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The separation of Xe/Kr mixtures in used nuclear fuel (UNF) has attracted lots of attention, but no report on
the adsorption and separation of Kr from mixed Kr/Xe at room temperature can be found. From grand
canonical Monte Carlo (GCMC) simulation, it is found that by replacing the metal center Ca of SBMOF-1
with Mg, due to the appropriate pore size, the adsorption selectivity (Sk./xe) Was extremely high
(250 000) and the adsorption capacity for Kr on Mg—SBMOF-1 modified with —NH, was increased by
300% to 1.020 from 0.248 mmol g—*. Based on the calculations of density functional theory (DFT), we
found that the stronger electron-donating ability of a functional group will increase the polarizability of
the ligand, and thus increase the adsorption capacity to Kr. In addition, the analysis of electronic
structures with independent gradient model (IGM) and energy decomposition analysis (EDA) indicates

0 5 that van der Waals forces will be responsible for the interaction of Mg—SBMOF-1 and Kr gas. Among
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Accepted 23rd April 2020 them, the interaction of Mg-SBMOF-1 and Kr gas is mainly an induction force, while that of
modifications with —CHz and —NH> is mainly a dispersion force. The present theoretical study represents

DOI: 10.1038/d0ra02212h the first report of the separation of Kr from Xe with MOF adsorption at room temperature. We hope this
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1. Introduction

The world we are living in is experiencing an energy crisis, more
and more scientists are paying attention to the development
and utilization of nuclear energy.' However, radioactive, used
nuclear fuel (UNF) from energy generation in nuclear power
plants requires an economically viable process to recover
precious isotopes and reduce the pollution of radionuclides to
the atmosphere.? There are large amounts of >’Xe and *Kr in
UNF, and the content of *’Xe is ten times of *Kr. Note that Xe
is useful in commercial lighting, imaging, anesthesia, as
a propellant in ion propulsion engines, and so on.* At the same
time, krypton is widely used in electric light sources, gas lasers
and plasma flows*® due to its special physical and chemical
properties. Radioactive krypton (®*Kr) can be used to make gas
radiation source, thickness gauge, densitometer, electron
capture tester and aerosol neutralizer, etc. **Kr also plays an
important role in the ‘deuteration’ technology, i.e., *Kr gas can
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work may promote the experimental synthesis of Mg—SBMOF-1 for efficient separation of Kr and Xe.

be used to detect engine surface defects, and whose sensitivity is
one thousand times higher than the general non-destructive
testing method.® Most importantly, **Kr can also be used as
one of the important nuclides to track nuclear explosion. The
extraction for pure krypton is of great strategic significance for
its application in military and civil fields. The traditional
method of separation these two gases is cryogenic distillation,
however, which is energy consuming.” Separation of Kr from Xe
is an important step in removing radioactive Kr during the
reprocessing of irradiated nuclear fuel.® Therefore, discovery of
new materials and new processes for separating Kr and Xe at
room temperature is a very valuable subject.®*

In recent years, metal-organic frameworks (MOFs) have
attracted more and more attention due to their large specific
surface area and porosity, high thermal stability, adjustable
physical and chemical properties, regular and uniform pore
structure and so on, many researches have focused on the
separation of Xe from Xe/Kr mixed gases with MOFs.'""** For
example, in 2012, Thallapally et al.® simulated the real indus-
trial waste gas environment by means of experiment, and found
that the adsorption capacity of Ni/DOBDC for xenon is 9.3 mmol
kg, with the selectivity of Xe/Kr at 7.3 in the air with 400 ppm
Xe and 40 ppm Kr; in 2016, Bae et al.*® explored the reason for
the difference of adsorption performance between Xe and Kr of
MOF-74 (Co, Zn, Cu) in different metal centers theoretically,
and found that the MOF materials corresponding to Co center
with higher polarizability had stronger adsorption capacity for
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Xe; in 2018, Wang et al.** experimentally reported that MOF-
Cu-H, has a Henry constant of 39.74 mmol (g bar™') and
a selectivity of 15.8 for Xe/Kr adsorption at room temperature
and pressure; in 2016, Simon et al® found that SBMOF-1,
a MOF with calcium center and 4,4-sulfonyldibenzoate (SDB)
with one-dimensional channel, possesses the highest adsorp-
tion selectivity 16 for Xe/Kr with Xe adsorption capacity of
1.4 mmol g™, by screen from synthesized 5000 and simulated
120 000 MOFs databases by Monte Carlo method. Note that
SBMOF-1 was formerly synthesized by Banerjee et al.*® in 2015.

However, the above works just focus on the separation of Xe
from Xe/Kr mixture, although the importance of krypton, only
one work reported in 2012 on the separation of Kr and Xe
experimentally and theoretically, i.e., Thallapally et al.’” found
that FMOF-Cu can achieve Xe/Kr adsorption reversal at low
temperature of 203 K and 0.1 bar, with Kr/Xe selectivity at 36.
But no work about Kr/Xe adsorption and separation by MOF to
get pure Kr gas at the normal temperature and pressure was
reported so far.

