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Abstract The electrostatic attraction between ions and water is the primary reason for the
change in ion bare diameter, which plays a crucial role in saltwater transportation. This study
utilizes molecular dynamics (MD) to analyze saltwater transport through a nanoporous gra-
phene membrane by pressure-driven flow. In this work, we describe the impact of pore diame-
ter atomic boundary position on single-ion transportation and signify the steric effect of ions on
the water mass flow rate and velocity profile. Due to hydration layer formation, ions hinder the
water molecules from their regular velocity, which also decreases the flow rate of water mole-
cules. Interestingly, a significant deviation for different atomic boundary positions is observed
for ion rejection for pore diameters less than 1 nm. However, for larger pore diameters, the ion
rejection closely matches the atomic boundary position specified by a 2 % water density drop
inside the nanopore.

1. Introduction

Since only 3 % of the world’s water is freshwater, it is becoming difficult to meet the water
demands of the expanding population of the world [1, 2]. However, ocean water can meet this
demand if it is desalinated. In this regard, it is necessary to assess the significance of saltwater
desalination as a permanent water supply option [3].

Despite the fact that the reverse osmosis (RO) system is the most common desalination
process due to low energy consumption, it needs to be advanced in terms of cost and effi-
ciency [4-6]. Advances in nanotechnology opened up a new door for water desalination. When
nanopore diameters are less than the size of the hydrated diameter of the ion (the entire
boundary of the hydrated ion along with the hydration sphere around it), that ion can be ex-
cluded from the transportation by a size-exclusion mechanism [7]. lon dehydration barriers,
along with this size-exclusion mechanism, can lead to effective water desalination [8-10].

Choosing a membrane material for the nanopore is a delicate task because the membrane
material needs to withstand the pressure created by the flow. Also, the membrane surface must
be impermeable except for the nanopore area. Among all the candidate materials, graphene
has these unique characteristics. Graphene blocks all kinds of molecules as it is composed of
sp? hybridized carbon atoms in a 2D honeycomb lattice with a high electron density in its aro-
matic rings. The high carbon-carbon bond energy and intrinsic mechanical strength make gra-
phene a supreme impermeable membrane [11]. Since the lattice constant of graphene is
smaller than the molecular diameter of water, graphene is impermeable to ionic aqueous solu-
tion [12]. The sp hybridized carbon atoms are structured like a hexagonal lattice structure; this
single-atom thickness (0.34 nm) material is considered a critical material due to its remarkable
mechanical strength and robustness [13, 14]. Due to this fact, specifically engineered graphene
sheets have become the most promising new material for polymer electrolyte membrane fuel
cells (PEMFC) applications [15]. Besides this, graphene-based fuel cell catalysts are also very
efficient for both anode and cathode fabrication [16].

Given the above facts, creating a nanopore on a graphene membrane can effectively retain
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the increased size of hydrated ions due to the steric effect,
while the water molecules can pass through the nanopore
successfully. Graphene membranes are still durable in pres-
sure-driven flow after crafting the pore. In fact, a nanoporous
graphene (NPG) membrane can withstand pressures exceed-
ing 57 MPa, when having a nanopore smaller than 1 um [17].
These nanopores can be functionalized, and the nanoporous
membrane can be used in multi-layers. However, the water
permeability depends on the pore spacing in this case [18].

The low energy consumption effect of nanoporous graphene
membranes allows the flow of the desired molecules while
blocking the contaminated particles. Hence, seawater ions can
be effectively rejected using these single layer or multi-layer
NPG membranes while purifying a significant amount of water
[4]. NPG membranes have already been utilized as effective
filters for desalination in a lot of recent molecular dynamics
studies focusing on saltwater transport driven by pressure.
However, the desalination efficiency of the NPG membrane is
highly dependent on selective pore size, selective pressure,
and pore hydrophobicity [19].

