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Abstract

Metal—organic framework material MOF-199 is a new type of adsorption material for removal toxic H,S. In this work, the
effects of temperature and pressure on the performance of H,S adsorption in MOF-199 were studied by using the grand
canonical Monte Carlo (GCMC) simulation; the interaction mechanism between framework atoms of MOF-199 and guest
H,S molecules were further discussed through density functional theory (DFT) calculations. It is found that the MOF-199
adsorption capacity towards H,S decreases with increasing temperature and increases with increasing pressure. At low
pressures, the frameworks containing the binding sites of copper dimers and trimesic acid are the main factor affecting the
adsorption performance of MOF-199. While at high pressures, the free volume of MOF-199 contributes to the adsorption
capacity as well. The adsorptive interactions between H,S and the organic ligand are weak (>— 14.469 kJ/mol). When H,S
adsorption on the Cu—Cu bridge, the binding energies of the modes where hydrogen is put inward of the copper dimer are
generally smaller than that where hydrogen is outward, whereas the adsorption on the top of copper ion shows the smallest

BEs value (<— 50 kJ/mol) due to its tendency of forming a saturated six-coordinated configuration.
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1 Introduction

All forms of fossil fuels generally contain different forms of
sulfur as contaminants. Large amounts of hydrogen sulfide
are released during the utilization of coal, petroleum and
natural gas [1-3], which results in pipeline and building
corrosions as well as catalyst pollution [4, 5]. Moreover,
hydrogen sulfide is toxic to human health. Therefore, the
removal the H,S from industrial gas stream has become a
near mandatory step.

Currently, various H,S removal technics have been devel-
oped, among them, adsorption desulfurization shows the
best potential with the advantages of simple operation, less
by-products, low energy consumption and easy regenera-
tion [6, 7]. However, selecting appropriate adsorbent plays
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a decisive role in the desulfurization process [8]. Activated
carbon [9, 10], zeolites [11] and porous silicon [12] have
been extensively investigated for desulfurization. In the past
few years, metal-organic frameworks (MOFs) have attracted
considerable attentions due to its prominent advantage of
large surface area, adjustable pore structure and modifiable
surfaces [13—15]. Thus far, MOFs have showed predominant
adsorption performance on H,S removal, for example, per
gram, M-COP-27 can absorb about 10 mmol H,S [16]. But
the diversity of MOFs makes it difficult to properly select
an excellent MOF for H,S removal by only experimental
method.

In recent years, the theoretical calculations by computa-
tional chemistry method have been widely used as it can be
used to quickly predict material performance and explore
the microscopic mechanism under MOFs adsorption. Yang
Liu et al. [17] studied the effect of functionalized linkers on
CO, binding in ZIFs with DFT calculations. It proposed that
chlorine group of ZIF-69 and nitro group of ZIF-78 could
lead to enhanced acidity for the hydrogen atoms on linker
and form weak hydrogen bond interactions with the oxy-
gen atoms of CO,, which has positive effects to enhance the
binding capacity of CO,. Wei Mu et al. [18] demonstrated
that MOFs doped with alkali metals can greatly enhance
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Fig. 1 Topological structure of MOF-199

the adsorption selectivity of CO,/CH, mixture by means of
GCMC simulation and DFT calculation.

The high-density and strong adsorption sites on MOF-
199 endow it excellent adsorption performance [19]. Our
previous experimental works have found that the adsorption
capacity of H,S on MOF-199 was larger than IRMOF-3,
IRMOF-8, MOF-74(Zn) and MIL-101 [20-22]. In this work,
the effect of external factors and internal mechanism on
adsorption of H,S by MOF-199 were further studied by the-
oretical calculation, providing us with a better understanding
for the dominated factors in MOF-199 gas adsorption.

In the present study, the effect of temperature and pres-
sure on the performance of H,S adsorption on MOF-199
was studied using the grand canonical Monte Carlo (GCMC)
simulation. Meanwhile, the contribution of the fragments of
MOF-199 to the adsorption of H,S were investigated using
density functional theory (DFT) calculations.

