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A B S T R A C T   

The dynamic, structure, and thermodynamic properties of sulfur dioxide guest gas inside nanoporous fixed silica 
Y zeolite were studied by molecular dynamics simulation at different loadings of SO2 per unit cell and within a 
range of temperature. At loading 20, greater deviation from Fickian behavior is observed. Generally, self- 
diffusion coefficient increases with temperature. The activation energy for diffusion follows a decreasing trend 
by loading increase, except at loading 20, which shows an increase in activation energy. The velocity autocor
relation function demonstrates oscillating behavior and cage effect decrease with temperature. From the radial 
distribution function (RDF) between gas and zeolite framework, it is found that the first layer around the central 
atom at a low temperature is established more easily and the first peak of the RDF appears at a short distance 
with more intensity. The interaction between S and Si atoms was examined by the potential of mean force that is 
independent of loading. The results indicate that SO2 is able to disperse homogeneously into the zeolite at all 
concentrations and temperatures without much perturbation.   

1. Introduction 

Sulfur dioxide (SO2) is an acidic, colorless, nonflammable, and toxic 
gas with a pungent and irritating smell [1–4]. SO2 emission deriving 
from fossil fuel combustion processes in thermal power plants, petro
leum refinery or on-road vehicles created serious environmental con
cerns so that its control remains a challenging problem [5–7]. In 2013, 
Deng et al. [8] have reported that more than 98% of SO2 emission is 
mainly generated from the combustion of fossil fuels and considering 
over 85% of the energy demand due to the progressive industrialization 
of the world is currently supplied by fossil fuels; this problem has 
emerged as a serious global issue. SO2 is directly responsible for the acid 
rain, air pollution, and health problems. In addition, it is harmful to 
human health and the ecosystem as well as ozone layer depletion in the 
stratosphere [5,9–11]. On the other hand, SO2 has applications in the 
chemical industry; for example, not only is widely used as a food pre
servative for dried fruits [1] but also is fundamental in producing sul
furic acid [12]. 

Considering these mutual properties of SO2, its removal as well as 
storing has attracted academic and industrial scientists to explore 
various techniques. Some technologies are often multistep, complex, 

and costly processes [8,13,14]. Thus, many attempts have been made to 
find a single-step process and suitable method for removing and storing 
SO2. One of these processes is adsorption of SO2 in nonoporous solids or 
on nanomaterials that have attracted increasing attention for significant 
advantages over other approaches such as, the minimum energy re
quirements for the regeneration of the adsorbent, relatively simple 
design compared to a chemical reactor and minimum waste disposal 
problems [13,15]. 

Non-regenerative and regenerative solid adsorbents are applied in 
controlling emissions of SO2 acidic gas. The former examples are CaO 
and MgO with major drawback of being blocked due to the sorption 
process by sulphate layers. The other type, which has the ability for the 
continuous regeneration such as, zeolites, metal-organic frameworks 
(MOFs), zeolitic imidazolate frameworks (ZIFs), silica gel, and charcoal, 
is used widely for acidic gas removal by adsorption [16–19]. 

In this series of solid adsorbents, zeolites are as one of the safe, 
effective, and affordable ones for the capture and storage of SO2 from 
flue gas [8,9,13,19,20]. Zeolites are crystalline microporous alumino
silicates containing channels and cavities with molecular dimensions 
[21–24]. Because of high thermal and chemical stabilities, adjustable 
composition, low density, and high void volume, zeolites have been 
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widely used to remove various types of pollutants from the environment 
[20,22,25,26]. Classification of zeolites is based on their composition, 
pore size, pore network topology, and channel system [27]. FAU is a 
type of zeolite family named as molecular sieve for its greater pores that 
can store more amount of gas. Due to regular structure and high internal 
surface, FAU zeolites have been broadly used in practical applications of 
adsorption and separation in the process of producing clean fuels [28]. 
The FAU zeolite has large cages connected by narrow window; 
furthermore, it has the minimum resistance to mass transfer due to the 
wide pore distribution and large pore volume [29]. The simplest type of 
FAU is SiO2 and the presence of different metal ions leads to variety in 

Table 1 
The partial atomic charges and LJ parameters used for atoms of the zeolite 
framework and SO2 gas in the MD simulations (O: oxygen atom of Y zeolite and 
O_S: oxygen atom of SO2) [45,46].  