There is disagreement about how to select the pore diameter
for desalination in recent studies. For example, Cohen-Tanugi
et al. mentioned that a maximum pore diameter of 5.5 A was
necessary to prevent salt ion transport in their MD model of the
reverse osmosis water desalination process using a NPG
membrane, while Konatham et al. reported that a maximum
pore diameter of 7.5 A was needed to retard the salt ions [20,
21]. Later on, Nguyen et al. achieved 100 % salt rejection with
a 9.90 A pore diameter using a 35.02 MPa pressure drop [12].
This ongoing discussion on selecting the nanopore diameter
remains since the definition of the nanopore diameter (visually
the pore width) is still a debatable issue. The pore radius is
defined in diverse ways on the nanoscale for different reasons
[22]. The deep impact of the hydrated ion boundary can greatly
influence on determining the pore diameter for effective water
desalination. In fact, the hydration layer beyond the first hydra-
tion layer is also responsible for retaining the ion transport
through the nanopore.

The internal energy barrier for ion transport depends on the
pore radius, which can be affected by the proper boundary
position of the nanopore. The effective pore radius was also
defined by the width that forces the hydration layer to be par-
tially broken for ion transportation [23, 24]. By investigating the
hydration properties, it is possible to evaluate the hydrated
solute steric hindrance and so predict an approximate pore
size that may work adequately for effective water filtration [25].
Thus, it is necessary to have a deep understanding of the pore
boundary position in relation to the hydration layers to predict
saltwater transportation.

lon mobility in the pore is smaller than the bulk ion mobility
because they have a layered liquid structure in the pore axial
direction [26]. When an ion hits the pore and wants to leave the
bulk, it requires sufficient energy to overcome the energetic
penalty. The energetic penalty progressions are subjected to
the ion hydration, ion charge, pore chemical characteristics,

pore size, and pore geometry [27-29]. Deformation of the reac-
tive zone can happen when the sterically demanding group is
close to the reactive center [30]. lons show a gel-like property
in an aqueous form, and the shape of this gel can change un-
der pressure. Moreover, the strength of the ion’s hydration
depends on the ionic concentration and other environmental
factors like ionic strength, pH, and temperature [31]. Due to
these factors, the ion is partially dehydrated when the ion hy-
dration strength becomes weak. These partially or fully dehy-
drated ions are transported through the nanopore. This dehy-
dration is the primary source of the ion energy barrier for trans-
portation in narrow pores [32].

The water molecules around small cations remain practically
fixed in terms of distance, forming a shell where bulk water
molecules continuously replace individual water molecules in
nanoseconds [33, 34]. Because of the electric field of the ion,
the solvent dipoles in the first hydration layer are highly struc-
tured, and the diploes around it do not act linearly [35, 36]. For
this reason, the first layer of the hydration layer can be intact
when transporting a cation through a pore radius of 1.2 nm,
whereas the second layer can be partially dehydrated due to
the pore wall [24]. When the ion is at the pore center, the hy-
dration sphere around the ion will be dehydrated depending on
the pore radius [37]. Therefore, it is necessary to assess the
energy barrier for dehydration in relation to the atomic bound-
ary position of pore diameter more extensively for predicting
ion transportation.

In this paper, we mainly sought to investigate how the atomic
boundary position of pore diameter impacts water and ion
transportation prediction using molecular dynamics (MD) study.
The steric effect of ions on water transportation was also stud-
ied. The primary objective of understanding the influence of the
atomic boundary position of pore diameter on chlorine ion
transportation has been analyzed by comparing a theoretical
ion rejection proposed method with MD predicted ion rejection.

2. Theoretical background and model de-
scription

2.1 Molecular dynamics simulation

In Fig. 1(a), the simulation domain has saltwater on the left
side (feed side) and pure water on the right side (permeate
side). The volumes of both regions are kept static using a
specular reflection wall, as represented in Fig. 1(c). In the be-
ginning, two specular reflection boundaries were made rigid at
Z =-4.4925 nm and Z = 4.4925 nm, while the x and y direc-
tions in the simulation domain were periodic with lengths of
3.192 nm and 2.952 nm. The graphene membrane was placed
at the center at 0.0 nm in the z-direction, and a circular pore of
0.99 nm diameter was generated by removing the carbon at-
oms, as shown in Fig. 1(b).