In 2013, Thonhauser et al.*® demonstrated the possibility of
replacing the metal center of MOF by means of theoretical
simulation, and investigated the adsorption behaviors of MOF-
74 of 25 different metal centers for H,, CO,, CH,, and H,O
theoretically. Subsequently, Yaghi et al.* successfully synthe-
sized microcrystalline MOF-74 [M,(DOT);DOT = dioxidoter-
ephthalate] with 2 (Mg and Co), 4 (Mg, Co, Ni, and Zn), 6 (Mg, Sr,
Mn, Co, Ni, and Zn), 8 (Mg, Ca, Sr, Mn, Fe, Co, Ni, and Zn), and
10 (Mg, Ca, Sr, Ba, Mn, Fe, Co, Ni, Zn, and Cd) different kinds of
divalent metals in 2014. The different metal centers and
isomorphic MOF-74 confirmed the accuracy of the previous
theoretical calculations and lay the foundation for the experi-
mental synthesis of homomorphic metal centers with different
MOFs.

Inspired by the above work, we decide to develop new MOF to
separate Kr/Xe mixtures efficiently, which can be used not only
for the specific adsorption of Kr in Xe/Kr mixture gas, but also in
two-column adsorption experiment, that is, two different
columns are packed with MOFs with contrary adsorption
selectivity to Kr and Xe. For example, Kr can be adsorbed in the
first column while Xe in the second one. Through the strategy of
double column adsorption, it is not only possible to achieve
high efficiency Kr/Xe separation, but also to obtain pure Kr gas
easily.

Naturally, we wonder whether SBMOF-1 can be modified so
as to adsorb Kr mainly instead of Xe. Herein, we decide to adopt
two ways to modify SBMOF-1 including replace the metal center
and functionalization of SDB ligand. By exploring the adsorp-
tion isotherms, selectivity, geometrical and electronic struc-
tures of Kr and Xe gases adsorbed on modified SBMOF-1, we
found that Mg-SBMOF-1 modified by -NH, group exhibits
superiority to Kr adsorption with Kr/Xe selectivity so high as
250 000 at room temperature and normal pressure.

2. Computational methods

Starting from the crystal structure of SBMOF-1,"* the metal
center of Ca is replaced by different metals and modified by
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various functional groups for SDB, were fully optimized by
using DMol® module incorporated in Materials Studio 8.0,2*>!
the LDA/PWC functional combined with the double numerical
basis set containing polarization function (DNP) are employed.
The relevant MOFs frameworks covered in this work are shown
in Fig. S1 and Table S1.T The global cavity diameter (GCD), pore
limiting diameter (PLD) and largest cavity diameter (LCD) were
calculated by using Zeo™" code.?**

The gas adsorption isotherms were simulated with the
Grand Canonical Monte Carlo (GCMC) using RASPA code.**
Thallapally et al.*® simulated the adsorption of Xe and Kr on
SBMOF-1 by GCMC with rigid force field, and the calculated
adsorption capacity is comparable with experiment. So, in this
work all structures were regarded as rigid during simulation.
Weak interactions between adsorbates and framework atoms
were described using 12-6 Lennard-Jones and Coulomb poten-
tials with following eqn (1).>**

e\ g\
U; = 4e; |:(r—u) - (r—lj) :| +
ij i

where i and j represent interacting atoms and r corresponds to
their distance; 6 and ¢ are L-J diameter and well depth,
respectively; g denotes the partial charge of atoms, and ¢, is the
dielectric constant. Partial atomic charges were calculated using
extended charge equilibration (EQ.,) method using default
values.”® The Lorentz-Berthelot mixing rules were used to
calculate cross-term L-J parameters.*® The force field parameters
for framework are obtained by fitting UFF and Dreiding force
fields,*** while noble gas molecules were modeled using
TraPPE force field parameters (Table S21).>"* In order to verify
the accuracy of the fitted force field, we compared the simula-
tion results with previously reported experimental data.” the
contradistinction between the simulation outcomes and
experimental values for Xe, Kr adsorbed on SBMOF-1 were
performed as plotted in Fig. S2,f and it is shown that the
simulated adsorption isotherm curves agree well with the
experimental results. Although the calculated adsorption
capacity for Kr is slightly larger than the experimental one, it is
still within a reasonable range, indicating the fitted force field is
reliable. There are 200 000 MC cycles simulations at each
pressure, where the first 100 000 cycles were used for equili-
bration and the remaining 100 000 cycles for the computation
of the average of thermodynamic properties. The insertion,
deletion, translation, rotation, and identity-change MC trial
moves were considered in all GCMC calculations. RASPA
developers have implemented the fluctuation method to
calculate Qg at Monte Carlo level using eqn (2).

(UN) = (U)(N)
(N?) = (N)?

qi4;
— 1
47'580}",']' ( )

Oy = —AH = —RT (2)
where R, T, U, N, and brackets are the gas constant, tempera-
ture, energy, number of particles, and ensemble average,
respectively.