2 Theoretical Approaches
2.1 Grand Canonical Monte Carlo Method
2.1.1 The Structure of MOF-199

The framework structure of MOF-199 is constructed from
its experimental single-crystal X-ray diffraction (XRD) data.
The crystal structure is showed in Fig. 1. MOF-199 is assem-
bled from a copper dimer coordinated with four trimesic
acid ligands forming 4-vane paddle-wheel units, as shown
in Fig. 2. These structural units are connected with each
other and form the “cage-channel” structure of MOF-199,
whose channel presents a three-dimensional square-shaped
with size of 9x9 A and the approximately octahedral pore
cages, are 5 A in size [23-25].

@ Springer

Fig.2 4-Vane paddlewheel units
of MOF-199 (the pink is Cu, the
red is O, the white is H, and the
gray is C). (Color figure online)

Table 1 The force field parameters and charges of H,S molecule

Atom 6 (A) e/kg (K) Change (e)

H 0.98 3.9 0.124

S 3.72 250.0 —0.248

barametes ot VIOF- 199 aom o) ek ®)
0 2.96 73.98°
Couborxyg 375 44.91°
Chengene 3.55° 35.23%
H 2.42° 15.10°
Cu 3.11¢ 2.52¢

0OPLS-AA force field devel-
oped by Jorgensen et al. [29]

PForce field developed by
Chongli Zhong et al. [30]

‘UFF force field [31]

2.1.2 Force Fields and Atomic Charge

The H,S molecule is described by a three-site model, and the
atomic partial charges on each atom are well-distributed. In
this work, the parameters of the H,S molecular refer to the
calculation results from Nath [26], in which the H-S bond
length is 1.365 A, H-S-H angle is 91.5 degrees, and the
potential parameters are taken from the NERD force field.
The force field parameters and charges of H,S molecule are
shown in Table 1.

Potential parameters for the atoms in the framework
of MOF-199 are derived from reference [27] as shown in
Table 2. Furthermore, the charges of each atom in MOF-199
is calculated based on GAUSSIAN 03 [28], shown in Fig. 3.

2.1.3 Simulation Techniques

The calculations are performed using the GCMC method
with Sorption program in Materials Studio 8 software. The
Metropolis method is used in all simulation process. The
long-range electrostatic interactions are dealt with the Ewald
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Fig.3 Atomic charges in clusters of MOF-199

Fig.4 The CUS of MOF-199

summation technique. A cutoff radius of 12.5 A is utilized to
the LJ interactions. The simulation consists of 5x 10° steps
to guarantee equilibration followed by 5x 10° steps to obtain
the desired thermodynamic properties. The MOF-199 unit
cell is geometrically optimized by the Geometry Optimiza-
tion task in the Forcite template to achieve the minimum
energy configuration. In this paper, the adsorptive capacity
refers to absolute adsorption capacity. In addition,while the
pressure is required to be expressed as fugacity, the selected
region of low pressure ranges warrants the assumption that
pressure is approximately equal to the fugacity.

2.2 Density Functional Theory Calculation
2.2.1 The Cluster of MOF-199

Coordinatively unsaturated sites (CUS) and organic ligand
of MOF-199 are constructed using the Visualizer Material
program in Material Studio software. As shown in Figs. 4
and 5, they are obtained by cutting out the periodic structure
and introducing protons to saturate the unsaturated atom,
keeping the overall charge zero.

2.2.2 Computational Method

The DFT calculations are performed with the Dmol® program
in Material Studio 8 software. The Perdew—Burke—Ernz-
erhof (PBE) method based on the generalized gradient
approximation (GGA) is used to describe the exchange—cor-
relation interaction. The atom is treated by the All Electron

Fig.5 The organic ligands of MOF-199

Fig.6 The adsorption configu-
ration used to verify the reliabil-
ity of the functional (the pink is
Cu, the red is O, the white is H,
the gray is C, and the yellow is
S). (Color figure online)

Relativistic method. A double numerical plus (DNP) polari-
zation basis set and a real-space orbital global cutoff of 4.4 A
are applied. Since the standard DFT method is inaccurate
in describing long-range electron interactions, this work
introduces functional DFT-D2 to compensate. The detailed
computational steps are as follows: the adsorbates and MOF
cluster are firstly geometrically optimized to obtain a stable
configuration, and their respective energies are calculated
and expressed as E(A) and E(B). Then, the various orienta-
tions adsorption configurations are optimized respectively to
obtain the corresponding energy values, expressed as E(AB).
The binding energy (BE) between the adsorbates and MOFs
is defined as follows: BE=E(AB) — (E(A)+ E(B)) [17]. A
higher absolute value of BE indicates a higher adsorption
strength.