Atom q/e ε/kcal.mol− 1  σ/Å  

Si  1.100  0.162  3.962 
O  − 0.550  0.058  3.062 
S  0.402  0.376  3.410 
O_S  − 0.201  0.117  3.198  

a)

b)

Fig. 1. End-of-simulation snapshot of 20 SO2 molecules inside Y zeolite pores at 300 K. (a) rectangular cube box and (b) cubic box.  
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structure and application. Molecular classical simulation techniques, 
which consist of the Monte Carlo (MC) and molecular dynamics (MD) 
methods, have become powerful tools to study the static and dynamic 
properties of molecular systems [30–34]. Experiments include disad
vantages, such as, environmental pollution and high cost that limit their 
application; from the other side of view, the molecular simulations do 
not have these weaknesses. Besides, the simulation provides a molecular 
perspective and is a method to study the microscopic details of the 
diffusion process. 

Accordingly, people have performed different studies helping mo
lecular simulation to remove or adsorb various gases by FAU zeolite. In 
1992, Santikary et al. [30] have examined temperature and concentra
tion dependence of Xenon sorption in Na-Y zeolite. They have concluded 
that the activation energy of diffusion coefficient is 4.1 kJ.mol− 1 and 
crossing from ballistic to diffusive behavior was observed. Mizukami 
et al. [35], in 2001, have carried out MD calculations for the separation 
of CO2 from a mixture of CO2/N2 by zeolite with a Si/Al = 2.47 ratio 
with an exciting result that nitrogen is not adsorbed on zeolite. Kamat 
et al. [36] have investigated the adsorption and diffusion behavior of 
methane in Na-Y zeolite by MD simulation at 5 temperatures and 
different loadings. An acceptable agreement between MD results and 
their analytical theory was obtained. In 2008, a research has been per
formed on the removal of hydrogen sulfide and its competitive adsorp
tion toward methane and carbon dioxide by zeolites MFI (dealumined), 

Na-Y (Si/Al = 1) and LTA (Si/Al = 1) with Coupled Grand Canonical- 
Canonical Monte Carlo and MD simulation techniques. It was found 
that Na-Y zeolite is the best option for the removal of hydrogen sulfide 
[32]. Na-X and Na-Y Faujasite systems were applied to understand CO2 
adsorption mechanism [37]; water diffusion in zeolites Na-X and Na-Y 
was investigated theoretically and experimentally at different temper
atures and loadings [38]. In addition, Deroche et al. [39] have studied 
self-diffusion coefficients and adsorption isotherms of pure methane and 
its binary mixture with CO2 in Na-Y zeolite at 200 K by combining an 
experimental quasi-elastic neutron scattering (QENS) technique and 
classical MD simulations. The study demonstrated that Na-Y has more 
ability to adsorb CH4 while CH4 self-diffusion coefficient decreases 
when CO2 loading increases. In 2014, Thang et al. [40] have reported a 
spectroscopic, calorimetric, and theoretical study on the effect of 
composition on equilibrium CO2 adsorption in M− FAU (M = Li, Na, and 
K). In 2014, Zhang et al. [34] have investigated the adsorption of CO2 
and CH4 in Na-Y and Na-X zeolites by grand-canonical MC (GCMC) 
simulations. The results of adsorption isotherms were fitted by Langmuir 
and Toth models. In 2015, Lima et al. [41] have investigated the 
adsorption of a 15:85 (CO2 : N2) mixture on Na-X zeolite impregnated 
with monoethanolamine (MEA) by MC simulation. They have under
stood that CO2 selectivity is higher than N2 by the goal adsorbent. 
Furthermore, MEA concentrations higher than 12 wt% prevented the 
adsorption of CO2 molecules. In 2015, Sun et al. [29] have evaluated the 
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Fig. 2. The effect of temperature on the computed center of mass MSD of SO2 within pores of silica Y zeolite from simulations at different loadings.  
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diffusion of N2 , O2 , H2S , and SO2 gases in MFI and 4A zeolites by MD 
simulation. At high temperatures and loadings, the diffusion coefficient 
of SO2 is lower than the other gases concluding that SO2 has the highest 
adsorption. In MFI, the diffusion coefficient of SO2 increases uniformly 
with increasing temperature and decreases with increasing loading, but 
in 4A it does not change with increasing loading. Asl et al. [42] have 
simulated the decryption of bi and tri aromatics behavior with Na-X 
zeolite. In 2017, Kowsari and Naderlou [17] have taken under consid
eration the diffusion of H2 molecules through fixed Li-LSX zeolite by MD 
simulation. They have shown that at a loading and temperature range, 
the order of self-diffusion coefficient of H2 guest was 10-9 up to 10-7m2 . 
s-1 and the activation energy was reported to be ~ 2 kcal.mol− 1. How
ever, the absorption and solubility of SO2 toxic gas in glycol mono
methyl ether and dimethyl sulfoxide system was a spontaneous process 
and decreased with the increasing temperatures; in addition, a high 
molecular ordering was observed because of intermolecular interactions 
between the solvent and the gas [43]. 