The thermodynamic stability of modified SBMOF-1 is
explored in Forcite module®** of Materials Studio package.”* We
set up the annealing process from 273 to 5600 K (intermediate

This journal is © The Royal Society of Chemistry 2020
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temperature is 500 K), the entire annealing process consists of 5
cycles with a total time of 5 ps in NVT ensemble. Besides, the
electrostatic potential gradient (EPG) and the adsorption ener-
gies (E,qs) of every modified framework were also calculated
with the GGA/PBE functional exchange-correlation functional
including Grimme's D correction in conjunction with the
double numerical basis set containing polarization function
(DNP) with DMol®> module** incorporated in Materials Studio
package.”® The E,q4s can be calculated at DFT level according to

eqn (3).
Eags = Evor+ng — Emor — Eng (3)

where Envoring, Emor, and Eyg denote the energies of the MOF
with adsorbed noble gas, bare MOF, and the isolated noble gas,
respectively. Negative adsorption energy means favorable
binding.*

The Mg-SBMOF-1 cluster was cut out in MS visualizer, to
obtain the optimized structure of cluster adsorbed by guest
molecule at the B3LYP-D3/6-31+G(d)/SDD (Kr) level with
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Gaussian 16 package, the polarizability of ligand was calculated
at the B3LYP-D3/aug-cc-pVDZ level. The IGM (Independent
Gradient Model) calculation®* was performed to analyze the
weak interaction between Kr/Xe and MOF with Multiwfn®
coming from the calculations of Gaussian program.***”

To perform the energy decomposition analysis of the
adsorption energy, the medium order symmetry-adapted
perturbation theory (SAPT) calculations® were performed at
the SAPT2/aug-cc-pVQZ-pp level of theory with PSI4 code® on
the optimized geometries. Note that SAPT is essentially free of
BSSE problem,* no additional correction for BSSE is
needed.*®**

During the separation process, the adsorption selectivity
(Saas) is an essential parameter to evaluate the separation ability
of a porous material. The adsorption selectivity of component i
over component j in a mixture is defined as following eqn (4).

Suas(ifj) = % (4)

—&— SBMOF-1
—e—-Mg
1o —A—-Ti
—¥—-Zn
——-Cd
~08
20
9
g
Eoe6f
Q
-
8
o
D04
o
M
02
0.0
1 1 1 1 1 1
0 20 40 60 80 100
pressure (KPa)

(b)

46

—a—GCD

=
o
N
7]
2
o
-9
34 ®
32 F
X ) SR
28 1 L L 1 1
-Ti Mg -cd Zn Ca

Type of MOF

(d)

Fig. 1 Simulated unary (a) Xe, (b) Kr adsorption isotherms on X—-SBMOF-1 (X = Ca, Mg, Ti, Zn, Cd) at 298 K; calculated (c) curve of adsorption
capacity of X=SBMOF-1 (X = Ca, Mg, Ti, Zn, Cd) for Kr with pore limiting diameter (PLD); (d) ground cavity diameter (GCD), pore limiting diameter
(PLD) and largest cavity diameter (LCD) of X—SBMOF-1(X = Ca, Mg, Ti, Zn, Cd).
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where x and y are the molar ratios of the adsorbates in the
adsorbed phase and the bulk phase, respectively.

3. Results and discussion

In this section, we mainly organize the discussion as follows: in
Section 3.1, the adsorption capacities of Kr and Xe on SBMOF-1
with different metal centers will be investigated; in Section 3.2,
the Kr and Xe adsorbed on Mg-SBMOF-1 functionalized with
-F, -CHj3;, -OH, and -NH, will be explored; in Section 3.3, the
intrinsic interaction mechanism between Kr, Xe and Mg-
SBMOF-1 will be proposed; in Section 3.4, the effect of
temperature, pressure and molar fraction of feed gas on Kr/Xe
selectivity during adsorption process will be explored.

3.1 The adsorption capacities and selectivities of X-SBMOF-
1 (X = Ca, Mg, Ti, Zn, and Cd) for Kr and Xe

The adsorption isotherms of X-SBMOF-1 (X = Ca, Mg, Ti, Zn,
Cd) on Xe and Kr at 298 K are plotted in Fig. 1(a) and (b). In fact,
Ti-SBMOF-1 has no adsorption on either Xe or Kr, and the
adsorption capacities of Zn-SBMOF-1 and Cd-SBMOF-1 for Xe

View Article Online

Paper

(0.871 mmol g, 0.671 mmol g™ ) are larger than those for Kr
(0.661 mmol g, 0.550 mmol g~ ). It should be noted that Mg-
SBMOF-1 can adsorb a certain amount of Kr (0.248 mmol g~ '),
yet hardly adsorb Xe. Although the substitution of metal center
makes the adsorption capacity lower than the original SBMOF-1
(Xe: 1.393 mmol g ', Kr: 1.070 mmol g '), Mg-SBMOF-1
exhibits huge potential for specific adsorption of Kr in mixed
Kr/Xe gases.

