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Sulfurdioxide (SO,) is a toxic pollutant generated primarily by the combustion
of sulfur-containing fossil fuels, and its removal is crucial for sustainable
industrial development. In this computational study, molecular dynamics (MD)
simulations were employed to evaluate a porous iron membrane for separating
oxygen from a SO, gas stream. The Fe membrane was modeled with the
Embedded Atom Method (EAM), while the O,-SO,mixture was described using
the DREIDING force field. Equilibration confirmed the structural stability of the
atomic models, reflecting appropriate MD settings and carefully chosen initial
conditions. To characterize separation performance, we report SO, and O,
sorption coefficients, gas-membrane interaction energies, and the membrane’s
post-separation mechanical properties. The simulations further show that the
initial conditions (e.g., temperature and pressure) govern the perm-selective
behavior of the porous iron membrane throughout the simulation campaign.
Under optimized conditions, the membrane achieved an O, purity of ~81%
and an O, recovery of 96.7% in the designed atomic-scale purification system.
This performance arises from optimum interaction between the porous iron
membrane and target gas molecules. Numerically, the magnitude of the
interaction energy between these modeled samples increased to -83.14 eV.
This described procedure did not disturb the mechanical performance of the
designed porous membrane, and the ultimate strength and Young’s modulus
of them reached 212.39 MPa and 6.00 GPa (respectively) after the gas molecules
selective removal process was fulfilled.
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1. Introduction

SO, is a noticeable atmospheric constituent,
particularly during and after volcanic eruptions,
and it contributes to acid rain and secondary
particulate formation (Fioletov, McLinden et
al. 2020, Li, Li et al. 2022). From a mitigation
standpoint, sulfur can be removed from
fuels upstream of combustion to suppress
SO, formation, while downstream, refineries
commonly employ the Claus process for sulfur
recovery (Pourfayaz, Kazempour et al. 2025). In
parallel, chelated-iron redox systems remain
essential options for treating sulfur-bearing
gas streams (Wei, Wu et al. 2024). Beyond air-
quality concerns, SO, exposure is linked to
adverse human-health outcomes, and elevated
atmospheric concentrations can also perturb
plant physiology and ecosystem functioning.
Accordingly, purifying oxygen from SO,-
containing streams is of practical relevance
to environmental protection and industrial
sustainability (Pasichnyk, Stanovskay et al. 2023).

Building on early PVDF hollow-fiber studies,
recent work has demonstrated that hydrophilic
membrane contactors operated with alkaline
absorbents (e.g., NaOH) can selectively remove
SO,underflue-gasand marine-engine conditions
(Xu, Huang et al. 2020). Complementary CFD-
based analyses have compared prevalent
liquid absorbents within hollow-fiber modules,
clarifying how gas/liquid velocities and
solvent selection govern SO, uptake (Cao,
Taghvaie Nakhjiri et al. 2023). Comprehensive
reviews further position membrane contactors
as compact, energy-lean alternatives to
conventional scrubbers for SO, and related acid
gases, and summarize module design, wetting
control, and scale-up considerations (Pasichnyk,
Stanovsky et al. 2023). These insights motivate
the use of tailored polymeric or ceramic hollow-
fiber modules and properly chosen absorbents
to enhance SO,removal while preserving
oxygen in the treated stream. The implemented
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absorbent liquids were constituted of water-
based solutions of NaOH, K,CO,, alkanolamines,
and NaSO,, flowing in the lumen side of
the HF sample under a laminar regime. The
simultaneous membrane absorption of SO,/
CO, molecules was estimated using an aqueous
Na,SO, mixture, and their selective removal was
appropriately detected. This suggests that the
atomic matrix absorption technique offers an
energy-saving method for eliminating SO, from
flue-based compounds.

(Gao, Qiu et al. 2018) highlighted a novel
concept for the practical implementation of SO,
molecule absorption in a hydrophilic ceramic
matrix that indicated promising thermal/
mechanical performance. These researchers
studied the behavior of SO, molecule absorption
into a NaOH solution in a hydrophilic alumina
(AL,O,) matrix contactor, focusing on the removal
ratio and mass transfer flux of SO, molecules.
Their results indicated that the hydrophilic
membrane matrix was more competitive
when using a NaOH concentration higher than
0.2mol. L' value. They concluded that the
hydrophilic a-ALO, matrix shows long-term
physical stability under 480 h of continuous
performance. Subsequent studies have refined
the mass-transfer picture in tubular hydrophilic
ceramic modules and confirmed the role of
operating conditions and absorbent selection
in governing SO, uptake and selectivity.