2.2.3 Verification the Accuracy of the Methods

It is necessary to verify whether the D2 dispersion correc-
tion can get better results. It should be mentioned that the
accuracy of the BE obtained by the MO6-L functional cal-
culation is even higher than that obtained at the MP2 level in
the MOF systems [32]. Therefore, calculated results by the
MO6-L functional are considered as a measurement stand-
ard to verify the results from PBE and PBE-D2 functional.
The adsorption configuration used to verify the reliability
of the DFT functions is shown in Fig. 6. The BEs calculated
by MO6-L, PBE and PBE-D2 functionals are — 53.502 kJ/
mol, —41.668 kJ/mol and — 52.206 kJ/mol, respectively. The
BE obtained from the PBE-D2 functional is very close to
that of the MOG6-L functional. Since the MOG6-L calculation
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requires a larger computational resources than PBE-D2, the
PBE-D2 method is used in this work.

3 Results and Discussion

3.1 H,S Adsorption Over MOF-199 with GCMC
Method

3.1.1 Effect of Temperature on Adsorption

The adsorption performance was found to be highly influ-
enced by the temperature. The effect of temperature range of
0-65 °C on H,S adsorption over MOF-199 were investigated
under three pressures (0.1, 0.2, 0.3 Mpa). The results are
shown in Fig. 7, adsorption capacity gradually decreased
with increasing temperature under the same pressure. At
atmospheric pressure, the maximum adsorption capacity
at 0 °C (15.1 mmol/g), while the minimum was at 60 °C
(2.8 mmol/g). The adsorption capacity was half of the maxi-
mum when the temperature was 25 °C. Apparently tempera-
ture has a dramatic influence on the adsorption of MOF-
199. This is to be expected as thermal motion intensifies
with increasing temperature. The increased kinetic energy
of H,S molecules decreased the effectiveness of the adsorp-
tive interactions between H,S and MOF. Therefore, the resi-
dence time of the H,S molecules on the surface of MOF-199
was shortened, leading to a lower adsorption capacity. This
is consistent with experimental results which showed that
the adsorption capacity of MOF-74(Ni) for C;Hy and C;Hg
decreased with increasing temperature [33]. It is worth not-
ing that our previous experimental study showed that the
breakthrough sulfur capacity of MOF-199 for H,S removal
was only 1.27 mmol/g at 30 °C and normal pressure [20].
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Fig.7 The sulfur capacity of H,S adsorption in MOF-199 at different
temperature
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Whereas indicated in Fig. 7, the absolute adsorption capacity
under the same conditions was 6.6 mmol/g. The tremendous
difference in the equilibrium value indicates that MOF-199
has very low utilization in the dynamic tests, and it is neces-
sary to improve the adsorption kinetics of MOF-199.

3.1.2 Effect of Pressure on Adsorption

Figure 8 shows the 25 °C adsorption isotherm of H,S over
MOF-199 with the pressure ranging from 0.001 to 0.9 Mpa.
The corresponding differential curve is also presented in
the Fig. 8. As expected, the adsorption capacity increased
with increasing pressure. When the pressure was lower than
0.2 Mpa, the adsorption capacity increased sharply. As the
pressure was further increased beyond 0.3 Mpa, the increase
was more incremental. When the pressure was higher than
0.4 Mpa, the adsorption capacity plateaued. With the pres-
sure increased, the probability of H,S adsorbing onto the
surface of MOF-199 increases, which causes an accelera-
tion of gas adsorption and an increase in H,S concentration
on the surface of MOF-199, thus the adsorption capacity
increases. However, the limitations of pore volume and sur-
face area of the material finally lead to a dynamic adsorption
equilibrium.