Mg-SBMOF-1 has two types of pores including pore I and II
as shown in Fig. S1(a),f since the pore I is too small (3.39 A) to
accommodate Kr or Xe, so the adsorption mainly occurs in pore
1. Based on the aperture distribution analysis of Xx-SBMOF-1 as
plotted in Fig. 1, there is a linear positive correlation between
adsorption capacities and PLDs of Kr with R” = 0.96 as plotted
in Fig. 1(c), i.e., the larger of the PLD, the easier for Kr to enter
and thus the higher adsorption capacity. As we know that the
dynamic diameters of Kr and Xe are 3.60 and 4.00 A, respec-
tively, it is clear that the LCDs of SBMOF-1, Zn-SBMOF-1, and
Cd-SBMOF-1 are larger than 4.00 A, while Ti-SBMOF-1 has the
smallest pore size less than 3.60 A as plotted in Fig. 1(d), and
only Mg-SBMOF-1's LCD (3.90 A) is right between the dynamic
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Fig. 2 Simulated unary (a) Xe, (b) Kr adsorption isotherms on single substitution modified Mg—SBMOF-1 with GCMC; (c) Calculated unary Kr
adsorption isotherms and electrostatic potential gradient on single substitution Mg—SBMOF-1 with —NH,, —OH, —CHs, —F.
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diameters of Xe and Kr, thus specific adsorption of Kr may be
achieved. In addition, we also investigated the adsorption heat
(Qst) and energy (E.qs) of X-SBMOF-1 (X = Ca, Mg, Ti, Zn, Cd) to
Kr and Xe, which were calculated at MC and DFT levels,
respectively. As listed in Table S3,t it is shown that the E,45 are
slightly greater than those of Qg, but the result sequences with
the two calculation methods are generally consistent. For
SBMOF-1, Zn-SBMOF-1 and Cd-SBMOF-1, the binding abilities
to Xe are generally larger than Kr. The absolute values of
adsorption heat of Ti-SBMOF-1 for Kr and Xe are less than
15 kJ mol %, basically no adsorption, which is consistent with
the previous results of adsorption capacity and pore size anal-
ysis. For Mg-SBMOF-1, the absolute value of Qg and E,qs for Kr
at —24.25 k] mol " and —28.53 k] mol " are larger than those of
—22.61 k] mol * and —18.56 k] mol * for Xe. From the calcu-
lation results of Qg as listed Table S3,T we can find that for X-
SBMOF-1 (X = Ca, Mg, Ti, Zn, Cd), the interaction between the
host and guest is dominant, and no guest-guest interaction can
be found. Note that although the adsorption capacity of Mg-
SBMOF-1 for Kr (0.248 mmol g ') is not the largest, the
adsorption selectivity to Kr/Xe is the highest up to 250 000.
Experimentally, annealing process is often used to verify the
thermal stability of the material structure.*” Theoretically, the
influence of temperature on the stability can be verified by
molecular simulation. In 2018, Dikshit et al. explored the
thermodynamic stability of graphene composite by using the
annealing process with Forcite module.* In 2019, Zhang et al.
verified the structural stability of serrated InSe nanobelts (H-
ZN(7)-X) using the same method.* At the same time, the
binding energy between metal center Mg and ligand (SDB)
calculated at PBE/DNP level is 69.17 k] mol ', indicating the
large stability of Mg-SBMOF-1. In order to understand the
thermal stability of Mg-SBMOF-1, we simulated annealing
process with Forcite module® incorporated in Material Studio
package.*® The energy change curve during annealing process
and the unit structure of Mg-SBMOF-1 after annealing were
plotted in Fig. S3,f respectively. From Fig. S3(a),t it can be
found that the energy of system quickly reaches equilibrium
after 0.1 ps, the upper and lower amplitudes are not very large,
and is converged at 2000 kcal mol ', lower the kinetic energy
more stable is the model which also confirm the thermal
stability of the model. After annealing, the geometry of frame-
work just has a slight deformation as plotted in Fig. S3(b),t
indicating the large thermal stability of Mg-SBMOF-1.

3.2 The adsorption capacities and selectivity of Mg-SBMOF-
1 with various functional groups

In 2016, Bae et al.*’ theoretically proved that the UiO-66 modi-
fied with -OCH3;, -F, or -NH, groups at different positions of
terephthalic acid can adsorb and separate Xe/Kr efficiently. In
view of the large adsorption selectivity to Kr/Xe and high
thermal stability, we decide to further modify Mg-SBMOF-1 to
investigate the Kr, Xe adsorption with functional groups
including -F, -CH;, -OH and -NH,.

3.2.1 The effect of modified -F, -CH;, -OH, and -NH,
functional groups on Kr, Xe adsorption and separation. To

This journal is © The Royal Society of Chemistry 2020
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improve the adsorption performance of Mg-SBMOF-1 on Kr, the
functional groups including -F, -CH3;, -OH, -NH, are intro-
duced into the benzene ring of SDB as shown in Fig. S4,1 single-
component gas adsorption simulations were performed in the
pressure range of 0.1-1.0 bar as plotted in Fig. 2. From Fig. 2(b)
we can find that the order of adsorption capacities for Kr after
single substitution is: S-NH,-2 (0.440 mmol g~ ') > S-OH-2
(0.262 mmol g') > S-OH-1 (0.258 mmol g ') > S-F-2
(0.231 mmol g ') > SF-1 (0227 mmol g ') > S-CH;2
(0.178 mmol g~') > S-NH,-1 (0.001 mmol g~') > S-CH;-1
(0.000 mmol g~ '), herein S denotes single substitution, while
number 1 and 2 represent position 1, and 2 on benzene of SDB
as shown in Fig. S4.1 Note that the adsorption capacity of Kr
varied with the modification of different groups at different
positions, and the effect of the electron-donating groups -NH,,
-OH favors the adsorption capacities of Mg-SBMOF-1 to Kr than
-F, -CH;. After functionalization, the pore sizes of MOFs are
further reduced, and thus the adsorption capacities of Xe are
also reduced almost to zero.