(Kong, Qiu et al. 2019) reported a group of
hydrophobic tubular asymmetric ceramic-
based matrices for the SO, molecule elimination
process. They observed that most of the
SO,molecules' mass transfer resistance existed
in the atomic matrix phase, indicating that
optimizing the matrix parameters, rather than
operational conditions, should be the primary
consideration to improve the overall pollution
transfer behavior. Furthermore, they noted
that the SO, pollution separation efficiency
depended negligibly on the atomic pore
radii inside the membrane (matrix). Still, it
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could be significantly enlarged by optimizing
the thickness and inner size of matrix tubes.
Accordingly, when comparing structural classes
used for gas purification, metallic and metal-
based porous matrices offer attractive attributes
that make them suitable supports or active
media for acid-gas treatment.

More than polymeric and ceramic matrices,
a porous metallic system exhibits strong
performance in gas molecule adsorption due
to its combination of high surface area, tunable
pore structure, and chemically active metallic
sites that enhance host-guest interactions
(Xinyao, Jiang et al. 2025). The interconnected
pores provide extensive pathways for gas
diffusion and adsorption. At the same time,
the metallic framework offers sites for van der
Waals, electrostatic, or even chemisorptive
interactions depending on the gas species.
In metallic materials, design flexibility allows
control over pore size, distribution, and
surface functionality to achieve selective
and reversible gas adsorption under varying
conditions. The adjustable geometry and
electronic environment of metal nodes enable
enhanced binding affinity and regeneration
capability, which are crucial for applications in
gas separation, purification, and storage. Thus,
through coordinated pore engineering and
metal center functionalization, porous metallic
matrices maintain high adsorption capacity,
fast diffusion rates, and molecular selectivity in
both single- and multi-component gas systems
(Jiang, Cet al. 2022).

Iron and iron-oxide surfaces, in particular,
exhibit strong interactions/sensitivity to SO,
as shown by surface-science studies and gas-
sensor evaluations (e.g., thin iron-oxide films and
iron-oxide nanorods)(Nguyen, Luong et al. 2021,
Soldemo and Weissenrieder 2021). In parallel,
hydrophilic hollow-fiber membrane contactors
operated with alkaline absorbents (e.g., NaOH)
have demonstrated selective SO, removal
under flue-/flue-/marine-relevant conditions,
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underscoring the role of robust inorganic
(metal/ceramic) matrices in harsh environments
(Kong, Gong et al. 2020, Xu, Huang et al. 2020).
The sensitivity of metallic structures to gas
separation refers to their ability to selectively
separate specific gases from a gaseous mixture,
such as O, or SO,, from SO,-O, mixtures. Porous
metal membranes provide a large surface area to
volume ratio, contributing as an exciting option
for industrial separations. In contrast, polymeric
membranes possess both chemical and thermal
stability issues. Nevertheless, at the moment,
no commercial porous metallic membranes
are available, but there is significant interest
in exploring their potential for gas separation.
This is the main reason why, in this study, the
investigation of porous iron membranes for
SO,/0, separation is proposed, considering that
iron oxides and their nanocomposites have
proven to be effective gas sensing materials in
gas and biosensors (Singh, Saxena et al. 2021).
The porous metallic materials are commonly
processed using powder metallurgy, casting,
and deposition techniques (Dukhan, Chen-
Wiegart et al. 2020).

Hence, this work aims to describe the
absorption process of SO, molecules by using a
porous iron membrane, which represents a new
option in this area. In addition to conventional
experimental methods, computer simulations
can be used effectively to study the behavior of
atomic membranes in adsorbing SO,molecules.
One of the most common methods for
computer simulations is the Molecular
Dynamics (MD) approach (Ma, Hua et al. 2022,
Liao, Wen et al. 2024). In this method, the
time evolution of atoms is predicted by using
the Newton equation. Here, the purification
process of O, molecules via a metallic matrix
was studied using the MD method, and the
effects of temperature and pressure changes
on the process performance were examined for
the first time. Computationally, temperature,
total energy, SO, molecules absorption ratio,
interaction energy, ultimate strength, and
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Young’s Modulus have been calculated in the
MD simulation box. In actual cases, porous
metallic membranes are vital in modern air
purification due to their exceptional mechanical
strength, corrosion resistance, and precise
control of pore size, which enable effective
removal of fine particulates, aerosols, and
gaseous pollutants under various temperature
and pressure conditions. So, outputs of current
research can be applied in actual cases.