Initially, this pore diameter L was considered from the atomic
center to the center of carbon atoms inside the pore. The typi-
cal wall works like a piston to induce pressure-driven flow and
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Fig. 1. (a) Schematics of the simulation domain; (b) the initially considered
diameter L of graphene nanopores; (c) physical description of the specular
reflection wall.

may interrupt the bulk pressure in the feed and permeate re-
gions in the atomic level framework because of the van der
Waals interactions between the fluid and piston [38-40]. None-
theless, the specular reflection walls used with computationally
compelling strategies can settle the issue [12, 40]. Thus, to
avoid imprecise pressure drop across the simulation domain, a
specular reflection wall is chosen instead of using a piston. The
extended simple point charge (SPC/E) model was picked for
water molecules due to its simplicity and efficient computational
cost [41]. Besides, it can also be depicted as an active rigid
pair potential, including Lennard-Jones (LJ) and Columbic
terms [42]. The three atoms of a water molecules have three
interaction spots while they are allocated a point charge to
induce long-range Columbic interactions. Moreover, oxygen
atoms also show a Lennard Jones (LJ) potential to model the
van der Waals (VDW) forces. As per the SPC/E model, oxygen
and hydrogen atoms are allotted partial charges of qo = 0.
-8476e and gH = 0.4328e. Meanwhile, the H-O-H angle of
109.47° and O-H bond length of 0.1 nm was kept constant
using the SHAKE algorithm [43]. A truncated Lennard Jones
(LJ) (12-6) potential was used to measure the interatomic in-
teraction of oxygen atoms of water molecules, salt ions, and
carbon atoms in the graphene membrane as follows:

o (R R G

Here, ¢ is the potential well depth, o is the finite molecu-
lar distance at which point the interatomic potential is zero, 7,
is the intermolecular distance and lastly r. is the cutoff dis-
tance. The intermolecular forces are curtailed at a distance of

Table 1. Details of the interaction parameters used in this work.

Interaction £(ev) o(4)
C-Cl 0.003619748 3.9240
C-Na 0.001350014 2.9876
C-O 0.00403278 3.283
C-H 0.0 0.0
Na-Cl 0.001702700 3.5116
Cl-0 0.005575083 3.8068
Cl-H 0.0 0.0
Na-O 0.002079272 2.8704
Na-H 0.0 0.0
CI-Cl 0.004613823 4.4480
Na-Na 0.000641772 2.5752
H-H 0.0 0.0
0-0 0.006739 3.166
O-H 0 0.0

r, = 1.0 nm in this work. The AIREBO potential was applied to
model the planar interatomic interactions between carbon at-
oms in the graphene membrane [44]. Although the interaction
parameters of Na" and CI" in the aqueous solutions were based
on quantum calculations, oxygen atom interaction parameters
were taken from the SPC/E model [45]. On the other hand, the
interaction parameters between carbon and oxygen atoms
were estimated from the Lorentz-Brethelot (L-B) mixing rule
[46]. For any atomic molecules with charge, columbic interac-
tions were also employed. Correspondingly, the dissolved salt
ions Na" and CI” are assigned charges of qu,= 1.0e and qg =
-1.0e. The interaction parameters used in this study is pre-
sented in Table 1 [12]. The particle-particle particle-mesh
(PPPM) method was utilized to ensure precise long-range
electrostatic interactions between all charged atomic types [46].