It is important to understand the influence of pore size of
functionalized Mg-SBMOF-1 on the adsorption capacity. So, we
calculated their aperture conditions as plotted in Fig. S5,1 and it
is shown that after the modification on the position 1, the LCDs
of the skeleton are shortened greatly, and that of 1-CH;-Mg-
SBMOF-1 is even shortened to 2.93 A, thus no adsorption on Kr
and Xe can be found. However, the LCDs of the modified Mg-
SBMOF-1 at position 2 are still larger than 3.60 A which well
between 3.60 and 4.00 A. Obviously, the modification of posi-
tion 1 has a larger steric hindrance on the pore size of frame-
work than position 2, so modification of position 2 is suitable
for the specific adsorption of Kr.

In order to learn the discrepancy in the adsorption capacity
on Kr and Xe of Mg-SBMOF-1 modified with above different
functional groups with electron-donating capacity of -F < -CHj;
< -OH < -NH,, the electrostatic potential and the polarizability
of them were investigated also. From the calculated electrostatic
potential gradient (EPG) as shown in Fig. S6,} it is clear that
after modified with -F, the EPG of the EPG of MOF decreases
from 0.58 to 0.57. Obviously, modification with electron-
withdrawing groups will reduce the EPG of MOF, while the
opposite result is obtained by modifying with electron-rich
groups of -NH,, -OH. Comparing the adsorption curve of Kr
under the same condition, we can find that, increase of the EPG
of the system has a positive effect on the adsorption capacity for
Kr as plotted in Fig. 2(c). The only exception is for methyl, the
adsorption capacity of Mg-SBMOF-1 on Kr is reduced to just
0.178 mmol g~ ', even less than that of adsorption after -F
substitution (0.231 mmol g~ '), which may result from its large
steric hindrance in the pores.

To gain more insight on the effect of modified group on the
adsorption capacity, the polarizability of the modified ligands at
different positions with different groups were analyzed and
compared as listed in Table 1, and it is clear that the modifi-
cation of the larger group such as -CHj3, -NH,, will increase the
polarizability evidently. For example, the polarizability of 1-
NH,-SDB is about 459.75 a.u., which is much larger than that of
SDB by 20.89 a.u. while the polarizability of SDB modified with

RSC Adv, 2020, 10, 17195-17204 | 17199
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Table 1 Calculated the polarizability of system modified by different functional groups at B3LYP/aug-cc-pVDZ level

ligand category SDB S-F-1 S-CH3-1 S-OH-1 S-NH,-1 S-F-2 S-CH;-2 S-OH-2 S-NH,-2
Polarizability (a.u.) 438.86 438.48 462.07 447.98 459.75 441.55 463.64 452.21 466.93

electron-withdrawing group -F decreased by 0.38 a.u. And we
further found that modification of the same group at position 2
has larger effect than position 1, for example, the polarizability
of the system modified by -OH at positions 2 is 452.21 a.u.,
which is larger than that of position 1 by 4.23 a.u.

In summary, the modification with the electron-rich -NH,
will favor the adsorption of Kr, because the electron-donating
ability of -NH, group leads to great polarizability of the modi-
fied ligand and large EPG of the MOF, it will favor the adsorp-
tion of guest molecules. Thus, we selected -NH, group for the
further modification in the following.

3.2.2 The effect of number and position of -NH, group on
Kr, Xe adsorption and separation. Herein, we decide to inves-
tigate the adsorption of Kr and Xe by Mg-SBMOF-1 with
multiple amino groups, and design ten decoration schemes
with -NH, on SDB of the pore II as plotted in Fig. S7,T and the
corresponding adsorption isotherms for Xe and Kr are plotted
in Fig. S8(a).f The adsorption capacity of Kr after double
substitutions of -NH,, is ranked as: D-NH,-5 (0.574 mmol g~ ') >
D-NH,-4 (0.552 mmol g~ ') > D-NH,-2 (0.477 mmol g ') > D-NH,-
1 (0.003 mmol g~") > D-NH,-6 (0.002 mmol g~') > D-NH,-3
(0.001 mmol g~ ") (D denotes double substitutions). It is clear
that the double substitution schemes of 1, 3, and 6 are unfa-
vorable. In the case of multiple substitutions, when the number
of -NH, is increased to 3, 4, 5 and 6, the adsorption capacities
are accordingly increased to 0.773, 0.868, 0.964, and
1.015 mmol g ', respectively, i.e., the more of the substituted
amino groups, the more of adsorption capacities of Kr.