2. Development of MD Calculations

In this computational study, a porous iron
membrane was brought into contact with an
0,-SO, gas mixture to probe SO, sorption and
oxygen separation. After model construction,
10-ns production runs were performed to
quantify sorption metrics and assess separation
performance. All simulations were carried out
with LAMMPS(Plimpton 1995, Brown, Wang et
al. 2011, Thompson, Aktulga et al. 2022). The
porous Fe membrane and the O,-SO, mixture
were modeled at the atomistic level as Fe, O,
and S species (see Figure 1), and structures were
visualized/analyzed using OVITO (Stukowski
2009). Periodic boundary conditions were
applied along the x and y axes. In contrast,
fixed boundaries were imposed along z
to confine transport across the membrane
Systems were equilibrated in the isothermal-
isobaric (NPT) ensemble at T = 300 K and
P =1 bar using standard Nosé-Hoover-type
algorithms(Martyna, Tobias et al. 1994).

oo

0,-SO;, Mixture Gas

Fe Atoms

Structural Porous

Figure 1. Schematic of atomic structures
arrangement in the MD simulation box by using
the LAMMPS package
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The MD simulation is a prevailing tool to
explore the dynamics of nanostructures based
on Newton's laws for various phenomena(Haile
1992, Sadus 2002), such as air purification. It has
the capability of tracing the behavior of atomic
membranes in various pollution filtering.
Conventionally, these simulations define
the particle trajectories by solving Newton's
equation, considering the forces among
multiple atoms. The atomic arrangement was
used to describe the behavior of the porous
iron membrane under various initial conditions.
Considering the importance of interatomic
potential in MD simulation results, the DREIDING
force field has been applied in the atomic
description of the O,-SO, gas mixture (Mayo,
Olafson et al. 1990). As reported in previous
research, the use of this force field is appropriate
for gas molecule simulations in various
conditions (Dokyr, D et al. 2018). This simulation
setting allowed the structural stability and
actual interaction between different molecules
to be observed over time. Lennard-Jones (LJ)
potential has been used to compute the atomic
interaction among multiple structures in this
force field (Gao, Ji et al. 2018),

¢<ri,->=4{(£} —{i” r<n ()

€ defines the depth of the LJ well, sigma
indicates the finite distance at which the LJ
is zero, and the distance between various
particles specified by rij parameter. In equation
(1), rc (cut-off radius) is chosen 12 A in all of
our simulations. The bonded potential is made
up of the simple strength and angle bend
components. In the DREIDING force field, the
simple strength is defined by a linear oscillator
with the following formalism (Li 2014),

E="%k. (rr) ()

where the kr is indicated as the linear
oscillator constant, the atomic bond length is
shown by r,. Moreover, equation (3) represents
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the angle bend in SO, molecules through an
angular oscillator (Li 2014):

E="%k,(6-0,7 3)

Where k, represents the angular oscillator
constant, and 6, indicates the equilibrium
degree of the angle contact. Numerically,
in the defined force field, the r, of O/O and
S/0 interactions are equal to 131 A and 1.69.
Also, 8, of O/S/0O interaction is equal to 92.10
(Mayo, Olafson et al. 1990). The other atomic
interaction parameters for various molecules
in the O,-SO, gas mixture are represented in
(Table 1) (Mayo, Olafson et al. 1990). The porous
iron matrix, consisting of Fe atoms, is described
by the Embedded Atom Model (EAM). In the
previous report, this force field effectively
describes the time evolution of metallic atoms
within the computational box. It facilitates the
detection of thermodynamic stability in the
designed Fe-based system (Han, B et al. 2025).
This interatomic potential is defined as follows
(Daw and Baskes 1984, Daw, Foiles et al. 1993):

Ei = Fo <Z PB(rij)> t %Z Pp(rij) (4)
i#j j#i
Where F constant is the embedding energy
as a function of the atomic electron density p,
@ is the pair potential interaction, and a and 3
are the element types of atomsiandj.

