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TOM TAT

Cung vé6i viée phat trién cac ngudn nang luong sach bén viing thi bao vé moi truong 1a van dé rat cap thiét
vi 6 nhiém khong khi. Trong do, SO, dnh huéng nghiém trong dén stc khoe con ngudi. Do d6, viée loai bo SO,
lam sach méi truong vo cung cip bach. Da co rat nhiéu cong nghé dugc dé xuat dé giai quyét van dé nay nhung
chua thyc sy hiéu qua. Sy ndi 1én cua vat lidu xép c6 bé mat riéng va tinh xép cuc 16n da thu hut nghién ciru bét
gift SO,. Trong do, vat liéu khung hitu co kim loai rat duge quan tam trong hép phu, tach loc va mot $6 ung dung
tiém nang khac. Trong nghién ctru nay, nhém M,(BDC),TED (M = Mg, V, Co, Ni) dugc chon dé nghién ctru kha
nang bit giir SO, bang phuong phap mé phong tai 298 K va ap suét dén 2,5 bar. Két qua chi ra lugng SO, hap phu
trong M_(BDC) (TED) (or M-MOF) theo thtr tu: Co <Ni <V < Mg. Tai 298 K va 2,5 bar, lugng hép phu SO, 16n
nhit véi 16 mmol/g cho Mg-MOF va 13 — 14 mmol/g cho cac M-MOF con lai. Nghién ctru ciing lam sang to cac
yéu t 1am ting cuong hip phu SO, trong M-MOF gdm nhiét hip phu, dién tich bé mit riéng (SSA) va thé tich
rong (V). Két qua cho thay kha nang bit gitt SO, ting gan tuyén tinh theo SSA va V.. Hon nira, ban chét tuong tac
gitta cac DOS cua SO, véi M (BDC),(TED) ciing dugc lam sang t6. Cac DOS ctia SO, chu yeu twong tac v6i quy
dao p cta C va O trong M-MOF ¢ duéi mirc Fermi.

Tir khéa: MOFs M,(BDC),TED, bat giir SO,, hap phu SO,, dién tich bé mat riéng, thé tich rong.
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ABSTRACT

Along with finding and developing sustainable clean energy sources, environmental protection is highly
urgent because the air is increasingly polluted by more and more toxic gases. In particular, the presence of toxic gas
SO, seriously affects human health. Therefore, removing toxic SO, gas to clean the living environment is extremely
urgent. Many technologies have been suggested to solve this, but they have not been effective yet. In recent years,
the emergence of porous materials with ultra-large specific surface areas and ultra-high porosity has attracted the
attention of scientists in SO, capture. Among porous materials, metal-organic frameworks are intensely interested
in adsorption, separation, and other potential applications. Herein, we select the porous materials M,(BDC),TED
(M = Mg, V, Co, Ni) to study the SO, capture using simulation approaches. The research was performed at room
temperature 298 K and pressure under 2.5 bar. Our results show that the order of metals gradually increasing the
SO, adsorption uptake in M (BDC),(TED) is Co < Ni <V < Mg. Specifically, at 298 K and 2.5 bar, the amount of
SO, adsorption is about 16 mmol/g for Mg-MOF, and about 13 — 14 mol/g for the M-MOF (M =V, Ni, Co). The
study also elucidated the influencing factors that enhance SO, adsorption in M (BDC),TED, including adsorption
isosteric heat, specific surface area, and pore volume. Noticeably, the specific surface areas and pore volumes of
M-MOFs almost linearly enhance the SO, capture capability at room temperature and low pressure. Furthermore,
we also elucidate the orbital interaction nature between SO, and M (BDC),(TED) MOFs in detail. Therein, the
DOS peaks of the SO, adsorbate mainly interact with the adsorbents' C and O p orbitals below the Fermi level.

Keywords: M (BDC) , TED MOFs, SO, capture, SO, adsorption, specific surface area, pore volume.