In order to explore the influence of different modification
schemes on the adsorption capacity, we analyzed it from the
aspect of geometry size including GCD, PLD and LCD as plotted
in Fig. S8(c).T It is shown that the LCDs of D-NH,-1, D-NH,-3,
and D-NH,-6 are all smaller than 3.60 A, may due to -NH,
within these modification schemes all occupies position 1 close
to sulfuryl group, which greatly blocks the pore II and thus
difficult to adsorb Kr. So, in the case of multiple substitutions,
the -NH, is always added on the benzene ring except for posi-
tion 1. From the result of pore size analysis in Fig. S8(c),T we
found that the modification schemes including 2, 4, and 5 have
minute effect on the size of pore II in Mg-SBMOF-1, which are
all around 3.90 A and well between Xe and Kr dynamic diame-
ters. Due to the confinement effect, Xe cannot enter the pore
channel, and only increase the adsorption of Kr.

In the next step, we also explored the electronic structure
influence of MOF modified with multiple -NH, on the adsorp-
tion capacity of Kr. Note that when the number of -NH, group
for Mg-SBMOF-1 is increased from 2 to 6, the adsorption
capacity for Kr is increased from 0.574 to 1.015 mmol g~ *, which
may be related to the change in the polarizability of the ligand
modified with -NH,. Then, we decide to investigate the
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relationship between the polarizability and the adsorption
capacity for Kr of MOFs decorated with various number of -NH,
as plotted in Fig. S8(d).t It is found that there is a linear positive
correlation (R*> = 0.81) between adsorption capacities and
polarizabilities of the modified SDB ligands, i.e., the greater
polarizability of the ligands, the larger adsorption capacity for
framework to Kr.

3.3 The electronic structure comparison of Kr, Xe adsorbed
on SBMOF-1 and Mg-SBMOF-1

To further understand the adsorption properties of Kr, Xe on
SBMOF-1 and Mg-SBMOF-1, the adsorption sites, adsorption
heats were explored, the weak interaction was analyzed with
independent gradient model (IGM), and the energy decompo-
sition analyses between MOF and Xe, Kr were also performed
with SAPT.*®

At first, the electronic structures of Xe and Kr adsorbed on
SBMOF-1 were analyzed with density functional theory. From
adsorption positions of Xe, Kr in the pore of SBMOF-1 as shown
in the Fig. S9, we can find that both have similar adsorption
sites, and located in the middle of MOF channel. The calculated
adsorption heats of SBMOF-1 with Xe and Kr are
—34.46 k] mol ', —27.21 k] mol ', respectively, both belong to
the category of physical adsorption. The IGM analysis was also
performed on the SBMOF-1 adsorption of Xe, Kr to determine
the weak interaction property as shown in Fig. S10.1 Note that
the color of the iso-surface is green, indicating the interaction
type between them belongs to van der Waals force, and the
strength of the iso-surface between SBMOF-1 and Xe is signifi-
cantly larger than Kr, which coincides with the fact that the
binding energies between SBMOF-1 and Xe is stronger than that
of Kr.*> From above analysis, it is shown that there are mainly

Table 2 The calculated of energy decomposition analysis (EDA) of the
interaction between MOF and Kr, Xe (unit: kJ mol™)*

SBMOF-1 Mg-SBMOF-1

Kr Xe Kr Xe
AEcjec —0.83 -3.70 —0.80 —0.45
Percentage 4.6% 11.9% 4.5% 2.8%
AEcy 1.81 6.48 1.79 8.01
AEindu —9.46 —5.99 -9.15 —4.56
Percentage 52.0% 19.3% 52.0% 28.8%
AEqisp —7.91 —21.38 —7.66 —10.82
Percentage 43.4% 68.8% 43.5% 68.4%
AE o —16.39 —24.59 —15.82 —7.82

“ AEciecy AEexe, AEingu, AEgisp, AEro; Tepresent electrostatic interaction,
exchange interaction, induction interaction, dispersion interaction
and total interaction respectively.

This journal is © The Royal Society of Chemistry 2020
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van der Waals interactions between SBMOF-1 and Xe or Kr. To
deeply understand the nature of interaction between MOF and
guest, we further explore energy decomposition analysis (EDA)
by using SAPT calculations. As listed in Table 2, the adsorption
energies between SBMOF-1 and Xe is —24.59 k] mol ", however,
that of Kr is just —16.39 kJ mol ", which is obviously less than
Xe. So, the adsorption of SBMOF-1 takes on Xe/Kr selectivity to
some extent. Secondly, from the percents of the three types of
adsorption energies including electrostatics, induction and
dispersion, the interaction between MOF and Xe is mainly of
dispersion force while that of Kr is determinated by induction
force.

Secondly, the electronic structures of Kr, Xe adsorbed on
Mg-SBMOF-1 were also explored with density functional theory.
At first, we focus on the difference in adsorption sites between
Kr and Xe on Mg-SBMOF-1. From the adsorption position of gas
molecules on Fig. 3, it is found that Kr and Xe are all adsorbed
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Fig. 4 The adsorption heats of Kr in Mg—SBMOF-1 and different
amounts of amino-modified Mg—SBMOF-1 at 298 K.
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Fig. 3 The calculate Xe and Kr adsorption sites in Mg—SBMOF-1 at B3LYP/6-31+G(d)/SDD (Kr) level.