Considering that in our best knowledge, the investigation of the 
adsorption or removal of SO2 by silica Y zeolite has not been carried out 
with molecular perspectives, the present study evaluates the diffusion of 
SO2 gas in silica Y zeolite cages by MD simulation. Moreover, the effect 

of temperature and gas loading is studied on the SO2 diffusion. A more 
detailed investigation of gas in the zeolite cages is given by studying 
radial distribution function (RDF) as well as velocity autocorrelation 
function (VAF). However, the study evaluates the behavior of gas in the 
cage in detail from the molecular viewpoint that has not been considered 
previously. 

2. Computational methods 

Primary structure of cubic unit cell (Fd 3 m) of the silica Y zeolite 
with [ Si192O384 ] formula unit and a = 24.345 Å was created on the base 
of the crystallographic information file taken from database of zeolite 
structures [44]. Here, the structure of the Y zeolite framework during 
the simulation was considered fixed. The 12-member windows of the Y 
zeolite have a diameter of 7.4 Å. Considering the kinetic diameter SO2 
(3.6 Å), the zeolite framework was fixed. It does not seem to have a 
significant impact on the magnitude or the trend of the diffusivity. 
Furthermore, based on the previous studies [16,29,39], it can be 
received that flexibility has no significant effect on the diffusion of small 
gas molecules at low loading. The Lennard-Jones (LJ) potential was used 
for the van der Waals (vdW) pair interactions. Partial atomic charges 
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Fig. 3. The effect of loading (molecules per unit cell) changes on the computed center of mass guest molecule MSD within the pores of silica Y zeolite from sim
ulations at different temperatures. 

Table 2 
The computed self-diffusion coefficient of SO2 in silica Y zeolite, uncertainty values are shown in parentheses, β values at different loadings and temperatures, and 
diffusion activation energies.  

T (K) 8 mol/u.c. 12 mol/u.c. 16 mol/u.c. 20 mol/u.c. 24 mol/u.c.  

