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A B S T R A C T   

The present study evaluated the interaction energy values of adsorbed gas molecules by porous nanomaterials 
and the effects of external magnetic and electric fields on SO2 adsorption in two Y zeolites with Si/Al ratios of ∞ 
and 3.0 using molecular dynamics simulation. Two types of external (electric and magnetic) fields were applied 
along the z-axis, and increased SO2 adsorption was observed only in silica zeolite with the electric field. The 
magnetic field had no significant effect on SO2 adsorption. Noticeably, the external electric field increased the 
SO2 adsorption by the target materials, and the adsorption capacity was observed to improve compared to the 
magnetic field. The results of the radial distribution function and the potential of mean force disclose that SO2-Y 
zeolite affinity enhanced and the adsorption energy is responsible for this observation. Since applying an electric 
field intensifies the structural ordering of SO2 gas, it may also be involved in the improvement of the adsorption 
capacity. Moreover, the comparison of the two Y zeolites indicated that the zeolite with a lower Si/Al ratio 
validated a higher affinity toward SO2, thereby resulting in a more significant adsorption saturation capacity.   

1. Introduction 

Fossil fuels have the most significant contribution to energy gener
ation through 80% of the world’s total energy [1]. The flue gas gener
ated by car exhaust contains ppm levels of acidic gases, including CO2, 
SO2, and NO2, with SO2 considered a corrosive gas. Despite the signif
icant growth in industrial processes, the control of SO2 emissions re
mains challenging [2–4]. Acid rains, photochemical smog, and some of 
lung irritations are quite a few problems caused by acid gas. 

Absorption, adsorption, and membrane separation are among the 
most promising techniques applied in industries to filter SO2. In terms of 
industrial usability, the SO2 removal process should be simple, single- 
step, and cost-efficient [5,6]. The adsorption of SO2 in nanoporous 
solids is an alternative technique attracting great attention [7]. 

Among lots of adsorbents used in the industry, zeolites are consid
ered as safe, effective, and affordable materials to capture and storage 
SO2 [8–10]. One of the most common type of zeolites is Y zeolite; or
dered pore structure, large surface area, and large mass transfer coeffi
cient are the key advantages of this adsorbent [11,12]. Marcu and 

Sandulescu [13] performed desulfurization using Y zeolite at specific 
temperature and concentration ranges, reporting that the sorbent had a 
high adsorption capacity. Moreover, Lee et al. [14] investigated the 
desulfurization of a solution with a bimetal-exchanged mesoporous Y 
zeolite, observing its high capacity and selectivity for sulfur separation. 
He et al. [15] also investigated the adsorption of dibenzyl disulfide using 
Y zeolites reporting that the adsorption efficiency enhanced rapidly with 
the increased metal dosage in the zeolite. In another study, Khalil et al. 
[16] denoted the selective capture of phenol by Y zeolites. Cerutti et al. 
[17] also assessed desulfurization from gasoline using 
copper-exchanged Y zeolites. 

Acidic gases may degrade multiple adsorbents by poisoning the 
structure and blocking the channels due to the strong binding between 
the adsorbent and adsorbate. Therefore, selecting the optimal adsorbent 
is paramount. On the other hand, the insertion of metals with magnetic 
properties [18] increases the performance of the adsorbent. In such a 
case, an external static magnetic/electric field is applied to investigate 
their effects on gas adsorption rather than changing the chemical 
structure of the adsorbent. It is well-established that external fields 
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affect numerous adsorption properties [19–21]. Razmkhah et al. [22] 
investigated the effects of magnetic and electric fields on CO2 adsorption 
on graphene oxide framework observing a significant increase in CO2 
adsorption in the presence of a strong external electric field; however, 
magnetization did not play a key role in adsorption capacity. In another 
study, Sun et al. [23] evaluated CO2 capture on MoS2 monolayers 
controlled by an external electric field by density functional theory 
(DFT). According to the obtained results, CO2 strongly interacted with 
MoS2 monolayers in the presence of electric field. In addition, Zhang 
et al. [24] considered the electric field-controlled capture of phosgene 
molecules on Mn-doped graphene (Mn-Gr) sheets through first-principle 
simulations and their findings indicated that the adsorption energy of 
phosgene on Mn-Gr was significantly improved by the electric field. Qin 
et al. [25] assessed controllable CO2 adsorption on a C2N monolayer 
using DFT computation observing that CO2 adsorption increased by 
applying an external electric field. In addition, Esrafili [26] explored the 
effect of an electric field on CO2 capture by phosphorus-doped graphene 
(P-Gr) using DFT. The obtained results indicated that at a specific 
electric field, CO2 is strongly adsorbed on P-Gr. In another research, Ma 
et al. [27] used sodium alginate/graphene/L-cysteine (SA/GR/L-Cys) 
beads for the adsorption of pollutants denoting that using a rotating 
magnetic field positively influenced adsorption. The aforementioned 
studies show that applying an external field may play a crucial role in 
adsorption capacity. 