Table 1: The € and 6 constants for LJ formalism in
DREIDING force-field (Mayo, Olafson et al. 1990)

Element o(A) g(kcal/mol)
O 0.415 3.71
S 0.305 4.24
Fe 0.055 454

The potential of atom-based compound
V(™) is assumed for each pair of atoms.
Computationally, it can be defined V(") for
atomic systems with N atoms as reported below
(Rapaport 2004),
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V(FN)ZZZV(”U) (5)
i<y

After defining the potential parameter
for nanostructures inside the MD box, the
simulation process was completed. To describe
the atomic displacement, Newton’s equation at
the nanometric level is set as the gradient of the
atom-based potential (force-field) (Rapaport
2004),

d*r dv.
F=)F =m—L=m —L (6)
l ; oot de L dt

F,= —grad V, 7)

y

From equations (6) and (7), the momentum
Pi can be defined as in the following (Rapaport
2004),

P=m,v, (8)

Hence, the Energy (E) of the atomic structures
can be expressed in the form of the Hamilton
equation (9),

H(F’P):iZP"ZJFV(F‘ +h+..+1)=E (9

The velocity-Verlet approach is applied
to estimate the particle’s time evolution,
considering the integration form of Newton’s
law in equations (10), and (11) (Verlet 1967,
Hairer, Lubich et al. 2003, Press, Teukolsky et al.
2007),

r(t+A4t) =7r(t) + v(t)At + %a(t)Atz +...(10)

a(t) +al(t + At
() 2( )AH_

v(t) + (11)

In the equations above, r(t+At) and v(t+At)
are the position and velocity of modeled
atoms at any time (respectively), and r(t) and
v(t) are the initial values. Theoretically, various
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ensembles are implemented to create an
initial condition inside the simulation box.
In this work, the grand canonical ensemble
was obtained by applying the Nosé-Hoover
barostat, and thermal equilibrium was achieved
by using the LAMMPS package (Nosé 1984,
Hoover 1985). After the equilibrium process, the
simulation continued for 10 ns later with the
micro-canonical ensemble (Hilbert, Hanggi et
al. 2014). According to the descriptions above,
the computational studies were carried out as
follows:

Step A: SO,-O, gas mixture and the porous
iron-based membrane were simulated with
DREIDING and EAM force fields and equilibrated
by NPT/NVT ensemble for 10000000 time
steps with At = 1 fs. Using these ensembles
caused the initial thermodynamic conditions
implemented to design the atomic sample.
For this purpose, the nuclear structure’s initial
temperature and initial pressure are set at
T, =300 K and P,=1 bar (respectively) as initial
conditions. Afterwards, atomic structures
reached an equilibrium phase, and their
stability is presented by total temperature and
total energy calculations.

Step B: The atomic purification procedure
was implemented to equilibrate structures for
10000000 time steps with the NVE ensemble.
This ensemble caused the removal process to
occur within a non-limiting computational box.
For this purpose, SO, molecules are absorbed
by the porous membrane in the MD simulation
box. After this process, physical parameters
such as SO, and O, absorption coefficients,
interaction energy, and mechanical properties
of the membrane after the separation
procedure are reported to describe the atomic
behavior of the porous iron membrane in the
O, purification procedure. The MD simulation
details are reported in (Table 2). All of the MD
simulations were repeated 5 times with defined
simulation settings, and the average value of
the numeric outputs was reported.
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Table 2: MD Simulation Details in Current
Computational Research

Computational Parameter Value/Setting

Computational Box Length 150x150x300 A3
Boundary Condition P-P-F
Initial Temperature 300K
Initial Pressure 1 bar
Time Step 1fs
Computational Algorithm NPT
Temperature Damping Ratio 10
Pressure Damping Ratio 100
Equilibrium Time 10 ns
Total Simulation Time 20 ns
Number of Pollution Molecules 175