β D × 109 (m2.s− 1) β D × 109 (m2.s− 1) β D × 109 (m2.s− 1) β D × 109 (m2.s− 1) β D × 109 (m2.s− 1) 

300  0.98 9.95 (± 0.29)   0.98 9.55 (± 0.14)   0.97 7.90 (± 0.19)   0.85 5.56 (± 0.12)   0.98 6.92 (± 0.13)  
400  0.95 14.90 (± 0.23)   0.96 13.91 (± 0.24)   0.96 13.86 (± 0.26)   0.89 8.76 (± 0.27)   0.94 9.38 (± 0.16)  
500  0.93 17.41 (± 0.40)   0.95 15.83 (± 0.54)   1.00 16.44 (± 0.31)   0.95 14.46 (± 0.25)   0.97 13.57 (± 0.35)  
600  1.06 34.12 (± 0.60)   0.97 22.37 (± 0.63)   0.92 16.55 (± 0.28)   0.90 12.84 (± 0.32)   0.94 13.61 (± 0.35)  
Eact (kJ.mol− 1)  5.44  3.93 3.84  4.72  3.66  
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and LJ parameters were taken from Nicholas et al. [45] and Palmer et al. 
[46]. SO2 molecule was considered rigid with bond length 1.431 Å and 
bond angle of O-S-O is equal to 119◦ [3]. All the applied parameters are 
summarized in Table 1. 

The LJ parameters between different atom types were generated 
from the Lorenz-Berthelot mixing rules, εij =

̅̅̅̅̅̅̅̅̅εiiεjj
√ and σij = 1

2 (σii + σjj) 
[20,46]. All simulations have been done using DL_POLY_2.17 [47] 
program on a Linux workstation. One unit-cell of FAU was used as the 
simulation box because size effect was not seen for the system of concern 
[28]. Moreover, periodic boundary conditions were applied. The 
behavior of SO2 was investigated for loadings of 8, 12, 16, 20, and 24 
molecules per unit cell (mol/u.c.). The MD simulations were performed 
at 300, 400, 500, and 600 K; the initial structure was equilibrated for a 
time of 2000 ps. The length of MD runs for data production is 1000 ps. 
Time step in all simulations was 1.0 fs and cut-off radius of 12 Å was 
considered. The simulations were performed in NVT to equilibrate the 
system and in NVE ensemble for production step by rescaling the ve
locities to control the desired temperature. Equations of motion were 
integrated with leapfrog algorithm. The Ewald summation method was 
used to calculate long-range electrostatic interactions. First, a simulation 

was carried out with a rectangular cube box. So that SO2 molecules were 
located in the empty space above the box. 2 ns was taken to allow SO2 
molecules to enter the zeolite cages. Then, SO2 molecules that remained 
outside the zeolite were removed, the box was converted to a cubic box 
and it was used for the SO2 molecules diffusion into the cube cages as a 
new simulation box. The simulation was repeated for this system as 
above mentioned. As a typical sample, Fig. 1 shows a snapshot of 
simulation box at the final time of simulation for loading 20 at 300 K at 
both stages of MD simulation. 

Self-diffusion coefficient was calculated from the long-time limit of 
MSD using well-known Einstein relation, 

Di =
1
6

lim
t→∞

d
dt
〈
[
rc

i (t) − rc
i (0)

]2
〉 (1)  

where Di is the self-diffusion coefficient, rc
i (t) and rc

i (0) denote the po
sition vector of the center of mass of molecule at time t and 0, respec
tively [20,39,48,49]. 

To determine the diffusion mechanism using the mean squared 
displacement (MSD), β factor was introduced which is defined as 
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β(t) =
dlogMSD(t)

dlog(t)
(2)  

where β equal to 2 represents a ballistic (free) diffusion; if β is very close 
to 1, it denotes a Fickian diffusion and there is a good linear regime for 
calculating the self-diffusion coefficient [20]. Arrhenius relation was 
applied to obtain the diffusion activation energy 

D = D0e−
Eact
RT (3)  

where D0 is pre-exponential factor and Eact , R, and T are the activation 
energy, gas constant and temperature, respectively [20,50]. 

VAF is defined as 

VAF =
1
N
∑

i

vi(t).vi(0)
vi(0).vi(0)

(4)  

where vi introduces the velocity of particle i and N shows the number of 
particles [51]. In addition, RDF introduced as gij (r) is based on the 
following relation 

gij(r) =
〈ΔNij(r, r + Δr)〉V

4πr2ΔrNiNj
(5)  

where i and j refer to two species, r is the distance between two species of 
i and j, V is the volume of the system, ΔNij(r, r+Δr) denotes the 
ensemble-averaged number of the species j around i within a shell of Δr, 
and Ni and Nj are the number of i and j species [28]. 