The present study aimed to evaluate the adsorption of SO2 gas in the 
cages of two Y zeolites using molecular dynamics simulation (MDS). 
Since SO2 is a polar molecule, its adsorption may be affected by an 
external field; consequently, the main objectives of the current research 
could be summarized as follows:  

• Assessing the effects of external electric and magnetic fields on 
adsorption capacity and the structural behavior of SO2 inside the 
target Y zeolites.  

• Evaluating the effects of aluminum and cation on the adsorption 
capacity of the zeolites. 

To the best of our knowledge, the effects of an external field on the 
adsorption and removal of SO2 by zeolites have not been studied from a 
molecular perspective so far. 

2. Simulation details 

The primary structure of the cubic unit cell (Fd3m) of the silica Y 
zeolite with Si192O384 formula and unit cell of a = 24.345 Å was created 
based on the crystallographic information file obtained from the data
base of zeolite structures [28]. For NaY, the chemical composition 
Si192-xAlxNaxO384 was considered with x = 48 to reproduce the Si/Al 
ratio of 3.0. The framework was built in accordance with Lӧwenstein’s 
Al-O-Al avoidance rule [29]. The second stage involved the distribution 
of Na extra framework cations among various crystallographic sites of 
the zeolite as described by Plant et al. [30]. 

According to the literature [12,31–33], if the adsorbate is tightly 
fitted to the adsorbent, the framework flexibility is essential. This is 
because lattice vibration removal leads to the overestimation of the 
energy barriers for transferring the guest molecules within the crystal. In 
contrast, in the case that the guest molecule has a smaller kinetic 
diameter than the zeolite pore openings, a fixed adsorbent framework 
does not have a significant effect on the guest molecule dynamics. In 
addition, the frameworks that exhibit remarkable breathing should be 
considered flexible; such effect has not been observed in Y zeolites with 
relatively wide channels and corrugated walls. Considering that the ki
netic diameter of SO2 is 3.6 Å, the fixation of the zeolite framework does 
not have a remarkable impact on the magnitude of the diffusivity trend 
[31]. The 12-member windows of the Y zeolite had a diameter of 7.4 Å 
[34], and the SO2 molecule was considered rigid with a bond length of 

1.431 Å, and the bond angle of O-S-O was equal to 119º [35]. The 
Lennard-Jones (LJ) potential was also used for the van der Waals (vdW) 
pair interactions; the partial atomic charges and LJ parameters reported 
for the SO2 gas and Y zeolite were applied [36–39]. The LJ parameters 
between various atom types were generated from the Lorentz-Berthelot 
mixing rules, εij =

̅̅̅̅̅̅̅̅̅εiiεjj
√ and σij =

1
2(σii +σjj) [10,37]. 

All simulations were performed using DL_POLY package version 2.17 
[40,41] on a Linux workstation. One unit cell of each Y zeolite was used 
as the simulation box as the size effect could not be recognized for the 
system of concern [20]. Several studies have investigated the effect of 
the simulation cell size on the adsorption of guest molecules, indicating 
that the size effect is negligible [11,42]. For instance, Zheng et al. [43] 
selected two sizes of unit cell (1 × 1 × 1 and 2 × 2 × 2 of Y zeolite) to 
adsorb guest molecules and observed similar results for the adsorption 
energies. 

