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ABSTRACT: Utilizing molecular dynamics simulations, we examined how varying
pore sizes affect the desalination capabilities of MoS, membranes while keeping the
total pore area constant. The total pore area within a MoS, nanosheet was
maintained at 200 A%, and the single-pore areas were varied, approximately 20, 30,
40, 50, and 60 A% By comparing the water flux and ion rejection rates, we identified
the optimal single-pore area for MoS, membrane desalination. Our simulation results
revealed that as the single-pore area expanded, the water flux increased, the velocity
of water molecules passing the pores accelerated, the energy barrier decreased, and
the number of water molecules within the pores rose, particularly between 30 and 40
A% Balancing water flux and rejection rates, we found that a MoS2 membrane with a
single-pore area of 40 A” offered the most effective water treatment performance. ?
Furthermore, the ion rejection rate of MoS, membranes was lower for ions with =
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lower valences. This was attributed to the fact that higher-valence ions possess
greater masses and radii, leading to slower transmembrane rates and higher transmembrane energy barriers. These insights may serve
as theoretical guidance for future applications of MoS, membranes in water treatment.

1. INTRODUCTION

Two-dimensional (2D) materials are widely used in the fields
of conductive substrates,' > filter membranes,* " and energy
storage’” because of their unique structures and excellent
performance. Membranes made of 2D materials have excellent
properties, such as large specific surface areas, high adsorption
capacities, and high separation efficiencies, and have good
prospects for application in water treatment.'*~>* One typical
2D material is molybdenum disulfide (MoS,), from which
nanofiltration membranes with excellent desalination perform-
ance are prepared, and their advantages in water treatment are
gradually emerging.”*** For example, Li et al. prepared
atomic-thick MoS, membranes using chemical vapor deposi-
tion.”” The membranes have a high desalination capacity with
high rejection rates (>99%) of Na*, K*, Ca**, and Mg™", as well
as a high water flux (>322 L m™ h™" bar™!).”” Sapkota et al.
reported single- and double-layer thick MoS, films as porous
mesh structures with a tunable surface charge, pore size, and
interlayer spacing. These porous nano-MoS, films are capable
of efficient rejection of organic dye molecules and ions and
have excellent durability to chlorine exposure.*
Computationally, using molecular dynamics (MD) simu-
lations, Heiranian et al. found that the water flux of MoS,
membranes is 2—5 orders of magnitude higher than those of
other nanoporous membranes. They constructed three MoS,
nanopores, i.e., pores with only molybdenum atoms at the
edge, only sulfur atoms, and both molybdenum and sulfur
atoms, and found that the pores with only molybdenum atoms
at the edge had higher water fluxes (approximately 70% higher
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than those of graphene nanopores).”' Subsequently, Heiranian
et al. evaluated the application and capability of molecular
simulations in comprehending the mechanisms involved in ion
and water transport across polymeric membranes.’” Cao et al.
also compared the water treatment effects of different 2D
materials. They found that the water flux of a monolayer of
MoS, was consistently 27% higher than that of graphene, 38%
higher than that of phosphorus, 35% higher than that of boron
nitride, and 20% higher than that of molybdenum diselenide
with the same pore size of these 2D materials.”” Kou et al. used
MD simulations to construct nanoporous MoS, monolayers
with different pore radii ranging from 5.3 to 13.5 A. Their
simulation results indicated that a nanoporous MoS,
membrane with a pore radius of 7.4 A had a high water flux
and a perfect desalination rate.”* The fast movement of water
molecules in the monolayer MoS, nanopores was attributed to
the single hydrogen bonding chain connecting the water
molecules inside and outside the nanopores. Similarly, Azamat
and Khataee designed four MoS, nanopores of different areas
(9.306 to 37.34S A?) to filter heavy-metal ions. They found
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Figure 1. (a) Side view of a single simulated system consisting of a piston, a pore-containing monolayer MoS, membrane, and two water boxes.
The water box on the left contains brine, and the box on the right contains pure water. (b) Atomic structures of MoS, membranes with different
pore areas. Color scheme for panel (a): Mo, yellow; S, orange; C, cyan; Na, red; and CI7, blue.