1. INTRODUCTION air to form sulfuric acid, the main component of
acid rain."** Despite the low SO, content in the
air, it is classified as a toxic gas and one of the
six most common environmental pollutants by
the US Environmental Protection Organization.*
Notably, significantamountofsulfuroxides (SO ),
especially SO,, is released into the environment
after the combustion of petroleum-based fuels

Sulfur dioxide (SO,) is a colorless, non-
flammable, and common pollutant in industrial
production as well as daily life. Exposure to SO,
may irritate the nose, throat, and eyes. Besides,
SO, is a corrosive gas with high solubility (120
g/L) in water and can combine with water and
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in internal combustion engines utilized in
motorized vehicles.> Therefore, removing or
reducing the quantities of SO, in the atmosphere
is exceptionally urgent. In technologies, SO,
capture based on the adsorption mechanism has
been remarkable.’ Metal-organic frameworks
(MOFs) among porous materials are an exciting
alternative for SO, capture due to outstanding
structural properties such as ultrahigh surface
area, high porosity, and controllable structural
characteristics.>* Therefore, SO, capture in nano-
porous materials has attracted scientific interest.
Many MOFs and other porous candidates have
been studied and highly appreciated for SO,
adsorption. Fu and co-workers showed that
functionalized covalent triazine framework
(CTF—CSU41) achieved the highest uptake of
SO, with a maximum capacity of 6.7 mmol/g
(i.e.,42.9wt.%)at (298 K, 0.15 bar).*¢ For MOFs,
MOF-177 exhibited the highest SO, uptake with
25.7mmol/g at (293 K, 1 bar). Some other MOFs
also showed high SO, capture capacity, ranging
from 4.8 to 17.3 mmol/g.’ Besides many other
MOFs, M, (BDC),(TED) or M(BDC)TED),
materials have been attractive for applications in
capturing toxic gases (CO,, SO,, CH,, NH,, H,S,
NO,, ...).* In this research, we use simulations
to find optimum M, (BDC),(TED) MOFs for
SO, capture, where M is magnesium (Mg),
vanadium (V), cobalt (Co) or nickel (Ni); BDC
= 1,4-Benzenedicarboxylate; TED = Triethylen-
diamine or DABCO: 1.4-Diazabicyclo [2.2.2]
octane.’

2. COMPUTATIONAL METHODS

The research approach combines density
functional theory (DFT) calculations and grand
canonical Monte Carlo (GCMC) simulations.
Firstly, we used DFT calculations to optimize the
geometries of M_(BDC),(TED) MOFs, namely
M-MOFs. Secondly, GCMC simulations were
used to obtain the isotherms and isosteric heat of
SO, adsorption as well as calculate the structural
characteristics of the M-MOFs.

To optimize the unit cell, extract partial
atomic charges of the M-MOFs, search stable or

favourite adsorption sites and DOS/PDOS, we
utilized the Vienna ab initio simulation package
(VASP)?®® for the van der Waals dispersion-
corrected density functional theory (vdW-DF).!%!!
The plane-wave basis set with the cut-off
energy of 700 eV for the plane-wave basis
set.!>!3 We performed the surface Brillouin-
zone integrations using the Monkhorst and Pack
k-point sampling technique with the 3x3x3 mesh
grid and the Gamma point at the center."* The
Methfessel-Paxton smearing of order 1 was used
for the ions and geometry relaxation, and atomic
charge calculation with the smearing width
sigma of 0.1 eV."

GCMC simulations using the RASPA code
were selected to study the gravimetric uptakes of
SO, in the M-MOFs.'® These simulations were
performed in constant volume, temperature, and
chemical potential at room temperature (298
K) and pressures up to 2.5 bar. The number of
300000 MC steps were simulated for the random
insertion, deletion, translation, and rotation of
SO, molecules in the simulation box, repeated
3x3x3 times of the primary unit cell along the a,
b, and ¢ lengths.

The interactions between atoms of SO,
gas and the MOFs were described by (i) the
Coulombic or electrostatic interactions with its
cut-off radius of 13 A, and (ii) the van der Waals
interactions with the simple Lennard-Jones (LJ)
model with the LJ cut-off radius of 20 A.!7!8
The cut-off radius and other parameters were
carefully checked before performing the GCMC
simulation. The partial charges of atoms of
the M-MOFs were extracted from the density-
derived electrostatic and chemical (DDEC6
atomic charges method, listed in Table 1, with
the symbols for the atoms shown in Figure 1.2
The qualities of the LJ potential well depth
and diameter were determined by the Lorentz—
Berthelot combining rules, one of the most
common types of mixing rules for unlike
atoms.??** The parameters for o; and ¢; (i refers
to the atoms like Fe, H, C, O in the M-MOFs
or S, O in SO,) were selected from the generic
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force fields for MOFs in the RASPA software
package.'6

Figure 1. The symbol for atomic types with different
charges of M-MOFs.