In the present study, periodic boundary conditions were also applied 
and the simulations were carried out at a constant temperature (300 K) 
by rescaling the velocities to control the desired temperature. The initial 
structure was equilibrated for 2 ns and MDS runs for data production 
were continued for 1000 ps. The timestep in all the simulations was set 
at 1 fs and the cut-off radius was 12 Å. Moreover, equations of motion 
were integrated using the leapfrog algorithm [44]. The Ewald summa
tion method was applied to compute long-range electrostatic in
teractions. Orthorhombic three-dimensional periodic boundary 
conditions were selected with a simulation box of 75 Å in the z-direction 
and x-y plane of 24.345 × 24.345 Å2; see Fig. 1. 

To calculate the adsorption isotherm, the gas molecules were placed 
in the space outside the zeolite and initially directed by applying 

Fig. 1. A snapshot of simulation box.  
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pressure into the pores of the Y zeolite. Following that and at each time 
interval, a configuration was selected with various loadings of the gas 
molecules inside the pores. The main simulations were initiated with the 
desired number of SO2 molecules inside the pores. Throughout the 
process, some of the SO2 molecules spontaneously filled the outer space 
of the zeolite. At the end of the simulation, only the gas molecules inside 
the zeolite that were at least 0.5 Å away from the zeolite inner surface 
were considered to quantify the adsorption isotherm. Finally, the 
loading capacity was calculated based the number of the adsorbed gas 
molecules and the adsorbent mass. In addition, the number of the 
molecules that were not adsorbed in each simulation was used to 
calculate the gas pressure using the ideal gas equation of state. 
Following that, simulation was repeated with the same procedure to 
determine the gas/zeolite binding. 

The interatomic potential of mean force (PMF), wij(r), offers the 
interaction energy of the SO2/zeolite as a function of the separation 
distance between the two species i and j [45]: 

wij(r) = − RT ln gij(r) (1)  

where R is the gas universal constant, T shows the simulation temper
ature, and gij(r) is the pair radial distribution function (RDF). Analyzing 
the atomic correlation based on RDF indicated the probability of finding 
a particle at a certain distance to another particle [46]: 

gij(r) =
V
N

Nj(r)
4πr2Δr

(2)  

where i and j represent the two species, V is the volume of the system, N 
shows the total number of all the species, and Nj(r) is the number of the j 
species in the spherical shell with Δr width around the i species. 

To obtain the orientation of the SO2 gas inside the Y zeolite, a mixed 
angle/radial distribution function was computed [47]. To perform this 
evaluation, the phase space was split into a linear mesh; after that, the 
RDF value was collected into the linear RDF histogram and angle dis
tribution function (ADF) values were added to the linear ADF histogram; 
as a result, the two-dimensional meshes were connected and linked. The 
ADF is an angle distribution of the particles relative to a specified di
rection [48]. In our study, the angle between the z-axis and a vector 
passing through the O-S-O angle bisector was considered as αSO2 . Fig. 2 
shows the αSO2 angle for the ADF analysis. As can be seen, the z-axis is a 
vector that is normal to the surface of the adsorbent. 

According to Shi and Wang [49], an external electric field that is 
known as a weak electric field, was applied in the present study along 
the z-direction, as follows: 

F = q.E, E
(
Ex, Ey, Ez

)
(3)  

where E represents the electric field vector (V/m), and q shows the 
atomic charge (C). To address this objective, the electric field of 10 V/m 
was applied along the z-axis; it is worth mentioning that just only the 
physical effect is under consideration and this magnitude of electric 
force is not enough to compensate for the chemical bonds, leading to any 
chemical effect. In addition, an external magnetic field was applied in 
the z-direction [50] and calculated using the following equation: 

F = q.(v × H), H
(
Hx, Hy, Hz

)
, and v(vx, vy, vz) (4)  

where H shows the magnetic field vector (T) and v is the velocity vector 
(m/s). Here, a magnetic field of one tesla (1 T) along the z-axis was 
applied. 