that a membrane with a pore area of 22.423 A’ could
completely retain heavy-metal ions and had a high water flux.*®

Despite the excellent desalination performance of pore-
containing MoS, membranes, the relationships between their
water fluxes and ion rejection rates and the size and number of
pores need to be further investigated. In this study, MD
simulations were used to explore the effects of different single-
pore areas on the desalination performance when the total pore
area was kept constant. We sought to identify an ideal pore size
with high water flux and reasonable ion rejection rate (more
than 90%)°*” by varying the single-pore area and the total
pore area remaining fixed. In addition, considering the diversity
of ion valence, we investigated the desalination performance of
pore-containing MoS, membranes for solutions containing
monovalent sodium ions (Na*), divalent calcium ions (Ca*"),
and trivalent iron ions (Fe*).

2. SIMULATION METHODS

Figure 1(a) shows the structure of a single simulated system
with a box size of 4 X 4 X 13 nm?>, which can be divided into
four parts from left to right: the graphene piston, brine solution
(NaCl/CaCl,/FeCl;) with a concentration of 1.0 mol/L, MoS,
monolayer containing nanopores, and pure water box. The
MoS, monolayer was constructed using the Visual Molecular
Dynamics software.”® With the total pore area set as
approximately 200 A% five different pore areas were
constructed: 20 A* (10 pores), 30 A* (7 pores), 40 A (5
pores), 50 A* (4 pores), and 60 A*> (3 pores plus an 20 A®
pore), as shown in Figure 1(b). The area of the pores was
formed by removing atoms. A hybrid porous MoS, monolayer
(labeled “Mix”) was also constructed as control, which
consisted of five pores with areas of 20, 30, 40, 50, and 60
A2, for a total hole area of 200 A2

All MD simulations were conducted by the LAMMPS
software.” The water molecules were modeled by the SPC/E
model,*’ and the SHAKE algorithm with an accuracy tolerance
of 0.0001 was used to constrain the bond lengths and bond
angles of the water molecules. The van der Waals and
electrostatic interactions between atoms were calculated by
using the Lennard—Jones (LJ) potential and long-range
Coulomb interactions, respectively. The LJ parameters for
the pairwise interactions in the system are presented in Table
S1 (see Supporting Information, Table S1). The interactions
between different atoms were calculated by using the Lorentz—
Berthelot mixing rule. The truncation radii for both the LJ
potential and Coulomb interactions were 12 A, and the long-
range Coulomb interactions were calculated using the

particle—particle—particle grid solver with a relative root-
mean-square error of 0.005.

The simulation process consisted of three steps: (i) energy
minimization, (ii)) NPT process, and (iii) NVT simulation.
First, 10,000 iterations were performed for energy minimiza-
tion. Then, the simulation was performed via NPT ensemble
with a step size of 1 fs, using the Nosé—Hoover heat bath
method for temperature and pressure regulation, with a
temperature of 300 K, pressure of 1 bar, and simulation time
of 100 ps.41’42 During the equilibrium period, the MoS, atoms
were kept fixed in space, and the NPT simulation brought the
water to equilibrium density (1 g/cm®). Finally, the
desalination process was simulated under NVT ensemble
with 2 fs steps, a temperature of 300 K, a simulation time of 10
ns, and an extrapolation pressure of 100—300 MPa. The
external pressure was achieved by applying a force along the z-
axis to each atom in the piston. The force F was calculated by
the following equation

S
N

F=

where p represents the externally applied pressure, S represents
the area of the piston, and N represents the total number of
atoms in the piston.