Table 1. The LJ (e, o) and charge parameters (q) for
atomic types of M-MOFs and SO,

Atomic LJ parameters
M-MOF
° types ekg (K) o(A) q()

SO, (0] 58.725 3.198 -0.201

S 189.353 3.410 0.402

https://doi.org/10.52111/qn;js.2024.18108

In this work, to search the stable or favorite
adsorption sites of SO, gas in M (BDC),(TED),
we calculated the adsorption energy of SO, gas
in the M(BDC),TED series by the expression
AE = EnMoF+so) - (Emovor Esoz)- Where
Enimorsso) Emmor, and Eso are the total
energies of the [M - MOF + SO,] system, the
pristine M,(BDC),TED MOF, and the isolated
SO, molecule, respectively.

3. RESULTS AND DISCUSSION

3.1. Optimization of the wunit cell of
M,(BDC),(TED)

First, we constructed a unit cell based on
experimental and  computational ~ works
for Ni(BDC),(TED) (BDC = Benzene
dicarboxylate, and TED = Triethylenediamine)
(Figure 2).7?7 We optimized all ions and the
size of the unit cells. Then, we replaced Ni
with other bivalent metals such as Mg, V,
and Co, which often appear in MOFs and
greatly influence gas adsorption. The results
obtained for the unit cells are listed in Table 2
and compared with the experimental data for
M =Ni,”® showing that these optimal results show
reliability with 1.61%, 1.57%, and 4.81% for a
(or b), c lengths, and the cell volume. The unit cell
wop) Of the M-MOFs also does not
change much, and they are in slightly increasing

volume (V},

Order: VCO-MOF < VV—MOF ~ VNi-MOF < VMg—MOF'
.:Metal T~ _ ] y
@ Oxygen = I‘;I " m
.:Carbon P 3

: Nitrogen ‘
: Hydrogen

Figure 2. A primary unit cell of M-MOFs (M = Mg,
V, Co or Ni).
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Table 2. The optimized parameters of the unit cell of the
M,(BDC),TED structures, compared with other works.

Lattice constant Volume

M,(BDC),TED A) of unit

c cell (%)
M=Mg ....1098 939 1130
M=V 1096 937 1125

M = Co 9.31 1113

M=Ni 1097 938 1128
M =Ni(exp. data)® 1115 953 1185

Error compared
exp. data (%)

1.61 1.57 4.81

3.2. The SO, capture
M,(BDC),TED MOFs

capability of

The SO, adsorption isotherms are shown in
Figure 3 for both excess and absolute uptakes at
pressures up to 2.5 bar. The results show these two
uptakes are nearly similar for SO, on the M-MOFs
(M = Mg, V, Co, or Ni) at low pressure under
2.5 bar. The adsorption uptakes for all metals are
listed in Table 3. Our data are also compared to
other ones. Compared to MOF-177, the best SO,
capture to date, M-MOFs strongly adsorb SO, at
low pressure below 0.5 bar.! On the contrary, above
0.5 bar, MOF-177 shows an outstanding uptake
compared to our M-MOFs and other MOFs.!

The adsorption tendency in Mg-MOF
1s more substantial than in Ni-MOF, which is
consistent with the experimental data of Kui
Tan et al. at the same temperature and pressure
conditions (0.11 bar, 298 K),” and and V. B.
Lépez-Cervantes et al (Table 3).%-°

18

15

12

SO, uptake (mmol/g)
©

7’5 Mg (absolute) —e—

Co (absolute) —*

Mg (excess) ---- Co (excess) -~~~
3 V (absolute) —o— Ni (absolute)
V (excess) ---- Ni (excess)
0 L ! L !
0.0 0.5 1.0 1.5 2.0 25

Pressure (bar)

Figure 3. Absolute and excess isotherms of SO, on
M,(BDC),(TED) at 298 K, where dashed lines and

solid lines refer to absolute and excess uptakes.

Table 3. Absolute and excess SO, uptakes on
M,(BDC)(TED) at 298 K.