3. Results and discussion 

To ensure the sufficiency of the simulation time, the simulation 
continued for another 3 ns. Fig. 3 depicts the silica Y zeolite RDF in the 
absence of an external field in both simulations. 

In addition to the similarity of the findings, no significant change 

could be observed in the number of the adsorbed gas molecules. 
Therefore, the simulation time of 3 ns was selected to analyze the ob
tained results. We also explored the adsorption of SO2 into the two Y 
zeolite systems with the Si/Al ratio of ∞ and 3.0 in the presence and 
absence of the external electric and magnetic fields. To investigate the 
effects of the magnetic and electric fields on adsorption, a series of 
simulations were carried out. Initially, the adsorption isotherms were 
reported, followed by a structural analysis of the zeolites. 

Fig. 2. Angle between z-axis and vector passing through O-S-O angle 
bisector, αSO2 . 

Fig. 3. RDF of S atom of SO2 gas and Si atom of silica Y zeolite after 3 and 6 ns 
of simulation times. 
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3.1. Adsorption isotherm 

For several decades, acidic gas adsorption by porous materials has 
been extensively studied to explore the essential behavior of gas 
adsorption from a molecular perspective. Furthermore, some models 
have been introduced to describe gas adsorption isotherms, which 
generally include theoretical, semi-empirical, and empirical models. 
Such examples are the Langmuir, Freundlich, Brunauer-Emmett-Teller 
(BET), and Guggenheim-Anderson-de Boer (GAB) isotherms [51,52]. 
Regarding certain thermodynamic assumptions, adsorption equilibrium 
could provide significant data on surface properties and gas adsorption 
mechanisms at a fixed temperature. In the present study, the adsorption 
isotherm of SO2 in silica and NaY (Si/Al=3.0) at the temperature of 
300 K was computed using MDS. 

Fig. 4a illustrates the predicted isotherms for SO2 in the silica Y 
zeolite in the presence of the electric field (E) and magnetic field (M), as 
well as the absence of each external field (No). As is shown, SO2 
adsorption significantly changes in the presence of the electric field. The 
electric field substantially increased not only the adsorption capacity but 
also the sensitivity of the adsorption to the pressure. On the other hand, 
the magnetic field decreased the sensitivity of the adsorbent to the 
pressure at P < 4 MPa, while increasing the adsorption capacity of the 
silica Y zeolite at a high pressure (P > 4 MPa). 

Fig. 4b depicts the adsorption isotherms of SO2 in the NaY zeolite in 
the presence and absence of the external fields. As can be seen, the 
electric field increased the adsorption capacity of the NaY zeolite at 
higher pressures than 6.6 MPa while the electric field significantly 
decreased the adsorption sensitivity at the pressure of P < 6.6 MPa. 
However, the electric field increased the adsorption capacity at the 
pressure of P > 6.6 MPa. Compared to the silica Y zeolite, a slight in
crease was observed in the adsorption capacity at the pressure of 
P > 4 MPa by using magnetization in the system despite the reduction in 
the adsorption sensitivity at the pressure of P < 4 MPa. 

According to the obtained results, the polar characteristics of the SO2 
gas with an electric dipole moment of 2.0269 D, which was computed at 
B3LYP/6–311 + +G(d, p) level of theory, was the main reason for the 
significant difference in this regard; this is consistent with previous 
theoretical and experimental findings [53]. By applying an external 
electric field, the polar molecules aligned in the direction of the external 
field and dipole moment of SO2 changed to 2.0321 D, thereby, creating 
extra available space for adsorption in the Y zeolite. Since this gas is 

diamagnetic [53,54], the effect of the external magnetic field on its 
adsorption is not significant; however, the electric field applied on the 
two Y zeolites is more effective compared to the magnetic field. The 
observed variation was associated with the affinity of SO2/adsorbent 
and the phase change due to the adsorbed gas which explains the gas 
adsorption affinity based on PMF (Section 3.4). 