in the middle of the pore II in Mg-SBMOF-1, at the same time
the distances between Kr and C1, C2 (Kr---C: 3.83 A, 3.74 A) are
smaller than those between Xe and C1, C2 (Xe:--C: 3.90 A, 3.77
A), so Kr is closer to the skeleton. The adsorption heats of Mg-
SBMOF-1 with Kr and Xe were calculated as —24.25,
—22.61 k] mol ™", respectively, suggesting that the binding
ability of framework with Kr is larger than Xe. Therefore, both in
terms of geometry and energy, Mg-SBMOF-1 is more likely to
combine with Kr instead of Xe, thereby achieving adsorption
reversal. At the same time, the adsorption isoline and IGM were
applied to analyze the host-guest and the guest-guest interac-
tion during the adsorption process, where IGM analysis is based
on DFT at the B3LYP/6-31+G(d)/SDD (Kr) level. Fig. 4 shows the
adsorption isosteres of Kr in Mg-SBMOF-1 and amino-modified
Mg-SBMOF-1, we can find that with more -NH, groups added to
MOF, the adsorption heat is larger, for example, the adsorption
heat of 3NH,-Mg-SBMOF-1 and 6NH,-Mg-SBMOF-1 were
29.41 k] mol ™, 30.60 kJ mol ", respectively. In addition, all the
adsorption heat decreases with the increase of adsorption
amount, which is in accordance with the change rule of tradi-
tional equivalent adsorption heat curve, i.e., there is no inter-
action between guest molecules. From the optimized structure
of Fig. 5(a), it is clear that there are weak interaction between Kr
and framework, and the green iso-surface denotes there is van
der Waals force between them as we supposed. The IGM anal-
ysis between the cluster of 6NH,-Mg-SBMOF-1 and Kr are
plotted in Fig. 5(b). Compared with the adsorption in Mg-
SBMOF-1, Kr is no longer located in the middle of the channel,
but close to the benzene ring (a) with a red iso-surface, indi-
cating a certain steric effect. Note that there is another green
iso-surface between Kr and the parallel benzene ring (b), indi-
cating the van der Waals force.

In Table 2, the EDA of interactions between Mg-SBMOF-1
and Xe or Kr are listed. It is shown that the interaction
between Mg-SBMOF-1 and Xe is very small just at
—7.82 kJ mol !, which is not beneficial to the binding of Xe.
From the energy decomposition analysis (EDA), it is shown that

RSC Adv, 2020, 10, 17195-17204 | 17201
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Fig. 5

(b)

Intermolecular interactions (iso-surfaces: 0.005 a.u.) for different models using IGM analysis. (@) Mg—SBMOF-1 based host Kr; (b) 6-NH,

modified Mg—SBMOF-1 based host Kr. All iso-surfaces are colored according to a BGR (blue—green—-red, blue represents a strong attraction,
green represents van der Waals interaction, red denotes a strong repulsion) scheme over the electron density range —0.05 < p(r) < 0.05 a.u.

just like the adsorption of Xe, Kr by SBMOF-1, the interactions
between Mg-SBMOF-1 and Xe or Kr are dominated by disper-
sion and induction, respectively. In Table S4,f the EDA of
interactions between functionalize Mg-SBMOF-1 and Kr are
listed. From the comparison with EDA of Kr adsorbed on Mg-
SBMOF-1 functionalized four groups including -F, -CH;, -OH
and -NH, at the same position of Mg-SBMOF-1, respectively, it
is found that accompanied by the increase of electron-donating
ability of group, the absolute value of the adsorption energy of
host-guest is increased also, i.e., S-NH,-2 (—16.76 k] mol ") > S-
OH-2 (—16.03 k] mol™") > S-F-2 (—14.86 k] mol ') > S-CH;-2
(—14.41 kJ mol '), and the main interaction between MOF and
Kr has been changed from the induction of predecessor to the
dispersion of predominance. After functionalized with -CH; or
-NH, with large steric hindrance, the exchange energy will be
improved with increase the dispersion interaction which is not
beneficial the binding of MOF and Kr.

For SBMOF-1, both IGM and EDA show that the interaction
intensity between framework and Xe is higher than Kr, while
Mg-SBMOF-1 is in the opposite. In addition to confinement
factor, Mg-SBMOF-1 also benefit the Kr adsorption from the
perspective of electronic structure. And there is just the inter-
action between the host and the guest while no guest-guest can
be found for the Kr adsorption in Mg-SBMOF-1.

3.4 The effects of different temperature, pressure, and molar
fraction on Kr, Xe selectivity of Mg-SBMOF-1

For the gas adsorption separation process, selectivity is a key
parameter to characterize the performance of adsorbent mate-
rials. So, we decide to investigate the effects of temperature,
pressure and molar fraction of raw gas on the adsorption
selectivity of Kr/Xe.

At first, we will pay attention to the effect of temperature on
the selectivity of Kr/Xe in Mg-SBMOF-1. From Fig. 6(a), it is
shown that Sk;/x. decreases with increased temperature, espe-
cially in the range of 243-263 K, and corresponds to a minute

17202 | RSC Adv, 2020, 10, 17195-17204

decrease after 273 K. Because Mg-SBMOF-1 is rigid, compared
with low temperature, the molecular motion is more intense at
high temperature, and the adsorption capacity of Mg-SBMOF-1
to Kr is reduced, which leads to the decrease of selectivity.