3. Result and Discussion

Firstly, the atomic behavior of the O,-SO, gas
mixture and the porous iron membrane were
described at initial temperature and pressure
(T, = 300 K and P, = 1 bar). The simulation
results show the initial arrangement of atoms
in the simulation box, adopted using the
DREIDING and EAM functions. This atomic
phase of simulated compounds is estimated by
temperature and total energy calculation. The
atom-based compound’s temperature varied
as a function of MD time steps, as reported in
(Figure 2A).Itillustrates that the atomic structures
equilibrated after t =7 ns. Physically, this thermal
equilibrium arises from the reduction of atomic
oscillation by MD time, demonstrating the
validity of the MD simulation settings (Asgari,
Nguyen et al. 2020, Jolfaei, Jolfaei et al.
2020, Mosavi, Hekmatifar et al. 2020). Atomic
oscillation reduction arises from the decrease
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in atom mobility inside the computational box.
This decrease, caused by the mean distance
between various particles, did not significantly
affect the structure, which was stabilized under
defined conditions. Furthermore, (Figure 2B)
displays the total energy variations in atomic
systems as a function of MD simulation time.
As shown in this figure, the total energy of the
atomic structure converged aftert =7 ns to a
constant value with a numerical range variation
below 2%, which was considered acceptable.
Numerically, the total energy of the porous iron
membrane and the O,-SO, gas mixture system
reached -398.11 eV after 10 ns. Theoretically,
this physical parameter has a reciprocal relation
with the mean distance of atoms, and the
target atomic structure stability was achieved
by increasing the total energy magnitude.
T, ensure sufficient time in the equilibration
phase, this simulation factor was increased to
20 ns. The total energy output in this simulation
was -398.13 eV, which did not significantly vary
from the energy value after 10 ns. This energy
output indicated that the 10 ns were sufficient
time to observe the thermodynamic equilibrium
in the modeled structure, which arises from the
proper matching of the interatomic force field
and the atomic positions. Next, to validate the
MD simulation results in the current atom-based
study, the Radial Distribution Function (RDF) of O
atoms in the O, gas system was also calculated.
The RDF of simulated structures can describe
their atomic arrangement. Computationally,
the RDF function is defined by g(r), a parameter
showing the probability of finding an atom at
a finite distance from other atoms (neighbor
atoms). This output is a characteristic property of
the atomic system, consistent with the previous
structural report (Okwuashi 2020). Physically,
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this consistency arises from the compliance
between the modeled structure and the
simulation settings, as validated by current MD
simulations. (Figure 3) shows this output (RDF
results of O atoms in O, gas structure).
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Figure 2. Temperature And B) Total Energy Variation
of Porous Iron Membrane and O,- SO, Gas Mixture
System as A Function of Defined MD Time Steps (Time)
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Figure 3. The Oxygen-Oxygen Radial Distribution
Function (RDF) of O, Gas at T,= 300 K And P,= 1 Bar
(As an Initial Condition)

As soon as the equilibrium procedure
was achieved, the atomic evolution was
implemented to the O,-SO, system, with
ensemble change from NPT to NVT for t =10
ns. This computational step indicated the
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purification process of O, molecules from
the O,-SO, gas system, as shown in (Figure 4).
After gas molecules diffused into the pristine
matrix, potential energy was generated within

the final system. This evolution caused gas
molecule fluctuations to decrease inside
the matrix, completing the air purification

procedure.

Absorbed
i Molecules

(A) (B)
Y "ar,r %% T ow
AT LN At e e .
“e ".5 .. el e
ER AR
Setfa L e, 5, e Unabsorbed
"~ DR~ % et 22
L VoL el TRy Molecules

(@)

Figure 4. Time Evolution of O, Gas Purification Process from SO, Molecules as Pollution with Porous
Iron Membrane After A) 0, B) 5000000, And C) 10000000 Time Steps

The number of absorbed SO, molecules
(with porous iron matrix) changed as a
function of MD time, as shown in (Figure 5). As
displayed in this figure, the computational time
steps are sufficient for detecting the oxygen
purification process at the initial conditions.
After detecting the atomic process, the number
of O, molecules absorbed by the porous
membrane was calculated. Numerically, the
number of SO, molecules that diffused inside
the atomic matrix converged to 133 molecules
after 10 ns. By this atomic absorption ratio, the
efficiency of the defined membrane is around

76%, indicating the appropriate performance
of the metallic membrane for air purification
purposes. Furthermore, the computed value of
absorbed O, molecules, which diffused into the
pristine membrane, was equal to 21, while the
O, molecule adsorption ratio was negligible.
To calculate these parameters, the evolution
of each particle (atoms/molecules) inside the
computationalboxwasestimated withNewton's
second law equation, which was introduced in
the “development of MD calculations” section.
Then, the number of target molecules which
trapped within the metallic matrix is counted.
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This computational approach predicted the
recovery ratio of O, molecules in the designed
system, converging to 953% after 10 ns.
Computationally, the number of O, molecules
in the target region (outside the membrane) is
counted to estimate the recovery ratio.