Newton’s equations of motion were coordinated in the
VERLET calculation with a simulation time step of 1.0 fs.
Choosing a proper time step is a crucial issue for MD simulation
since a large time step could led unstable MD simulation [47].
We have chosen the time step according to the literature with
different type of fluid flow study and that also works in our sys-
tem confirming with the dynamics [47-50]. All simulations were
performed using LAMMPS [48]. The Maxwell-Boltzmann veloc-
ity distribution at 300 K was applied for assigning initial condi-
tions of fluids. NVT (constant number of molecules, volume, and
temperature) ensembles were initially used with a Nose-Hoover
thermostat to preserve the system at 300 K in the equilibrium
MD simulations. Individually, the feed and permeate sides have
1584 water molecules to meet the water density at 1 g/em®.
Meanwhile, the feed side has 20 Na* and 20 CI' ions which
result in a salt concentration in the feed region of 0.6 M.

For the first NVT ensemble, no pore was created and was
equilibrated for 20 ns. After that, a pore 0.99 nm in diameter
was created and equilibrated for an additional 3 ns. For all four
cases, these two steps have been followed before continuing
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to NEMD simulations. After the EMD, NEMD simulations were
conducted to maintain flow for four different pore sizes of
0.568 nm, 0.994 nm, 1.420 nm and 1.9884 nm by moving the
two specular reflection boundaries with the same velocity
(1.5ms™) in the z-direction through the fixed graphene mem-
brane. The preferred velocity was 1.5 ms” because it well co-
ordinated the molecular level with the continuum level proper-
ties for fluid in previous studies [40]. Using a higher specular
reflection, the wall velocity may considerably disrupt the fluid
thermodynamic properties, while applying a low velocity can
increase the total computational time unreasonably.

2.2 Theoretical background

The structural configuration of water molecules induces polar-
ity. As a result of their polarity and the strong local electric field
around the ion, water molecules arrange themselves around the
ions to form hydration layers [23]. In saltwater, positively
charged Na' attracts the negatively charged oxygen atoms,
while CI" attracts the positively charged hydrogen atoms of wa-
ter molecules. The size of the ionic diameter is increased due to
this hydration sphere (sum of the entire hydration layer) which is
known as the steric effect of ions in an aqueous solution.

Fig. 2(a) illustrates the hydration sphere in saltwater for Na*
and CI'. The first hydration layer of ions due to the strong at-
traction is known as the primary hydration layer. The second
layer, up to an ‘N’ number of hydration layers, is known as the
secondary hydration layer [31]. Here, the distance from the ion

L
center to the primary hydration boundary is defined as, ?h‘

whereas L, is the diameter for the first hydration layer. Simi-
larly, L, is the diameter of the secondary hydration layer. In
this way, for an ‘N’ number of secondary hydration layers, the
boundary is denoted as %h from the ion center. In Fig. 2(b),

we marked the nearest hydration layer outside the pore diame-

L
ter as the approached hydration diameter of ion transport (% )

To reject the ion by the size-exclusion mechanism, the ap-
proached hydrated diameter needs to be larger than the pore

diameter. Hence, when the pore diameter increased, the hy-
dration diameters that approach the pore edges of the mem-
brane need to be uplifted to reject the ion transportation.

3. Results and discussion

3.1 Density distributions of water and ions in
the district of the porous membrane

As shown in Fig. 3(a), equilibrium molecular dynamics were
used to determine the density distribution of water when the
pore plug is off. The local density of water and salt ion concen-
trations were averaged for 20 ns by dividing the computational
domain into slab bins with a length of 0.115 nm along the z-
direction. Bin thickness was chosen to be ten times smaller
than the molecular diameter of water to get a better visualiza-
tion of the separation distance from the solid to the liquid region.
The liquid transport and the liquid’s properties are greatly influ-
enced by both the molecular structure and intermolecular force
of the liquid [40]. Clearly, the bulk density of water on both
sides of the membrane is almost 1 g/cm® in Fig. 3(a) as antici-
pated. The density peak for water near the NPG membrane is
observed due to the well-known density layering [51]. Due to
the surface force and liquid-liquid strength in the nanoscale
domain, liquid atoms adjacent to the solid surface drive in
freezing mode and generate a solid-like liquid layer at a dis-
similar molecular interface [52]. Though the layered liquid
structure near the solid surface is not reflected at the contin-
uum level, this can significantly influence the flow phenomena
at the nanoscale due to the increase in interfacial density, vis-
cosity, and pressure [53-55].