The interatomic potential of mean force (PMF), W(r), offers the free 
energy profile of the system as a function of the separation distance 
between the two species i and j [52,53]. 

Wij(r) = − RTlngij(r) (6)  

3. Results and discussion 

MD simulations were carried out at different temperatures and 
loadings for SO2 guest molecules in fixed silica Y zeolite framework. 

3.1. Dynamic properties 

Fig. 2 shows the time variation of center of mass MSD of SO2 within 
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the pores of silica Y zeolite for loadings 8, 12, 16, 20, and 24 SO2 mol/u. 
c. at last 250 ps of simulation. The plots show a nearly linear relationship 
for the MSD against simulation time and a normal diffusion regime. In 
fact, as the temperature increases, the slope of the MSD curves increases 
because the kinetic energy of the guest molecules increases and allows 
an easier movement of the SO2 molecules within the zeolite pores [20]; 
surprisingly, at loadings 16, 20, and 24 the slope of the MSD at 500 and 
600 K is almost equal. Probably at higher loadings, increasing temper
ature could not influence the slope of MSD due to steric hindrance. 

Fig. 3 represents the time variation of center of mass MSD of SO2 
calculated from the simulations at different loadings of guest molecules 
at studied temperatures. At 300 K, the slope of the MSD curves decreases 
with increasing loading. At higher loadings, steric hindrance effects and 
the collisions between SO2 molecules increase; therefore, it may impede 
the diffusion of guest molecules and reduce the MSD [33] though at 
loading 24 slope is greater than loading 20. This means that at loading 
20, which has the least slope of MSD, the greatest interaction of the guest 
molecules with the pore walls is likely, and probably all 20 molecules of 
SO2 are captured in the cage. At 400 K and loadings 8, 12, and 16, the 
slope is almost identical meaning that there is no observed loading de
pendency at this temperature and loading range. But at loadings of 20 
and 24, the slope is almost equal and much less than loadings of 8, 12, 
and 16. Again, at higher loadings, the highest interaction was observed 
with the pore walls. At a temperature of 500 K, the slope of MSD plot 
decreases with loading enhancement. As expected, the collision between 
SO2 molecules prevents their diffusion into the zeolite pores. Also, the 
slope of the MSD curve reduces with increasing loading at 600 K 
although at loadings 20 and 24, the slopes are almost the same. 

The linear dependence of MSD is observed with time; consequently, 
the self-diffusion coefficients of SO2 in the zeolite pores were calculated 
from the slope of the MSD plot at last 0.25 ns by Eq. (1). Self-diffusion 
coefficients, β factor, and activation energies for diffusion of guest 
molecules in Y zeolite are presented at different temperatures and 

loadings in Table 2. Besides to make it more quantitative, the uncer
tainty values of diffusion coefficient were obtained and are reported in 
Table 2. These values were calculated by taking the slope at different 
regions (between 50 and 150, 100 and 200 and 150 and 250 ps) and then 
taking a mean and standard deviation. It can be seen that the trend is 
similar to the diffusion coefficient variation. At the considered time, β is 
approximately equal to one and the motion of the particle is diffusive 
[25]. Of course, when loading is 20, there is a slight deviation from 
Fickian. At higher loadings, more collisions between the adsorbate 
molecules and pore walls may occur. These collisions may have two 
effects on the diffusion of SO2 molecules: the first is the exchange of 
energy, which leads to an increase in molecular diffusivity and an in
crease in the self-diffusion coefficient. The second effect is that the mean 
free path for motion in the cages reduced and the self-diffusion coeffi
cient decreased by adsorption occupancy [54]. It seems that, here, the 
second effect is dominant although with increasing loading at 300, 400, 
and 600 K, at a loading of 20, self-diffusion coefficient passes through a 
minimum at intermediate coverage. This observation is in accordance 
with Deroche et al. [39] results. The MD results on H2 diffusion in FAU 
type zeolite have shown that the diffusion coefficient increases with 
increasing temperature and β is approximately 1 at all loadings and 
temperatures [20]; therefore, Fickian diffusion was predicted. Gautam 
et al. [55,56] have also examined the diffusion coefficients of propane in 
aerogels with two points of views, experimentally and computationally 
by MD simulation. They have concluded that if the number of adsorbed 
molecules is small, all of them are immobile; however, at higher load
ings, the molecules are far from the pore walls and their mobility enjoys 
an increase. The current observation is in accordance with Gautam et al. 
[55,56]. From the other side of view, it would be nice to mention that 
the order of SO2 diffusion in the present study at 16 and 24 is one order 
greater than Sun et al. [29] observation for 4A zeolite. The difference is 
related to the solid structures that are different in framework topology. 