3.2. Langmuir isotherm model 

The adsorption isotherm for each zeolite system was fitted to the 
Langmuir model as described by Yang et al. [55]. 

C =
CsatbP
1 + bP

(5)  

where C and Csat are the loading capacity and saturation capacity, 
respectively, b represents the adsorption coefficient, and P is the gas 
pressure. The evaluated Langmuir parameters are summarized in  
Table 1. 

According to the information in Table 1, applying an external field 
increased the saturation capacity (Csat) not only in the silica Y zeolite but 
also in the NaY zeolite. Additionally, the replacement of some Si atoms 
in silica with Al and Na ions led to a more significant adsorption ca
pacity. Therefore, it could be inferred that the Langmuir model 
decreased the adsorption coefficient in the presence of the external field. 
Furthermore, the adsorption coefficient was the lowest in the presence 
of the external electric field in the NaY zeolite. The goodness of fit was 
also acceptable and it could be observed that the saturation capacity of 
Si/Al= 3.0 (NaY) was more substantial compared to silica. The gas/ 
adsorbent affinity may shed light on these simulation results. 

Fig. 4. Adsorption isotherm of SO2 before (no Field) and after applying external fields in direction of z-axis at 300 K in a) silica Y and b) NaY. Dots are results of MD 
and lines show fitting data. See also Fig. S1 and Fig. S2 of Supplementary Materials. 

Table 1 
Langmuir isotherm parameters for studied gas in each zeolite.  

System Csat (mmol/g)  b (MPa) R-squared 

No-silica  7.48  4.18  0.98 
M-silica  8.37  1.37  0.99 
E-silica  9.22  3.23  0.99 
No-NaY  8.09  2.56  0.99 
M-NaY  8.38  1.85  0.99 
E-NaY  9.30  0.68  0.99  
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3.3. Radial distribution function analysis 

Pair correlation function, RDF, demonstrates the probability of the 
presence of particles around one another. The correlation of the SO2 
molecules with all the zeolite atoms were investigated. Since the cor
relation between the SO2 gas and O and Al ions of zeolite was weaker 
than the other Si and Na ions, they were not discussed in this paper. 
According to our findings, applying an external field intensified the 
correlation between the SO2 gas and silica Y zeolite. Interestingly, the 
electric field was more effective in increasing the intensity of the RDF 
peak and the correlation of the SO2-silica Y zeolite was in line with the 
results regarding SO2/adsorbent affinity (Section 3.4). 

Fig. 5b and c show the RDF of SO2 with the Si and Na atoms of the 
NaY zeolite, respectively. As can be seen, the correlation of SO2 with the 
Na atom of the zeolite was stronger compared to the Si atom of the 
zeolite. In this case, the adsorption distance in the Y zeolite was esti
mated at 4.5 Å while it was less than 4.0 Å in the case of the NaY zeolite. 
Furthermore, gas adsorption and its interaction with the adsorbent were 
stronger in the latter. As the adsorbate has a more robust interaction 
with the Na ions compared to the Si of NaY, it can be claimed that the 

appropriate site for gas accommodation to be near the metal ions gives 
the more basic features. As a result, presence of Na ion caused the higher 
adsorption capacity of the Si/Al= 3.0 zeolite (Table 1). In addition, the 
higher adsorption affinity of the Si/Al= 3.0 zeolite could be attributed to 
the presence of the Na ion in the Y zeolite. 

3.4. Interaction energy of the SO2/Zeolite 

The interaction energy of SO2 with the silica and Na cations of the 
NaY zeolite was computed in every target system in the presence and 
absence of the external electric and magnetic fields (Fig. 6). Our findings 
indicated that in all the studied systems, an energy well was observed at 
approximately 4.0 Å near the surface, which implied the surface 
adsorption of SO2 on the zeolite that was slightly lower than 4.0 Å in the 
case of NaY. The difference between the bulk and minimum values of the 
PMF leads to a specific amount of adsorption energy. Some PMF plots 
experience a peak next to the energy well that shows the adsorption 
barrier energy of SO2. In the present study, the developed adsorption 
capacity was dedicated to higher adsorption energy. The minimum, 
maximum, and bulk energies are marked by horizontal lines in Fig. 6. 