140 _o—s0,
1200 —e—o0
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80
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Number of Molecules
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20

0 f
0 1 2 3 4 5 6 7 8 9 10
Time(ns)

Figure 5. The Number of SO, And O, Molecules
Trapped in Porous Regions of Iron-Based
Membrane as A Function of MD Time

Physically altering the initial condition, the
atomic resonance within the samples was
significantly affected, and their
unity converged to new states. In this section,
the effects of initial conditions in the O, gas

structural

purification process are described. The MD
simulations indicated that the atomic interaction
between the porous iron membrane and SO,
molecules decreased as the initial temperature
or pressure increased, leading to a decrease in
the efficiency of the metallic membrane in the
air purification process. These atomic evolutions
arise from changes in the mean distance and
atomic force between various particles inside the
computational box. The increase in temperature
and decrease in pressure caused the mean
velocity of particlesinside the computational box
to increase, leading to more effective collisions
between them. These interactions caused the
diffusion ratio of molecules to increase, leading
to more molecules being adsorbed onto the
porous iron matrix. The pressure increase has
the opposite effect on atomic system evolution,
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and the adsorption of target molecules occurs
with more precision. This behavior caused
the separation efficiency to increase at higher
pressures instead of lower levels. Thus, the
temperature increase or pressure decrease in
the air purification process can disrupt this
phenomenon. MD outputs predicted molecules'
mobility changes at defined conditions. (Figures
6,7) show the number of O, and SO, molecules,
which were absorbed by iron-based membranes
as a function of MD simulation time. Numerically,
the number of absorbed O, and SO, molecules
inside the porous iron matrix converged to 142
and 10 molecules, respectively, by creating
optimized conditions in the MD simulation box.
As reported before, this optimized condition
was created by decreasing the temperature and
increasing the pressure fort = 10 ns.
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Figure 6. The Number of Absorbed SO, Molecules
with Porous Iron Membrane as Defined by Initial A)
Temperature and B) Pressure
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Figure 7. The Number of Absorbed O, Molecules with
Porous Iron Membrane as A Function of Initial
A) Temperature and B) Pressure

The O, molecules recovery ratio and
permeability changed as a function of initial
temperature and pressure, as depicted in
(Figure 8). Numerically, the O, molecules
recovery ratio varied from 933% to 96.7%
according to defined systems. Hence,
these results predicted that the atomic
interaction between the O,-SO, mixture and
the membrane was significantly affected
by changes in operating conditions, which
should be considered in actual applications.
Furthermore, permeability value in modeled
samples varied from 3.4x10-3 Barrer to 4.9x10-
3 Barrer. This parameter refers to the ability of
O, molecules to diffuse inside the membrane.
The O, purification procedure was done
effectively, depending on the decrease in
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permeability value in the designed porous iron
membrane. The atomic interaction between
the atomic membrane and the gas structure is
another physical parameter that can describe
the purification process of oxygen molecules.
In this section, the atomic interaction between
porous iron membrane and O,-SO, mixture gas
was calculated. Simulation outputs showed
that, increasing temperature from TO = 300
K to TO = 350 K, the interatomic interaction
energy changes from -75.22 eV to -69.01 eV
between the atomic membrane and the gas
system. Computationally, the interaction
energy in modeled samples, which consists
of the porous matrix and gas molecules, is
calculated by the mutual potential energy
between them. Hence, the simulation results
predictedthatthetemperatureincrease caused
effective collision among various particles
and, randomly, their evolution decreased the
efficiency of the modeled metallic membrane.
A pressure increase from P, = 1bar to P, =5 bar
causes this atomic parameter to enlarge from
-75.22 eV to -83.14 eV. Physically, the increase
of this parameter induces the enlargement
of atomic absorption in simulated systems.
This evolution can be described with the
optimum atomic displacement of polluting
molecules inside the modeled matrix. With
the SO, molecules’ absorption increase, the
purification process occurs effectively. The
interaction force between membrane and
polluting molecules shows similar results,
and this parameter changes from -18.93 eV/A
to 30.64 eV/A as listed in (Table 3). Generally,
the gas purification efficiency increases with
a decrease in temperature and an increase/
pressure, consistent with previous reports for
similar structures (Liu, Y et al. 2018, Hashmi,
Moiz et al. 2024). This consistency arises from
an appropriate time evolution description of
the purification procedure by designed MD
simulation, and we validated this procedure
description in the current research.
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Figure 8. O, Molecules Recovery Ratio as a Function of Initial (A) Temperature and (B) Pressure. Permeability of
O, Molecules as a Function of Initial (C) Temperature and (D) Pressure in the Current Computational Study