The density distribution of water molecules inside the na-
nopore is shown in Fig. 3(b) for a pore diameter of 1.98 nm. Fig.
3(b) shows, the atomic boundary position L’ of pore diameter
where the water molecule density drops 2 % from its bulk den-
sity [22]. From the density distribution inside the nanopore, L’
was 0.3124 nm, 0.7426 nm, 1.20 nm, 1.83 nm for pore diame-
ters of 0.568 nm, 0.99 nm, 1.42 nm, and 1.92 nm, respectively.
After that, (L- 20, ) is defined as the atomic boundary posi-
tion L of the pore diameter whereas o, , is atomic radius of
the carbon atom.
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3.2 Pressure distribution of saltwater across the
system

Pressure is developed in the feed and permeate region by
the movement of the SRW at a constant speed (1.5 ms™). The
pressure distribution for only one pore diameter (L) of 0.994
nm is shown in Fig. 3(c) for a system of LJ+Columbic interac-
tion between ion and water.

The average of the three symmetrical ordinary stress seg-
ments in the Cartesian coordinate system from the IK expres-
sion is used to determine pressure [56-58]. The bin size for
the pressure distribution was also chosen to be 0.115 nm to
better describe the molecular interactions in compliance with
the density distribution. Fig. 3(c) shows the pressure distribu-
tion in the z-direction, which displays ambivalence close to the
interface. Due to the higher surface force of the solid-water
interface compared with the water-water forces, the local
shear stress near the interface is increased, which eventually
generates a pressure peak close to the interface on both sides
of the system [39, 56]. A similar thing was seen in the earlier
studies where it was established that getting an anisotropic
type of pressure close to the interface is very fundamental to
different type of solid-liquid study [12, 39]. In MD simulation, it
is vital to validate the thermodynamic properties of the system
with the existing literature. Our pressure and density distribu-
tion ensured that our system is validated according to the
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literature. To find the pressure difference, the constant bulk
pressure on the feed p, and permeate p, sides are given
as follows:

AP=P, -P,. 2)

From Fig. 3(d), it is observed that the pressure difference
along the z-direction is reduced in a non-linear way when the
pore diameter is increased, although the specular reflective
wall velocity is the same for all cases. However, for the LJ+
Columbic interaction between water and ion, the pressure dif-
ference is less than in the cases of LJ interactions between
water and ions. As pore diameter increases, the saltwater flow
area is increased. As a result, the shear stress between the
molecules of saltwater decreases on the feed side. Due to the
decreasing shear stress in the feed side, the pressure drop of
the system is reduced with increasing the pore diameter. Al-
though these pressure drop values are really high for a practi-
cal field desalination application, computationally it is very gen-
eral to use a high pressure drop value if the research objective
is not limited to only get a higher salt rejection and water flux
[12, 20]. Additionally, it would be computationally very expen-
sive to generate a water flow in our smallest nanopore
(0.568 nm) using a low SRW velocity which can generate a low
pressure difference for all of the pore cases.
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Fig. 3. (a) Mass density distribution of water; (b) determining pore boundary L' using water’s radial density peak; (c) pressure distribution along the z-axis
direction while two specular reflection boundaries are moving at 1.5 ms™; (d) pressure difference varied for various pore sizes for LJ and LJ+ Columbic inter-

action between ion and water molecules.
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3.3 Comparison of water mass flow rate