Fig. 5. RDF between S atom of gas and a) Si atom of silica Y zeolite, b) Si atom of NaY zeolite, and c) Na atom of NaY zeolite at 4.0 MPa and 300 K.  
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Fig. 6. Interaction energy of SO2/zeolite in the case of silica Y; a) absence of external field, b) presence of electric field, c) presence of magnetic field; interaction 
energy between SO2 and NaY zeolite d) absence of external field, e) presence of electric field, f) presence of magnetic field; interaction energy of SO2/Na in NaY 
zeolite g) absence of external field, h) presence of electric field, and i) presence of magnetic field. Red line refers to PMF at r→∞.
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The noticeable point is that PMF values are obtained from RDF results 
according to Eq. 1 and it is smoothed at long distance. As a result, 
simulation results of g(r) versus r can be extrapolated based on a 
waveform, damped sine, function to find adsorption energy, i.e., bulk 
energies. Applying the electric and magnetic fields in both zeolites 
reduced the energy barrier. Besides, the electric field enhanced the 
adsorption energy, thereby, increasing the SO2-zeolite affinity. In some 
cases, the adsorption barrier energy is equal to zero (Fig. 6g-i) since 
there is no maximum next to the minimum point. Fig. 6g-i depict the 
interaction energy of SO2 with the Na cations in the NaY zeolite. The 
adsorption of SO2 to the cation of the NaY zeolite occurred spontane
ously and no barrier energy was observed. Therefore, the presence of the 
cation increased the adsorption capacity and affinity in the NaY zeolite. 

As can be seen in Fig. 6, the adsorption energy in NaY was 0.63 kJ/ 
mol greater than the silica in the absence of the external field. Applying 
an external electric field could also increase the adsorption energy by 
0.21 kJ/mol in SiO2 and by 0.32 kJ/mol in NaY demonstrating the more 
significant effect of the electric field on NaY zeolite adsorption. Then 
again, the magnetic field intensified the adsorption energy in both 

adsorbents by 0.18 and 0.15 kJ/mol in the Y and NaY zeolites, respec
tively, while also weakening the energy value compared to the electric 
field by 0.03 and 0.17 kJ/mol. Therefore, it could be concluded that the 
external electric field had a significant effect on SO2 adsorption. 
Furthermore, the barrier energy was not directly correlated with the 
adsorption energy and the effect of the external field although the 
greater barrier energy led to stiffer desorption. 

3.5. Radial/Angle () distribution function analysis 

The orientation of the SO2 molecules was investigated to determine 
the motivation for the changes in the interaction energy of the SO2/ 
zeolite in the presence of the external electric and magnetic fields.  
Figs. 7 and 8 illustrate the variation of αSO2 (defined in Fig. 2) inside the 
aimed Y zeolites. The distribution of αSO2 in the silica Y zeolite obeyed a 
scattered regime for the non-treated system (Fig. 7a). Applying the 
electric field changed this scattered regime into the most concentrated 
distribution regime and the range of 110–150◦ was considered the most 
probable orientation angle to display the ordered SO2 molecules and the 

Fig. 6. (continued). 
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gas adsorption capacity improvement by the Y zeolite (Fig. 7b). Alter
natively, applying the magnetic field to this zeolite slightly increased the 
ordered orientation of the SO2 molecules (Fig. 7c). As is depicted in 
Fig. 7, the angle distribution was more concentrated in the presence of 
an external field, with the most in the case of the electric field. 

An erratic distribution was observed in the non-treated NaY zeolite 
and the external field (especially the electric field) changed the scattered 
regime to a concentrated ordered regime (Fig. 8). Since SO2 is a polar 
gaseous molecule, applying the external electric field forced the dipoles 
to align towards the z-direction and the higher ordered orientation of the 
gas inside the zeolite led to more vacancies for the adsorption of the 
extra gas. 