According to the information in Table 2, generally, as the 
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temperature increases, the self-diffusion coefficient enhances because 
molecular movements at higher temperatures lead to more successful 
jump between sites. At loading 8, the temperature rising improves mo
lecular diffusion coefficient from 9.95 × 10-9 m2.s− 1 at 300 K to 
34.12×10-9 m2.s-1 at 600 K. Notice that these diffusion coefficient values 
are the highest in comparison to the other loadings that is related to the 
lowest hinderance. At the range of temperature and loading studied, the 
highest diffusion coefficient of SO2 gas in silica Y zeolite is 34.12 × 10-9 

m2.s− 1 which is related to loading 8 and temperature 600 K. Corre
sponding activation energies change from 3.66 to 5.44 kJ.mol− 1. 
Frequently, activation energies for diffusion of SO2 in zeolite cages show 
decreasing trend with increasing loading. It can be said that at the lower 
loading, adsorption sites are occupied by guest molecules and due to the 
stronger interaction of SO2 with pore walls, the activation energy is 
great. Because of occupying the adsorption sites, if loading increases 
gradually, other SO2 molecules diffuse into cages more easily. However, 
at loading 20, an increase in the energy of activation is observed instead 
of reduction that may demonstrate all 20 SO2 molecules are adsorbed by 

zeolite. β value at loading 20 can justify the argument that at loading 20 
the considerable adsorption is observed. 

Fig. 4 shows the VAFs of the S atom to investigate the short time 
behavior of atomic movements at four temperatures for loadings 8, 12, 
16, 20, and 24 mol/u.c. All VAFs are initially positive and then pass from 
a minimum. At all loadings, faster oscillatory behavior was observed at a 
temperature of 300 K. The negative sloping region observed at VAF 
shows backscattering of the S atoms in the zeolite cages [22,57] which is 
weaker with increasing temperature and the first minimum depth de
creases. As the temperature rises, the minimum domain for S atom in
creases and the first peak becomes wider. In addition, the first peak was 
shifted to longer times indicating a decrease in the effect of the zeolite 
cage, which surrounds the SO2 molecules. At loading 24 and T = 300 K, 
the depth of the first minimum increases, so that the negative region 
created at short time indicates that the molecule tolerates a strong 
collision with the cage. 

In addition, loading dependence of the VAF of S atom can be found 
for temperatures of 300, 400, 500, and 600 K. With an increase of 

0

0.2

0.4

0.6

0.8

1

1.2

1.4

0 2 4 6 8 10 12 14

300 K
400 K
500 K
600 K

loading 8

r / Å

g(
r)

0

0.2

0.4

0.6

0.8

1

1.2

1.4

0 2 4 6 8 10 12 14

loading 12

r / Å

g(
r)

0

0.2

0.4

0.6

0.8

1

1.2

1.4

0 2 4 6 8 10 12 14

loading 16

r / Å

g(
r)

0

0.2

0.4

0.6

0.8

1

1.2

1.4

0 2 4 6 8 10 12 14

loading 20

r / Å

g(
r)

0

0.2

0.4

0.6

0.8

1

1.2

1.4

0 2 4 6 8 10 12 14

loading 24

r / Å

g(
r)

Fig. 7. The RDFs between S atom of SO2 and O atom of silica Y zeolite from simulations at different temperatures.  
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loading from 8 to 24, in all plots, the first minimum depth increases 
while the position of this minimum does not show a significant change 
with loading enhancement. Only at 300 K and loading 24, the first 
minimum is negative for S atoms while there are no negative minima in 
other loadings and temperatures. 