M-MOFs SO, uptakes (mmol/g)
0.1 bar 1 bar 2.5 bar
M=Mg 1169 1513 1592
M=V . o280 133 1385
M =Co 9.31 12.32 13.07
M=Ni_ 959 1288 1354
. 13.6
N ot
6.44 8.60
M=Mg’ (0.11 bar)  (1.02 bar)
VN e
,,,,,,,, AO.11bar) (1.13bar) ..
Mg(I)-MOF> A0S
Ni(IT)-MOF” 25
25.7
(maximum,
MOF-177""% 1.3 203 K, -

In this work, we study the adsorption
capacity of M-MOFs for SO, up to a pressure
of 2.5 bar because researching at high pressures
is unnecessary, and the results achieved only
change a little.'” The results show that Mg-MOF
has the strongest adsorption of SO,, followed by
V-MOF, Ni-MOF, and Co-MOF. Here, Mg-MOF
adsorbs superiorly compared to the remaining
M-MOFs (M =V, Ni, Co). At 2.5 bar and 298 K,
the best uptakes reach for Mg-MOF with
Nere=15.82mmol/g,n;,=15.92mmol/g, followedby
V-MOF (71, = 13.77 mmol/g, n, = 13.85 mmol/g),
Ni-MOF (n,,. = 13.46 mmol/g, n,;,,= 13.54 mmol/g),
and Co-MOF (n,,. = 13.00 mmol/g, n,, =
13.08 mmol/g).

3.3. Effect of structural characteristics
and isostericheat on the SO, adsorption of
M,(BDC),(TED)

To explain the reason Mg increases the ability to
capture SO, based on the adsorption mechanism
compared to other metals, we analyze the
factors that have a substantial impact on the gas
adsorption of MOFs, which are the structural
characteristics (specific surface area and pore
volume) and adsorption isosteric heat.

Isosteric heat of adsorption, Qg, is an
essential factor required to describe the thermal

https://doi.org/10.52111/qnjs.2024.18108
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performance of adsorptive systems.’! The Qg
of SO, for the M-MOF series calculated in low
pressures under 1.0 kPa are presented in Figure 4.
The results show that Qg tends to increase as
pressure increases. However, the values change
little in the low-pressure region. At higher
pressures, the Qg value of SO, for M-MOFs
is most significant for Mg-MOF, rising from
42.03 klJ/mol to 47.97 kJ/mol. Meanwhile,
other M-MOFs increase slightly with pressure.
Specifically, uptakes of SO, in V-MOF: 40.61 —
44.73 kJ/mol, Co-MOF: 40.93 — 45.37 kJ/mol,
and Ni-MOF: 40.78 — 44.94 kJ/mol.

60
45 g
2
£
= 30 r R
S Mg —e—
15 V —e—
Co —*—
Ni
0

0.0 0.2 0.4 0.6 0.8 1.0
Pressure (kPa)

Figure 4. Isosteric heats of SO, adsorption for

M-MOFs vs the pressure.

The Qg value of SO, adsorption is in
the order V-MOF =~ Ni-MOF = Co-MOF <
Mg-MOF, exhibiting that SO, adsorption on
Mg, (BDC),(TED) is the most noticeable as
analyzed above. Moreover, we also research
the influence of specific surface area (SSA)
and pore volume (V7)) on the adsorptive ability
of SO, on the M-MOFs. The SSA values are
smaller than many other MOFs, but the pore
volume is relatively large, as detailed in Table 4.
The SSA and pore volume of the M-MOFs are
in increasing order Co < Ni < V < Mg. This
tendency is consistent with H. Xiang's work for
M(BDC)(TED), ; with M is Ni and Co.*

Table 4. The specific surface area and the pore volume
of M,(BDC),(TED), compared to another work.

This work H. Xiang*’

M-MOFs SSA v, SSA v,
(m¥g) (cmg) (mg) (emg)
193095 087 - -
L 172718 078 - T
1627.58  0.74 1708 0.619
1686.09  0.76 1905  0.757

https://doi.org/10.52111/qn;js.2024.18108

16 ]
14 | ]
S
g
E2t 1
< v
2i0f co Ni :
)

2 0.1 bar —&— |
1.0 bar —e—
. 25bar —*—
1600 1650 1700 1750 1800 1850 1900 1950
SSA (m%/g)
16 7 . , . . . —
b) Pore volume T
go 14 ]
S
g
Enf 1
o
~
‘g 10 | Co NV 1
=
o(\l
2 ¢ 0.1 bar —&— |
1.0 bar —e—
g 2.5 bar —*—
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Figure 5. The correlation between the uptakes and (a)
the specific surface area (SSA), (b) pore volume (/p)
of M(BDC),(TED) at 298 K.