The water flux and rejection rate were calculated by using
the counting function of the LAMMPS software, which gives
the number of ions and oxygen atoms passing through the
membrane. The water flux (WF) was given as

WE = N

T
where WF represents the water flux, N,, represents the number
of water molecules passing through the membrane, and T
represents the simulation time.

The ion rejection rate (R) equation was

l\rion B l\rionl
R= ——
N.

ion

where R represents the rejection rate, N, represents the total
number of ions, and N, represents the number of ions

passing through the membrane.

3. RESULTS AND DISCUSSION

3.1. Water Fluxes and Rejection Rates of MoS,
Membranes with Different Single-Pore Areas. Water
flux is one of the most important indicators of nanofiltration
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Figure 2. (a) Water fluxes and (b) ion rejection rates for six membranes with different pore areas under applied pressure.
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Figure 3. (a) Transmembrane velocity of water molecules; (b) PMF of water molecules passing through the pores.

membranes, as shown in Figure 2(a). At pressures of 100—300
MPa, the water flux increased approximately linearly with the
increasing pressure. For single-pore areas ranging from 20 to
60 A% the MoS, membrane with a single-pore area of 60 A’
exhibited the highest water flux among all of the membranes,
followed by the MoS, membranes with single-pore areas of 50,
40, 30, and 20 A’ The water flux of the hybrid pore
membrane, which was given by the average value for the five
pore areas, was close to that of the 40 A> pore membrane. The
variations in the water flux from 20 to 30, 40 to 50, and 50 to
60 A? were smaller than that from 30 to 40 A% For example, at
an external pressure of 250 MPa, the water flux for a single-
pore area of 30 A” was 4.09% higher than that for a single-pore
area of 20 A2, and the water flux for a single-pore area of 60 A
was 9.49% higher than that for a single-pore area of 50 A%
However, the water flux for a single-pore area of 40 A was
surprisingly 29.40% higher than that for a single-pore area of
30 A% and the water fluxes at other pressures exhibited similar
results.

Another important parameter related to desalination
performance is ion rejection, which indicates the ability of
the membrane to filter ions, as shown in Figure 2(b). The
relevant data is presented in Tables S2 and S3 (see Supporting
Information, Tables S2 and S3). Typically, the ion rejection
rate decreases with an increase in pressure because high
pressures exert stronger forces on ions, causing more ions to
pass through the pores. For example, for a single-pore area of
60 A% the rejection rate decreased from 95.13 to 63.96% when
the pressure was increased from 100 to 300 MPa, and for a
single-pore area of 50 A% the rejection rate decreased from
99.45 to 75.33% when the pressure was increased from 100 to
300 MPa. For the 20 and 30 A? pores, the rejection rate was
almost 100% regardless of the exerted pressure. For example,
the rejection rate was 99.70% only for the single-pore area of
30 A” at an external pressure of 300 MPa. For the 40 A” pore,
the rejection rate slightly declined with increasing external
pressure. However, even at a pressure of 200 MPa, the
rejection rate was still as high as 96.97%. For the hybrid pore,
the rejection rate was close to that of a single-pore area of 50
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A2, for example, 92.70% for the hybrid pore and 92.53% for the
50 A? pore at 200 MPa.

3.2. Velocities and Potential of Mean Forces of Water
Molecules Passing through Pores. To further understand
the effects of the single-pore area on the water flux of MoS,
membranes, we analyzed the transmembrane velocity and
potential of mean force (PMF) of water molecules. The
velocity and PMF of water molecules in the z-direction in five
pores were examined at 200 MPa. As shown in Figure 3(a), the
velocity of water molecules varied generally with changes in the
single-pore area. The normal velocities (along the z-axis) at the
membrane surface for pores with areas of 60, 50, 40, 30, and 20
A? were recorded as 5.76, 5.59, 5.54, 5.34, and 6.57 m/s,
respectively. Notably, the velocity for the largest pore size (60
A?) was slightly higher than those observed for the smaller
pore sizes (50, 40, and 30 A%). This can be attributed to the
fact that a larger pore area facilitates the passage of water
molecules, resulting in a higher velocity. However, this trend
was unexpectedly disrupted for the smallest pore size (20 A?).
Surprisingly, the velocity recorded for the 20 A® pores was
14.06% higher than that for the 60 A” pores. This anomaly can
be explained by the fact that the smaller pores, despite their
size, experience a concentrated pressure when subjected to the
same overall pressure. As a result, when water molecules
successfully pass through these narrow pores, they move at a
significantly higher speed. This finding highlights the complex
interplay among pore size, pressure, and water flux in MoS,
membranes.