3.2. Structural properties 

The radial distribution function clearly determines the relative lo
cations of the particles by calculating the probability of the presence of 
other particles around the desired particle. Fig. 5 displays RDFs between 
S atom of SO2 molecule and Si atom of Y zeolite at loadings 8, 12, 16, 20, 
and 24 with the temperature varying from 300 to 600 K. As can be seen 
in Fig. 5, three peaks are observed in the RDF. The increase in temper
ature, at all loadings, decreases the intensity of the first and third peaks 
and spread them, but has no effect on the intensity of the second peak. 
Since the particle movement is slower at lower temperatures, it is easier 
to examine the first coordination layer [20]. For this reason, for 
example, at loading 8 and 300 K, the first peak is at 4.975 Å and grad
ually shifts to the further distances as the temperature increases. Ac
cording to the distance of the first peak appearing, it can be concluded 
that SO2 does not have a strong structural correlation with the zeolite Si 
site [20]. In addition, considering the position of the first and second 
peaks demonstrated that two neighboring adsorption sites are separated 
in zeolite at a distance of about 3 Å. 

It is clearly observed in Fig. 6 that with loading variation from 8 to 
24 mol/u.c., it does not possess quantifiable influence on the location of 
(S … Si) RDF peaks. This implies that the location of the adsorbed SO2 
molecules are preserved in its original position when new molecules 
coming into the zeolite, that is, the new adsorbed molecules do not have 
an effect on the relative location of the former molecules [28]. 

To deeply understand the interaction of guest gas and adsorbent, the 
structural correlation of SO2 molecules with O atom of Y zeolite was also 
investigated. Fig. 7 displays RDFs between S atom of SO2 molecule and 
O atom of Y zeolite at loadings 8, 12, 16, 20, and 24 with the 

temperature varying from 300 to 600 K. As can be seen, the observed 
peaks are not sharp that shed light on weaker interaction between guest 
gas with O atoms of Y zeolite. In other words, Si atom of Y zeolite plays 
the main role in adsorbing gas without any change in the strength of 
interaction with loading. Comparing Figs. 5 and 6 demonstrates that the 
first maximum of S…O pair interaction appears at shorter distances than 
S…Si; consequently, it may be concluded that this correlation provides 
stronger interaction. However, S…Si first peak is more intense than S… 
O that can be related to the greater values of ε and σ for these two atoms, 
Si and S. As a result, the short-range LJ interaction plays the critical role. 

In addition, studying the atomistic pair correlation between O atom 
of gas and O atom of the Y zeolite reveals a similar trend as shown in 
Fig. 8. It is clear that gas ordering in the zeolite is completely due to Si 
atom of Y zeolite. By increasing the loading of guest gas in the adsorbent, 
there is no change in the position and intensity of RDFs. The effect of 
temperature on the structural correlation of adsorbent and adsorbate is 
found to be more pronounced than the effects of loading over the range 
of temperature and loading. 

The S … S RDFs are shown at different temperatures for loadings 8 to 
24 mol/u.c. in Fig. 9. At all temperatures and loadings, the RDFs are 
marked by the absence of the second and third peaks. The absence of the 
second peak in the S…S RDFs suggests that no cluster involving more 
than the first-shell neighbors are observed at these temperatures and 
adsorbate loadings investigated here. At the range of temperatures and 
loadings studied, the first peak is observed at 4.525 Å that is greater than 
the distance between gas and zeolite. This means that with increasing 
temperature, there is no significant shift in peak positions of S atoms. In 
other words, due to no clustering formation, the increase in temperature 
does not affect the position of SO2 molecules relative to each other. In 
addition, the intensity of the RDF decreases with increasing temperature 
especially with an increase in temperature from 300 to 400 K due to 
more frequent molecular collisions. 