3.1.3 Density Distribution of H,S Adsorption on MOF-199

Figure 9 shows the density distribution of the adsorbed H,S
molecules on MOF-199 at various pressures. When the pres-
sure approached zero, H,S molecules were adsorbed onto
the copper dimers and trimesic acid binding sites of MOF-
199. As the pressure was gradually increased, H,S molecules
started to occupy the pores of MOF-199. When pressure was
up to 0.9 Mpa, almost all pores in MOFs were filled by the
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Fig.8 Adsorption isotherm curve and differential curve of MOF-199
adsorption H,S
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(a) 0.001 Mpa (b) 0.1 Mpa

Fig. 9 Density distribution of H,S molecules adsorption by MOF-199

H,S guest molecule. The results show that under the lower
pressure, H,S are preferentially adsorbed at the binding sites
of MOF-199, while at higher pressures, the free volume of
MOF-199 contributes to the adsorption capacity as well.
This also indicates that H,S occupies MOF-199’s binding
sites more readily than the void space (pores) of MOF-199.

3.2 H,S Adsorption Over MOF-199 Fragment
with DFT Calculation

From the above results, the binding sites of MOF-199 are
clearly crucial for H,S adsorption at low pressure. Therefore,
the further investigation of specific interaction mechanisms
between the framework atoms of MOF-199 and guest H,S
molecules is of the utmost significance for designing and
synthesizing new MOFs with higher H,S uptake capacity.

The GCMC method has been widely used to investigate
the guest molecule adsorptions such as gas uptakes and heats
of adsorption in porous materials in various force fields
[34, 35]. However, DFT calculation is a quantum chemical
method and offers the valuable advantage of revealing the
adsorption mechanism [17]. In this section, the mechanism
of H,S adsorption on MOF-199 fragments was studied using
DFT calculation.

3.2.1 H,S Adsorption on Trimesic Acid of MOF-199

Adsorption orientations of H,S on the organic ligand of
MOF-199 are analyzed, as shown in Fig. 10. H,S molecules
were placed vertically (including configuration (a) and con-
figuration (b)) or in the same plane as (including configura-
tion (c) and configuration (d)) the benzene ring of trimesic
acid. Adsorption configurations near oxygen atoms were not
considered since the oxygen atoms of trimesic acid were
bounded with the copper ions in the periodic structure of
MOF-199. The optimized structures and BEs are shown in
Fig. 10.

. ooyt *eets @ | Gl

(¢) 0.5 Mpa (d) 0.9 Mpa

(¢) BE=-14.469 kJ/mol (d) BE=-7.790 kJ/mol

Fig. 10 DFT optimized structures and the corresponding BEs

The BEs of H,S adsorption on the trimesic acid are from
—14.469 to —7.790 kJ/mol, which are all in the range of
physical adsorption. When the hydrogen sulfide was placed
vertically to the ring, the BE of configuration (a) was slightly
smaller than that of configuration (b), indicating hydrogen
atoms in H,S are more accessible to the benzene ring than
the sulfur atom. When the hydrogen sulfide was placed in the
same plane as the benzene ring, the BE of the configuration
(c) was significantly smaller than that of the configuration
(d) which may be the result of the strong interaction between
the two hydrogen atoms of hydrogen sulfide and the two
oxygen atoms of the trimesic acid.

@ Springer



Journal of Inorganic and Organometallic Polymers and Materials

3.2.2 H,S Adsorption on Metal Center of MOF-199

The H,S adsorption configurations on the copper metal
center of MOF-199 are presented, including H,S on the
upper part and the middle of the Cu—Cu bridge, and on the
top of copper ion, as shown in Tables 3 and 4.