The results in Figure 5 express that the
amounts of SO, adsorption increase almost
entirely linearly with SSA and V,. Among them,
the M-MOF with M = Mg is outstanding, which
explains the most excellent SO, adsorption
into Mg (BDC),(TED). Therefore, these two
structural characteristics (¥, and SSA) have a
powerful impact on the ability to capture SO, on
MOFs at room temperature.

3.4. Nature of interaction between SO, and
M, (BDC),(TED) at the electronic orbital level

GCMC simulation results give us quantitative
numbers, results that can be compared with
experiments and evaluate the relative adsorption
strength of the M-MOFs by changing their
metals. Therefore, to clarify the nature of the
interaction between SO, and M-MOFs, we
perform further calculations on the electronic
structure through DFT calculations.
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We indicate the preferential SO,
adsorption in M-MOFs (M = Mg, V, Co, Ni). In
this work, the effect of metals on SO, adsorption
on the M-MOF is of interest; Therefore, we only
search for stable SO, adsorption sites near the
metal of the MOF. Therefore, we only search
for stable SO, adsorption sites near the metal
of the MOF by evaluating adsorption energies.
The values of SO, adsorption energies on the
M-MOFs are shown in Table 5 and Figure 6.
Noting that the more negative AE, the more
stable the adsorption.

Among the selected metals in this
research, vanadium (V) indicates the most
considerable SO, adsorption with the most
negative energy value AE = -0,62 eV); the
remaining metals show the values of AE close
to each other, in the range of -0.40 to -0.43 eV.
Table 5 also shows that the distance between
SO, and the metal of all M-MOFs has very little
difference except V, which has shorter SO,-V
distance. Although V increases the superior
adsorption energy compared to other metals, Mg
still gives the most substantial SO, adsorption
on the Mg,(BDC),(TED). These results exhibit
a significant and decisive influence on structural
characteristic quantities such as SSA and V,.

Table 5. Adsorption energy (AE) and the distance
between the nearest atoms of SO, and the M-MOF

(dso, - mow)-
M.MOF Adsorption energy, AE  (dy;, . yior)
(eV) (kJ/mol) A)
M =Mg -0.41 -40.21 3.47
M: CO . _040 S _3885 S 344 S

To provide further insights into the
interaction nature between SO, (adsorbate) and
M-MOFs (adsorbent), we calculated and analyzed
the modification of the total electronic density
of states (DOS) and orbital-projected density
of states (PDOS) between SO, and M-MOFs
(M = Mg, V, Co, Ni) for the above favorable

SO, adsorption systems. First, we analyzed
the DOS peaks of isolated SO,, including 16",
20/17/30 2n, 3n, 4n, and 1z° (Figure 7). The
results revealed that, after the adsorption of SO,
on M-MOFs, the adsorbate’s DOS peaks shift to
the left side of the Fermi level with substantial
expansion of the DOS (20/17/30 and 4n). There,
the total peaks of the SO, on M-MOFs with
M = Co, Ni, V much stronger shift than those of
M = Mg (Figure 7). Notably, V-MOF also causes
all DOS peaks of SO, to split except the 3n peak,
which explains the most favorite adsorption of
SO, in V-MOF compared to the remaining MOFs.

¢) M =Co d) M =Ni

Figure 6. The favorable SO, adsorption configurations
on M,(BDC),(TED): a) M = Mg, b) M =V, ¢)
M = Co, and d) M = Ni.

