
highest Qg, of d_hcb+N481+E150, is only 5.579 kJ-mol !,
and the Hy Qg of all frameworks is lower than that of CO,,
which is consistent with the trend that the H, uptake is lower
than that of CO,.

Figures 11 and 12 show the RDF and density distribution
between each atom in the frameworks and the H atom (H_H5)
in Hy at a temperature of 298 K and a pressure of 1 bar. The
RDF of Hj is similar to that of CO,, and the distribution den-
sity is basically the same as that of CO, adsorption. The differ-
ence is that Hy occupies a larger space than CO,, which may
be because the kinetic diameter of H, molecules is smaller
than that of CO, molecules.

3.4. Binary competitive adsorption of CO,/H; in double-
linker MOF's with optimal performance

The adsorption selectivity of double-linker MOFs for
CO,/H, binary mixed systems with different feed ratios at
a temperature of 298 K and pressure of 1-10 bar was in-
vestigated; the results are shown in Fig. 13. The adsorption
selectivity of CO; in the same framework follows the same
trend with increasing pressure, independent of the CO,/H»
feed ratio. The CO; selectivity of d_hcb+N4814+E150 and
d_clh-+N536+4E150 increases with increase in pressure, while
that of d_dia-g+N536+E150 and d_cdt+N406+E11494891_
decreases with increasing pressure. The CO, selectivity of
d_bto+N536+E150 and d_cdt+N548+E80 remains almost
unchanged. Therefore, it is concluded that the separation per-
formance of the framework for the CO,/H, binary mixed sys-
tem is affected by the CO; concentration, with a higher CO,
concentration leading to better separation.
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Fig. 13. CO; adsorption selectivity in double-linker MOFs at different
CO,/H; feed ratios: (a) yco, : yH, = 0.25:0.75, (b) yco, : yu, =0.5:0.5,
(©) yco, : yH, = 0.75:0.25.

4. Conclusion

The adsorption and separation performance of 1725
double-linker MOFs was comprehensively investigated using
a combination of GCMC simulations and high-throughput
calculations. Eight screened descriptors, including largest
cavity diameter, accessible surface area, pore occupied ac-
cessible volume, porosity, adsorption selectivity, working
capacity, adsorbent performance score and percent regen-
eration were used to evaluate the CO,/H; adsorption and
separation performance of the frameworks. Based on the
comprehensive evaluation of these eight descriptors, six
best candidate frameworks for CO,/H, separation were

screened: d_bto+N536+E150, d_clh+N536+E150, d_dia-
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g+N536+E150, d_hcb+N481+E150, d_cdt+N548-+E80 and
d_ cdt+N406+E11494891_. Their excellent adsorption and
separation performances were verified by analyzing the single-
component adsorption and binary competitive adsorption of
COy/H,. The finding that the selectivity of CO, is positively
correlated with the CO; concentration in the mixed system ex-
pands the application scenario of the framework for separation
of CO;, in mixed CO,/H; systems with different ratios. The
microscopic adsorption mechanism of the frameworks was an-
alyzed at the molecular level by means of the radial distribu-
tion functions and density distribution, and the results showed
that the geometry of the frameworks significantly affects the
adsorption performance. This study will be of assistance for
subsequent studies of MOFs in gas adsorption and separation.
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