Table 3. The Numerical Outputs of MD Simulations in Current Research are
Presented as a Function of Initial Temperature and Pressure

Initial Temperature O, Molecules SO, Molecules

Gas-Membrane

Interaction/Force Purification

(K) - Pressure (bar) Number Number Interaction Energy (eV) (eV/A) Efficiency (%)
T,=300 K - PO=1 bar 14 133 75.22 -24.83 76.00
T,=310 K - PO=1 bar 12 128 -73.29 -21.00 73.14
T,=320K - P,=1bar 11 124 -70.16 -19.11 70.86
T,=350 K - P,=1 bar 10 117 -69.01 -18.93 66.86
T,=300K - P,=2 bar 16 136 -78.05 -26.68 77.71
T,=300K - P,=3 bar 17 138 -82.21 -29.93 78.86
T,=300K - P,=5 bar 20 142 -83.14 -30.64 81.14
The mechanical behavior of iron-based mechanical properties of these atom-based

membranes is an important parameter for
real-world applications. In the final step of
our computational study, a cubic porous
iron membrane was used to describe the

samples. To report the mechanical performance
of the designed membrane, the sample was
structurally expanded by uniform intensity, and
the interatomic stresses in various regions of the
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sample were reported as the stress-strain curve.

The density parameter as a function of MD
simulation time is shown in (Figure 9A). The
convergence of the density parameter indicates
that the simulated structure reaches equilibrium
after t = 10 ns. This convergence results from
the decrease in atomic fluctuations under the
defined initial condition. Computationally, this
atomic evolution was accessible by adopting
position and interatomic potentials and
simulating itas a function of time.For mechanical
behavior analysis of the iron porous membrane,
the external force was applied to the atomic
matrix as depicted in (Figure 9B). The stress-strain
curve was calculated to study the mechanical
behavior of the iron-based membrane, before
and after the purification process. Mechanical
quantities such as the Young’s modulus and
the ultimate strength were estimated from the

6/78
6/77 1
6/76 1
6/75 1
6/74 1

6/73 .
0 5 10

Time(ns)

Density(Mg/m3)

(A)
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calculated curve. In (Figure 10), as the external
force increases, the structures’ deformation
values are depicted, and, finally, the stress-
strain curve is obtained using these values. The
deformation process of an atomic sample will
depend on its elastic modulus and geometry.
The stress and strain calculations output of
the mechanical test procedure was depicted
in (Figure 11). The latter shows structural unity
inside the atomic sample, which arises from
the attraction force between various parts of
the system. From our MD simulations, Young's
modulus and ultimate strength of pure iron-
based membrane are calculated as 6.93 GPa
and 245.66 GPa, respectively. These computed
values were comparable with previous studies
about iron-based structures and validated our
computational method in the current research
(Kuhn and Medlin 2000).

Fe Atoms Arrangement
in Cubic Structure

(B)

Figure 9. Mass Density Changes of Pure Porous Iron Matrix Arrangement as a Function of MD
Time During the Equilibration Process (A), Schematic (B)

0 Time Step

10000 Time Step

Figure 10. The Atomic Evolution of Pure Porous Iron Membrane at 0 and 10000 Time Steps of the
Mechanical Deformation Process
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Figure 11. Stress-Strain and B) Young's Modulus Curves of the Pure Porous Iron Membrane
Calculated by the Molecular Dynamics Approach