As can be seen in Figs. 7 and 8, the external magnetic and electric 
fields did not change the mean adsorption distance of the gas inside the 
zeolite. 

3.6. Effect of the Na cation on SO2 adsorption 

In the present study, we investigated two Y zeolites with the Si/Al 

ratio of ∞ and 3.0 to compare the pair correlation of the adsorbed gas. In 
addition, the RDF between the gas and porous material was compared in 
the case of the untreated Y zeolites and gas adsorption in the absence of 
an external field was presented. Fig. 9 shows the comparison of the RDF 
of the gas inside the SiO2 and NaY zeolites. 

According to the obtained results, the correlation of the SO2/zeolite 
increased in the presence of the Al particle in the structure and the SO2 
adsorption capacity in the Si/Al= 3.0 zeolite is considerably more 
extraordinary that was explained by two factors; the first factor was the 
increasing unbalanced charges inside the zeolite pores and the second 
one was enhancing the basicity of the zeolite framework by the Al3+ ion 
content due to the Na+ exchangeable cation [56]. This finding confirms 
that the interaction energy also increased based on the PMF results. 

4. Conclusions 

In this study, we simulated two Y zeolites (silica and NaY) in the 
presence and absence of electric and magnetic fields to assess the 
adsorption of SO2 structurally and thermodynamically. According to the 

Fig. 7. RDF/ADF of silica Y zeolite; a) absence of external field, b) electric field in z-direction, and c) magnetic field in z-direction (RDF of SO2/zeolite combined 
with ADF of αSO2 at 4 MPa and 300 K). 
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results, the SO2-saturated adsorbent was regenerated completely in the 
simulation conditions through the effects of the external electric and 
magnetic fields. Furthermore, the presence of an electric/magnetic field 
improved the adsorption capacity of the material by approximately 12% 
at room temperature. Applying the electric field also increased the 
adsorption capacity at P > 6.6 MPa in the NaY zeolite. Moreover, the 
external field in both Y zeolites (silica Y and NaY) increased the sensi
tivity of adsorption, and the electric field was more effective compared 
to the magnetic field due to its higher adsorption capacity. 

The Langmuir model indicated that the total saturated capacity was 
the highest in the presence of the electric field. However, magnetization 
slightly increased the saturated capacity; the potential of the mean force 
analysis showed that the interaction energy between the Y zeolite and 
SO2 gas molecules caused a higher capacity of the electrically treated Y 
zeolite. In addition, the electric field could enhance the gas-Y zeolite 
interaction energy more significantly than the magnetic field. The 
interaction energy displayed the interaction of SO2 with the zeolite, and 
SO2 and Na ion interactions also increased in the presence of the external 
fields, especially the electric field. The radial distribution function of the 

SO2-Y zeolite demonstrated that applying an external field in both Y 
zeolites improved the correlation, which was the main reason for the 
changes in the adsorption energy based on the PMF results. 

As mentioned earlier, electric field plays a significant role in 
increasing the correlation of gas adsorbents. Combined distribution 
function points to the special ordering of the SO2 gas inside the zeolite 
and was considered responsible for the enhanced gas capacity of the 
zeolite in the presence of the electric field. Due to the polar nature of SO2 
molecules, it tended to orient in the direction of the electric field. On the 
other hand, the investigation of the effects of the Si/Al ratio also indi
cated that by decreasing the Si/Al ratio of the Y zeolite, the adsorption 
saturation capacity increased as well, the gas and Y zeolite interaction 
energy enhanced, and the correlation of the SO2-Y zeolite became more 
significant. 

Our findings could broaden the horizons for increasing gas adsorp
tion without changing the chemical structure of the adsorbent. In the 
case of a polar gaseous adsorbate, an electric field is expected to improve 
the gas capacity and its adsorption energy. 

Fig. 8. RDF/ADF of NaY zeolite; a) absence of external field, b) electric field in z-direction, and c) magnetic field in z-direction (RDF of SO2/zeolite combined with 
ADF of αSO2 at 4 MPa and 300 K). 
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