The PMF of water molecules passing through the pore-
containing MoS, membrane is shown in Figure 3(b). The
PMF is given by the equation F(r) = —RT In[p(r)], where R is
the molar gas constant, T represents the temperature, r
represents the distance from the membrane, and p denotes the
density of water at the membrane. The highest energy barrier
was encountered by water molecules passing through the 20 A
pore, and the energy barrier decreases as the pore size
increases. Both the speed of water molecules across the
membrane (except for the 20 A* pore) and the water flux
increased as the pore size increased, which makes sense since a
lower energy barrier leads to faster velocity and higher water
flux. Furthermore, a significant decrease in the energy-barrier
height was observed when the area of a single pore was
enlarged from 30 to 40 A indicating that the membrane with
a 40 A? pore area offers optimal conditions for the passage of
water molecules. Generally, a larger pore area facilitates the
movement of water molecules, resulting in slightly lower
energy barriers for the S0 and 60 A” pores. The PMF profiles
provide insight into the relationship between the water fluxes
of MoS, membranes with different single-pore areas and the
transmembrane energy barriers that water molecules encoun-
tered. Specifically, smaller pore areas correlate with higher
energy barriers, leading to a reduced number of water
molecules passing through.

3.3. Number Densities of Na* lons near the Pores.
Considering the effects of the number density of ions on the
rejection rate, we plotted the number density curves in the
range of 15 A on the membrane surface at 200 MPa
(Supporting Information, Table S4). As shown in Figure 4,
the ion number densities had obvious peaks on the membrane
surface, and all of the peaks of 20, 30, 40, and 50 A* pores were
almost located at the same position (z = 7 A). Correspond-
ingly, the peaks of the ion number density were 0.0038, 0.0040,
0.0044, and 0.0050 ions/A3. That is to say, with the increase of
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Figure 4. Number density of Na* ions near the pores.

pore area, more jons will appear around the membrane, making
ions more likely to pass through the pores, which leads to a
decrease in the rejection rate. However, the MoS, membrane
with a single-pore area did not follow the above trend from 50
to 60 A% and its ion number density did not continue to
increase with an increase in the single-pore area; rather, it
decreased to a value similar to that of 30 A? (0.0038 ions/A3).
Because the 60 A” pores had a low ion rejection capacity, ions
passed through them faster and did not remain on the
membrane surface, and the lower ion rejection capacity made it
more difficult to form ion number density peaks on the
membrane surface.