The water cluster around the ion (or steric effect) is caused
by the Columbic interactions between the ion and water mole-
cules [7]. To visualize the steric effect on water flow rate, the
water mass flow rate is depicted separately both for LJ interac-
tions and LJ+ Columbic interactions between the water and ion
along with atomic boundary position of the pore diameter in
Figs. 4(a) and (b). In both cases, all the molecular interaction
and other parameters are the same except the ion-water inter-
actions. The MD flow rate was calculated from the water mole-
cule’s change of time rate along the feed reservoir and multi-
plied by the number of water molecules that filled the volume.
Each water molecule fills a volume of 0.03231 nm® in each
reservoir. Interestingly, the water mass flow rate is reduced
when the steric effect is present (LJ+Columbic interactions
between water and ions). A possible explanation for this phe-
nomenon is related to water cluster formation around the ions
due to the electrostatic interactions. In the presence of a steric
effect, the ions hinder the water molecules from moving freely,
which ultimately reduces the water flow rate.

In addition to that, for three different boundary positions (i.e.,
pore diameters), the Sampson flow prediction was calculated
from the Sampson flow equation that was solved from the
Stokes equations for pressure-driven flow through an infinitely
thin circular orifice [59]. The mass flow rate from the Sampson
flow rate equation could be obtained from the equation below:

_ AP’
3u

®)

Here, ¢ denotes the volumetric flow rate, a denotes the
pore radius and u denotes the viscosity of the fluid. The vis-
cosity of saltwater is 850-860 uPa, which is used in the
Sampson flow rate calculation [60]. To predict the Sampson
flow rate, the water flow rate was also reduced for the steric
affected case, like the MD predicted result. It is apparent that
the predicted Sampson flow rate also needs to be reduced as

the pressure difference decreased for each pore diameter of
the steric affected case, due to the linear relationship between
pressure and mass flow rate. In both steric and non-steric af-
fected cases, the Sampson flow rate prediction is lower than
the MD predicted magnitude. Since the Sampson flow over-
predicts the hydrodynamic resistance of the graphene
Nanopore, the water mass flow rate decreases for the
Sampson flow prediction based on MD [61]. Moreover, when
the atomic boundary position of L' and L” are applied to
the Sampson flow rate prediction, it starts to deviate more from
the MD predicted result. This indicates that applying the atomic
boundary position of nanopores in the Sampson flow model
does not hold the same prediction for water mass flow rate as it
holds for simple fluid flow [62]. The long-range Columbic inter-
actions of the water molecules themselves could play a key
role here in this variance.

3.4 Comparison of water velocity profile

To investigate the cause of the mass flow rate reduction of
the water molecule in the presence of a steric effect, we ana-
lyzed the velocity distribution of water molecules at the pore and
also for the overall system. To maintain the brevity, only the
velocity distribution of 1.42 nm pore diameter is shown in Figs.
5(a)-(c). Fig. 5(a) illustrates the comparison between the veloc-
ity of water molecules for the entire system for LJ and LJ+
Columbic interaction between water and ions. When the ions-
water have Columbic interaction, the ions attract the water
molecules, strongly hindering their usual movement. As a re-
sult, the water velocity becomes lower for the steric affected
case, and this difference between these two cases is more
apparent at the center of the pore. In Figs. 5(b) and (c), the
velocity profile at the pore center is shown from the MD simula-
tion along with the Sampson flow equation with a different
boundary position of pore diameter. Applying Sampson’s
stream function solution in cylindrical coordinates, the velocity
profile for » position inside the pore can be expressed as
follows:
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Fig. 5(c) shows that, a cylindrical bin is used to calculate the
velocity profile of water from MD, with a radius equal to the

pore radius and length equal to the diameter of a single carbon
atom. The cylindrical bin axis is set along the Z direction of the
pore center, and the bin is also divided into multiple concentric
circle bins to gather the velocity data in the radial direction of
the pore. The multiple concentric circle bins are divided to get
the maximum water molecules in each bin. The data are aver-
aged for 0.4 ns when the water flow is established across the
nanopore for a 1.42 nm diameter nanopore. The velocity profile
is also reduced for different boundary conditions with the
Sampson flow model for the steric-affected system case, and it
also deviates from the MD value, maintaining consistency with
the flow rate results.