The average number density of SO2 found in each of a series of thin 
slabs was calculated from the MD simulation. Z-density profile for SO2 at 
600 K and different loadings is presented in Fig. 10. These plots all show 
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a regular progression of 5 distinct peaks at equal intervals with Z = -12, 
-6, 0, +6, and +12 Å. The height of these peaks is approximately the 
same; therefore, these Z values refer to the placement of supercages in Y 

zeolite. Since the zeolite structure is symmetric, the distribution of SO2 is 
seen at identical and symmetrical intervals. As expected, if the loading 
increases, the height of the peaks increases indicating higher number of 
SO2 adsorbed in the cage. 

3.3. Thermodynamic properties 

Si … S PMF plots at different loadings are shown in Fig. 11 and the 
temperature dependence of the PMF is investigated. The PMF plots at all 
temperatures and loadings have three minima. As the temperature in
creases, the depth of the first minimum decreases though the inverse is 
observed for the second and third minima. At loading 8 and temperature 
of 300 K, the first minimum is formed at 4.775 Å and well depth is 0.23 
kJ.mol− 1. Additionally, with increasing temperature, the first minimum 
shifted to larger distance without any change in the position of the 
second and third minima. At temperature 300 K and at all loadings, the 
depth of the first minimum is said to be more energetically favorable 
[58]. The barrier for crossing from the second minimum to the first 
minimum is significant but the barrier for crossing from the third min
imum to the second minimum is smaller and decreases with increasing 
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temperature. As can be seen, at loading 20, the difference between the 
depth of the first minimum in the four examined temperatures is lower 
than loadings 8, 12, 16, and 24. The loading dependence of the PMF was 
also considered. Except at temperature of 600 K, which the depth of the 
first minimum and the first barrier for crossing differs significantly, 
there is no significant difference in the PMF at other temperatures. 

4. Conclusions 

In the present study, it was under consideration that the temperature 
and loading play role in the dynamic, structure, and thermodynamic 
properties of SO2 in silica Y zeolite using MD simulation. In general, the 
slope of the MSD plots increases with increasing temperature and de
creases with increasing loading; however, at some loadings, it is the 
same at a temperature. It seems that the difference in loading is not 
great; in addition, the volume of porosity of Y zeolite is large and SO2 
molecules may diffuse into the pore without blocking their path. By 
calculating the β factor, it was displayed that MSD ∝ t, which implies the 
diffusion mechanism into the zeolite is Fickian. For this reason, last 250 
ps of simulation was used to calculate the diffusion coefficient using 
Einstein’s relation. Of course, at 300 K and loading 20 the lowest slope of 
MSD is observed and β factor shows a deviation from one; as a result, the 
highest adsorption of SO2 molecules at this loading was taken place. 

Observation of the change trend in the diffusion coefficient shows that at 
each temperature, except 500 K, there is the lowest diffusion coefficient 
at loading 20. At each loading, except 20, the diffusion coefficient in
creases with temperature. As well as the activation energy, which shows 
a decreasing trend with increasing loading, at loading 20 this trend is 
violated. It has been found that the first minimum of VAF shifts toward 
long times with increasing temperature and there is not significant 
change with increasing loadings. It can be concluded that only with 
increasing temperature, the cage effect on SO2 molecules lessened. 
Reducing the intensity of the first peak of the RDF of the center of mass 
of SO2 and Si with the increase of temperature and shifting to longer 
distances suggests that the formation of the first layer around the central 
atom becomes harder. The symmetric structure of Y zeolite can be seen 
from the Z-density profile corresponding to the location of SO2. From the 
PMF plots, it is deduced that by decreasing the temperature, the first 
minimum is the deepest and adsorption is favored. 
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