15 T T T T T
20/1m/30 S0y memns

{ scg)(l)in_M\g;—
gl2T : S\Ozzir:nCo =
2 10* . m SO, in Ni
3 M
z° \ :
= : f
2 6} : M E‘:\

E | 3
g (V\ ’l‘ 'EJ
| t
L L AL T

E-Ef(eV)

Figure 7. Total DOS of the adsorbed SO, in M-MOFs
(M =Mg, V, Co or Ni) compared to the isolated SO,
(black dash line). The Fermi level was set to 0 eV.
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Next, the modification of the DOS of the
SO, molecule and the M-MOF’s atoms (C, O,
N, and M) was considered (Figure 8). Here, we
ignored the weak interaction between H atoms of
the MOFs and SO,. The results indicate that the
overlap between the DOS peaks of SO, molecule
with the majority of C and O p orbitals (Figure 8)
and a small fraction of M d orbitals in M-MOFs
(Figure 9) enhances the interaction between
the adsorbate and adsorbent. In particular, for
V,(BDC),(TED), substantial overlap occurs
between SO, 17" peak and the M d (mainly d..,

d,., and d,,) orbitals at about 0 €V (Fermi level)
compared to other metals. This resonance can
explain the most preferred adsorption of SO, in
V-MOF. In contrast to other metals, Mg shows
that the interaction occurs between the C and
especially O p states of the Mg-MOF with SO,
20/17/30 state and N p orbitals with SO, 2n
state. Note that we have analyzed the PDOS
between SO, and the atoms of M-MOFs in detail
and discussed the results obtained here despite

ignoring some figures.

a) SO,@Mg-MOF |

L —
21 C [MOF] |
0 [MOF] — |
N [MOF] —
9t M [MOF] —

DOS (States/eV)

'
ol i I ‘\: \ ’\ t
0 A Pl ’” il
% -4

b) SO,@V-MOF ' " .
\

| | |
bl

N
8

-10 -8

1 e

¢) SO,@Co-MOF

DOS (States/eV)

-4
E-Ep(eV)

[}

-10 - -4 -2 0

1 e

d) SO,@Ni-MOF

A AM i

|
I
I
|
-10 -8

E-Ep(eV)

Figure 8. The overlap between DOS of the SO, and that of O, N, and M atoms of M-MOFs, where the Fermi level
was set to 0 eV: a) SO,@Mg-MOF, b) SO,@V-MOF, ¢) SO,@Co-MOF, and d) SO,@Ni-MOF.

) SO,@Mg-MOF

so, —

b) SO,@V-MOF
|

10 s [M_MOF] — | 19
p [IM_MOF] — |
- d [M_MOF] |
Z 8 Total M 8 ‘
Z
;',3, 6 6 |
2 LI
2 4 4 |
o 1
0 0 P4V A NS PNV
=10 -8 =10 -8 -6 -4 -2 0 2

1w

¢) SO,@Co-MOF

PDOS (States/eV)
o

2 H
g M;J

) SO,@Ni-MOF

A A
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Figure 9. The orbital-projected DOS of the SO, with the states (s, p, d) of M atoms of M-MOFs, where the Fermi
level was set to 0 eV: a) SO,@Mg-MOF, b) SO,@V-MOF, ¢) SO,@Co-MOF, and d) SO,@Ni-MOF.
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4. CONCLUSION

After optimizing the structure for Ni(BDC)
(TED), we replaced the metal to obtain optimized
geometries for M(BDC)(TED), with M being
Mg, V, and Co by calculations based on vdW-
DF. Unit cell volumes are in ascending order of
Co <V =Ni<Mg.

The order of metals increasing the
SO, adsorption uptakes on M,(BDC),(TED)
is Co < Ni <V < Mg. At 298 K and 2.5
bar, SO, uptakes are about 16 mmol/g
for Mg-MOF  (ngy 15.82 mmol/g,
ngps = 15.92 mmol/g) and about 13 — 14 mol/g
for the M-MOF (M =V, Ni, Co).

Our work also elucidates the factors
that enhance the amounts of SO, adsorption
in M,(BDC),TED, including the adsorption
isosteric heat, specific surface area, and pore
volume. Remarkably, the specific surface areas
and pore volumes of M-MOFs almost linearly
enhance the SO, capture at room temperature
and low pressure.

Moreover, the physical insights at
electronic orbitals illustrated that the SO,@
M,(BDC),(TED) interactions are contributed
by the C and O p orbitals (more predominant)
and the metal d orbitals (weaker). Therein,
the most stable SO, adsorption configuration
is in V(BDC),(TED) by the more significant
overlap between the V d states and the SO,
orbitals. For SO,@Mg,(BDC),(TED), the
dominant interactions occur between O p and C
p states with 26/17/36 and N p with 2n of SO,,
respectively.
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