3.4. Water Fluxes and Rejection Rates of Solutions
Containing Different Valence lons. To simulate a system
closer to the real water environment, we investigated the
effects of ionic valence on the desalination of MoS,
membranes. This was done by replacing the 1.0 mol/L NaCl
solution with 1.0 mol/L CaCl, and FeCl; solutions at a fixed
pressure of 200 MPa. The overall trend of the water fluxes of
the solutions with different valence ions was Na* > Ca®* >
Fe**. The water fluxes of the solutions with Na*, Ca**, and Fe**
were 295.23,209.67, and 159.13 #ns ™!, respectively, at a single-
pore area of 40 A% As shown in Figure 5(a), the water flux
increased with a single-pore area. For example, the water flux of
the Na* solution increased by 26.06% from 30 to 40 A?
whereas that of the Ca** solution increased by only 6.70%. For
the Fe®* solution, the single-pore area hardly affected the water
flux, and the water fluxes of 20, 30, 40, 50, and 60 A* pores
were 157.6, 161.1, 159.1, 143.9, and 164.9 #ns™}, respectively.
In addition to the water flux, we investigated the rejection rates
of the five membranes for different ions. Figure 5(b) shows the
percentages of ions of different valence states blocked by the
five nanomembranes. The general trend of the ion rejection
rates was Na* < Ca®* < Fe®*. For example, at a single-pore area
of 40 A% the rejection rates of Na*, Ca®*, and Fe** were 96.97,
99.00, and 99.76%, respectively. In general, the ion rejection
rate decreases with an increase in the pore area because with a
larger pore area there is more space for ions to pass through.
For example, the ion rejection rate of Ca*" decreased from
99.00 to 90.50% as the single-pore area increased from 40 to
60 A%. Compared with the other two ions, the MoS,
membrane exhibited high rejection rates for Fe®*, with 99.5%
rejection even at a single-pore area of 50 A%
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Figure 5. (a) Water fluxes and (b) ion rejection rates of five membranes with different pore areas for different valence ions.
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molecules.

To explore the underlying mechanisms of how ion valence
affects water flux and rejection rates, we analyzed the
interactions between water molecules and ions. Specifically,
we characterized these interactions through the radial
distributions and binding energies of ions to water molecules.
As depicted in Figure 6(a), all three ions, namely Fe*, Ca*,
and Na*, formed hydrated layers. For instance, Fe** exhibited
distinct first and second hydrated layers positioned at distances
of 1.95 and 3.95 A, respectively, whereas Ca*" formed its
hydrated layers at distances of 2.45 and 4.65 A. Furthermore,
Figure 6(b) presents the binding energies between cations
(Na*, Ca’**, and Fe’*) and water molecules. Notably, the
binding energy between Fe*" and water molecules was the
highest, reaching —715.82 kcal/mol. This energy was
approximately 1.96 times greater than the binding energy
between Ca®* and water and nearly 6.01 times higher than that
between Na" and water. This significant difference suggests
that the binding between Fe’* and water is significantly more
stable compared to the hydrated states of Na* and Ca**. On

the other hand, the hydration of ions with water molecules
increases their masses, thereby reducing their mobility and
diffusion velocities. This decrease in movement directly leads
to a lower water flux. Additionally, hydrated ions exhibit
enlarged radii, resulting in the high rejection rates. Con-
sequently, this explains the observed trend where the water flux
follows the order of Na* > Ca** > Fe®*, while the ion rejection
rate follows the inverse order of Na* < Ca®* < Fe’*.

4. CONCLUSIONS

In summary, we conducted molecular dynamics simulations to
assess the water fluxes and ion rejection rates of nanoporous
MoS, membranes, varying the single-pore areas from 20 to 60
A? while maintaining a constant total pore area of 200 A% The
simulation results are summarized as follows: First, the water
flux escalated with the increase in the single-pore area,
particularly when it expanded from 30 to 40 A% This was
attributed to the rise in the normal velocity of water molecules
and the corresponding reduction in the transmembrane energy
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barrier. Second, the number density of ions adjacent to the
pores rose with the increasing single-pore area, leading to a
decline in ion rejection rates. Third, lower-valence ions
exhibited higher water fluxes and lower ion rejection rates in
MoS, membranes. This was due to the larger masses and radii
of hydrated higher-valence ions, which slowed their trans-
membrane rates and increased the transmembrane energy
barriers. Considering both the rejection rates and water fluxes,
our results suggest that a MoS, membrane with a single-pore
area of 40 A> may be the most effective for water desalination.
Our findings could serve as theoretical insights for future
feasibility studies exploring the application of MoS, pore-
containing film materials in water treatment.
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