Next, we will explore the pressure effect on Sk,/xe as plotted in
Fig. 6(b). And we can observe that the Sy x increases with
increased pressure. The increase slope of selectivity in the range
of 0.6-1.6 bar is less than that over 1.6 bar. Snurr et al.*® have
theoretically studied the adsorption properties of MOF-505 and
HKUST-1 to Kr and Xe in the pressure range of 0-10 bar. Bunzen
et al.*® also explored the adsorption of Xe by MFU-4 at 30 bar.
The pressure in a certain range does not affect the stability of
MOF material. Therefore, in order to obtain high purity Kr gas
in practical application, it is necessary to increase the adsorp-
tion pressure properly on the premise of considering the
production cost.

In addition, we also explored the Kr/Xe adsorption selectivity
at three different molar ratios (Kr:Xe = 0.4:0.6, 0.5: 0.5,
0.6 : 0.4) with GCMC simulation as shown in Fig. S11(a).T Note
that the selectivity of Kr and Xe at different molar ratios is
almost the same at above 273 K. However, in the low tempera-
ture region from 263 to 243 K, when the mixture ratio of Kr : Xe
is 0.5 : 0.5, the selectivity is increased; when the Kr: Xe ratio is
0.6:0.4, its selectivity takes 253 K as the node, showing
a bottom-up trend; while when the ratio is 0.4 : 0.6, the situa-
tion is different, the selectivity takes 253 K as the central point,
shows rising first and then decreasing trend. In addition, we
also simulated the adsorption isotherms of binary mixtures (Kr,
Xe) with different molar fraction at 243, 263, 298 and 313 K,
respectively, as shown in Fig. S11(b)-(e).T Through comparative
analysis, it can be found that the different molar fraction of
adsorbate has little effect on the adsorption selectivity at room
temperature or higher, due to the intense molecular movement
in this case, and the framework is difficult to capture more
adsorbate. For example, the difference is only 0.03 mmol g~ for
Kr of molar fraction Kr : Xe of 0.6 : 0.4 and 0.4 : 0.6 at 313 K.

This journal is © The Royal Society of Chemistry 2020
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SBMOF-1 for Kr/Xe at different pressure.

Therefore, above 298 K the change of proportion of Kr in
mixture will not change the adsorption selectivity too much
according to eqn (4), while below 253 K, the proportion of
0.5 : 0.5 will benefit the adsorption selectivity of Kr.

In summary, when the temperature is lower than 298 K with
pressure higher than 1.7 bar, the adsorption selectivity of Mg-
SBMOF-1 to Kr will be larger. The molar fraction of the feed gas
at room temperature or higher has minute effect on selectivity,
but at low temperature, the high homogeneity of the mixed feed
gas may be conducive to the selective adsorption of Kr.

4. Conclusions

In this work, the adsorption capacity and selectivity of modified
SBMOF-1 for Kr/Xe mixture in used nuclear fuel (UNF) was
investigated theoretically at GCMC and DFT levels. By replacing
Ca with Mg atoms on SBMOF-1, the pore size of MOF was
shortened to achieve the Kr/Xe selective adsorption. And we
mainly draw conclusion as follows:

After the metal center atom Ca of SBMOF-1 was replaced by
different metals including Mg, Ti, Zn, and Cd, it is found that
Mg-SBMOF-1 can realize Xe and Kr adsorption reversal at 298 K
and 100 kPa, exhibit ultra-high adsorption selectivity to Kr with
Skr/xe at 250 000. Moreover, based on Mg-SBMOF-1, the ligand
SDB (4,4-sulfonyldibenzoate) was modified with different types
of groups including -F, -CH3, -OH, and -NH,, it is found that
modification with -NH, is most beneficial for the Kr adsorption
with the capacity increased from 0.248 to 1.020 mmol g*
further.

Mg-SBMOF-1 can separate Kr and Xe mainly due to its pore
size of 3.90 A is exactly between the kinetic diameters of Kr and
Xe atoms. Meanwhile, as a result of modification, it is the strong
electron-donating ability of -NH, increases the polarizability of
the ligand and the electrostatic potential gradient of MOF,
thereby increases the weak interaction between the framework
and Kr.

The interaction between Mg-SBMOF-1 and Kr is mainly of
van der Waals force, and no interaction of guest-guest

This journal is © The Royal Society of Chemistry 2020
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(a) Simulated selectivity of krypton toward xenon for 0.5 krypton and 0.5 xenon composition with GCMC; (b) adsorption selectivity of Mg—

molecules can be found. From the results of EDA, it is shown
that the interaction between Mg-SBMOF-1 and Kr is mainly
induction force, while after the modification of electron-rich
group, it is mainly of dispersion force.

In conclusion, the present investigation represents the first
report on reversal adsorption of Xe/Kr mixture on MOF at room
temperature and normal pressure, with the Kr/Xe selectivity as
high as 250 000, which is much larger than those of FMOF-Cu
(Skr/xe = 0.6 at room temperature, 1 bar; Sk,/xe = 36 at 203 K, 0.1
bar) reported previously. We hope that the present investigation
may provide a basis for the synthesis of advanced MOFs and
utilized for Kr/Xe, Xe/Kr two-column adsorption experiment to
achieve Kr extraction at a low price.
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