The absorption of SO, molecules should
affect the mechanical properties of the pure
metallic membrane. For this reason, the porous
iron matrix’s mechanical behavior after the
purification process was estimated at T, = 300 K
and P, = 1 bar as the initial condition. The results
of the mechanical test of this atomic membrane
after the purification process are shownin (Figure
12). After the atomic equilibration process at the
initial condition, the metallic membrane was
expanded to simulate the mechanical evolution
witha0.001ps'strainratio. Thestress-strain curve
of the porous iron membrane’s deformation test
in the Z direction is shown in (Figure 13). This
mechanical estimation was calculated using the
least-square formalism, implemented to reduce
data errors. Numerically, by absorbing the
mixture gas with the pure metallic structure, the
mechanical-based quantities such as Young's
modulus and ultimate strength decreased

0 Time step

and converged to 6.00 GPa and 21239 GPa,
respectively, as listed in (Table 4). These results
confirm the diffusion of SO, and O,molecules
into the porous iron membrane, weakening
the membrane’s mechanical performance.
Physically, the diffusion of guest atoms inside
the host metallic membrane increased the
mean distance between various atoms. By this
structural evolution, the interatomic force and
structural unity decreased. The MD simulations
obtained in this section should be considered
in the design of porous iron-based membranes
for gaining better commercial outputs. This
describes the structural evolution and how gas
molecules diffuse inside the pristine iron porous
matrix without disturbing its thermodynamic
stability. This behavior, detected by limitationsin
atomic fluctuation amplitude over time, verifies
the designed system applications and should be
considered in actual cases.

10000 Time Step

Figure 12. Schematic of Porous Iron Matrix in the Presence of Absorbed O, and SO, Molecules
After the Mechanical Deformation Process
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Figure 13. The Stress-Strain and Young's Modulus Curves of the Porous Iron Membrane After the
O, Purification Process, Calculated by the MD Approach

Table 4. The Mechanical Properties of Various Simulated Metallic Membranes are
Studied in the Current Computational Work

Atomic structure

Young's Modulus

Ultimate Strength

(GPa) (MPa)
Pure Porous Iron Membrane 6.93 245.66
Porous Iron Membrane after the O, Purification process 6.00 212.39

4. Conclusion

In the present computational research,
the molecular dynamics (MD) approach was
used to describe the porous iron membrane
performance for the oxygen purification
process (in the presence of SO, molecules as
pollutants). MD simulation results at defined
initial conditions can be listed as follows:

A. The DREIDING and Embedded Atom Model
(EAM) functions were adequate choices
for the MD description of porous iron
membrane and O,-SO, gas system.

B. MD simulations indicated the number of
oxygen and SO, molecules absorbed by
the porous iron membrane is 12 and 128
molecules after 10 ns.

The increase in the initial temperature of
simulated structures caused the accuracy to
decrease, and the speed of the purification
procedure improved. Numerically, by
increasing the initial temperature to 350 K,

the number of absorbed SO, molecules by
the metallic membrane converged to 117.

Increasing  the initial temperature
of simulated structures caused an
enlargement in the accuracy and

performance speed of the purification
procedure. Numerically, by initial pressure
enlarging to 5 bar, the number of absorbed
SO, molecules by the metallic membrane
converged to 142 molecules.

The recovery ratio and permeability
of O, converged to 96.7% and 3.4-10-3
Barrer, respectively, in our designed O,
purification system.

Porous iron membrane was weakened
mechanically after the purification
process. Numerically, the ultimate strength
of the pure metallic membrane decreased
from 245.66 GPa to 212.39 GPa after O,-SO,
gas mixture absorption took place with
them. Also, Young’s modulus parameter
decreased from 6.93 GPa to 6.00 GPa after
the oxygen molecule purification process.
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These MD simulation results showed
that the atomic arrangement of Fe atoms in
the porous iron membrane can be used for
standard air purification procedures. Practically,
these results can be implemented in various
purification processes for optimizing the actual
application efficiency.
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Nomenclature

Fij Atomic force between i and j atoms

Vij Potential energy between i and j atoms

m Atomic mass

rc Cut-off radius

rij Atomic distance of i and j atoms

t Time step in molecular dynamics simulation
T Temperature in molecular dynamics simulation
1 Atomic velocity

a atomic acceleration

Natom Number of atoms

83
Nsf Degree of freedom
kB Boltzman constant
r0 Equilibrium bond length
Greek symbols
€ Energy constant in Lennard-Jones function
o Length constant in Lennard-Jones function

600 Equilibrium angle

At molecular dynamics time step
F embedding energy in Embedded Atom
o
Model
5 pair potential interaction in Embedded
a
v Atom Model
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