Table 3 Initial adsorption modes (upper and middle)

The optimized structures and BEs of H,S adsorption in
the upper part and the middle of Cu—Cu bridge in Table 3
were calculated and listed in Table 5. The BEs of the eight
configurations differ remarkably, range from — 18.269 to
3.774 kJ/mol, but are in the range of physical adsorption.
The positive 3.774 kJ/mol indicates that H,S molecules is
barely adsorbed by this configuration. As can be seen from

Initial models H-O-V

H-O-P

H-I-P

Upper part

Middle

L3
{5

e

o3 41
4 &

H hydrogen, O outward, / inward, V vertical, P parallel

Table 4 Initial adsorption modes (top)

Initial models Parallel overlap

Parallel cross

Vertical cross Vertical overlap

AN

+

,ﬂgw

X

Table 5 Optimized structures and BEs (upper and middle)

Initial models H-O-V H-O-P H-I-V H-I-P
Stable adsorption ‘

configurations

(upper part)

BE (kJ/mol) —6.818 —7.349 —-18.269 -14.229
Stable adsorption ‘ 7

configurations ) )

(middle)
BE (kJ/mol) 3.774 —6.800 -17.872 -2.549

H hydrogen, O outward, / inward, V vertical, P parallel
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© (d)

Fig. 11 Mulliken layout analysis. The figure a shows the charges of
the metal center of MOF-199, b is the charges of H,S molecules, ¢
and d are the charges of the stable adsorption configurations

Table 5, the BEs of the modes where hydrogen was put
inward of the copper dimer are generally smaller than that
of when the hydrogen was placed outward. This might be
due to the interaction between the hydrogen atom of H,S
and the oxygen atom of copper metal center. To clarify
this assumption, the Mulliken changes of the substrate,
H,S molecule and the optimized structures were also cal-
culated, which is shown in Fig. 11.

The negative charge of the oxygen atom and the positive
charge of the hydrogen atom increased as the two atoms
approach, illustrating charge transfer occurred between the
hydrogen atom and the oxygen atom. Moreover, this also
indicates that there exists strong interactions between H
and O atoms, which lead to a small BE.

The optimized structures and BEs of the adsorbed H,S
molecules over top the copper ion of MOF-199 are shown in
Table 6. The values of BEs are from — 52.206 to —50.511 kJ/
mol, which are in the range of chemical adsorption, indicat-
ing that H,S molecules prefer to adsorb on the top of the
copper ion. Actually, the top position is the coordination
position of the copper ion. This implies that the interaction

Table 6 Optimized structures and BEs (top)

originated from the coordination between the lone pair of
sulfur and the unsaturated copper center which intends to
form a saturated six-coordinated stable configuration. Com-
pared to the weak adsorptive interactions between H,S and
the organic ligand (>— 14.469 kJ/mol), it is suggested that
it is the copper metal centers which mainly contributes to
H,S adsorption.

4 Conclusion

In this work, the effects of temperature and pressure on
H,S adsorption over MOF-199 were studied with GCMC
method, and the mechanisms of H,S adsorption on organic
ligand and inorganic metal center of MOF-199 were inves-
tigated using DFT. The conclusions are summarized as
follows:

(1) The MOF-199 adsorption capacity towards H,S
decreases with increasing temperature, and increases
with increasing pressure. When the pressure was higher
than 0.4 Mpa, the adsorption tended to an equilibrium.

(2) Atlow pressures, the framework containing the binding
sites of copper dimers and trimesic acid is the main fac-
tor affecting the adsorption performance of MOF-199.
While at high pressures, the free volume of MOF-199
contributes to the adsorption capacity as well.

(3) The adsorptive interactions between H,S and the
organic ligand are weak (>— 14.469 kJ/mol). The con-
figuration with H,S placed in the same plane as the
benzene ring with hydrogen atoms of H,S close to
the oxygen atoms of trimesic acid, is the most stable
adsorption configuration for H,S to adsorb onto the
organic ligand.

(4) When H,S adsorbs onto the Cu—Cu bridge, the BEs of
the modes with hydrogen placed inward of the copper
dimer are generally smaller than that where hydrogen is
outward. The adsorption on the top of copper ion show
the smallest BEs value (<— 50 kJ/mol) due to the trend
of forming a saturated six-coordinated configuration.

Initial models Parallel overlap

Parallel cross

Vertical cross Vertical overlap

Stable adsorption
configurations

(top)

BE (kJ/mol) -51.738

-50.511

X4+ XX

-51.647 -52.206
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