3.5 Defining the primary hydration boundary
of ions

The ionic concentration distribution is represented in Fig. 6(a)
along the z-direction while ensuring that no ion passed through
the nanopore in EMD without applying pressure. The bulk ionic
concentrations for Na* and CI are almost equal and matched
with the theoretically calculated value of 0.6 M. Although our
focus is to investigate any impact to ions transportations due to
a shift of the atomic boundary position of pore diameter, equal
concentrated sodium and chlorine ion is presented in this sys-
tem due to maintaining the charge neutrality for added charge
in the system. The primary hydration layer boundary [LZ, ] is

measured precisely, using the radial distribution function (RDF).
Fig. 6 shows that, the radius of the primary shell boundary

[%] is determined using the RDF. The first density peak in

the radial distribution function indicates the starting region of
the primary hydration layer, while the first minimum after the
first density peak is considered to be the radius of the primary
hydration layer from the ion center. For Na®, the peak in the
RDF indicates the strong electrostatic interactions with O™ at-
oms of the primary hydration layer. For CI, it defines the strong
electrostatic interactions with H™ atoms of its primary hydration
layer. The first minimum density drop indicates the strong re-
pulsion between the atoms of the same charge.

The primary hydration layer radii of Na* and CI' in this study
are as 0.37 nm and 0.39 nm, respectively, which matched
closely with the previous studies [26, 63]. After the first hydra-
tion layer, the second and the third hydration layers are found
to be 0.62 nm and 0.85 nm from the chlorine ion center, re-
spectively. For sodium, the second and the third hydration
layer were found at 0.62 nm and 0.84 nm from the ion center,
respectively. According to the literature, the subsequent layer
after the innermost layer is spaced at 0.2-0.23 nm [24].

3.6 Relating atomic boundary positon of pore
diameter with ion transportation

When the pore diameter is smaller than the hydration shell of
the ion, the hydration shell would not fit inside the pore. How-
ever, to fit inside a smaller diameter pore, some water mole-
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Fig. 6. (a) Density distribution of ions; (b) defining hydration radius of so-
dium ions with the radial distribution function of water molecules around
sodium ions; (c) defining hydration radius of chlorine ions with the radial
distribution function of water molecules around chlorine ions.

cules can be removed from the hydration shell at an energy
cost [7, 24]. This phenomenon can change the initial total hy-
dration diameter of the ion. The approached hydration bound-
ary is denoted as the closest hydration layer to the pore edge
that needs to be dehydrated so that the ion can be transported
through the pore. Therefore, the change of the approached

hydration diameter will depend on the pore diameter. For ex-
ample, to fit and transport through a diameter of 0.56 nm, chlo-
rine’s first hydration layer (0.76 nm) requires dehydration.
However, while transporting through the pore diameter of
0.99 nm, chlorine’s second hydration layer needs to be dehy-
drated, although the first hydration layer can be present during
transportation. In that case, the approached hydration diameter
is changed to the length of the second hydration shell
(1.24 nm). This tendency of changing the approached hydra-
tion boundary with the pore diameter has been depicted in Fig.
7(a) and is due to the dehydration in ion transportation.

Based on our objective monitoring atomic boundary position
of pore diameter effect on ion transportation and for concise-
ness, we have shown our analysis only for the chlorine since
the considerations are the same for others ion too [24]. We
observed that the approached hydration boundary appeared to
be broad with the pore diameter increment. However, in that
case, the attraction between the ion and the water molecules
on that specific layer is decreased according to the Coulombs
law. Therefore, the energy cost to remove the water molecules
from the more extended hydration layer should be less com-
pared to the hydration layer nearest to the ion. To express this,
we used the model proposed by Zwolak et al. where the en-
ergy barrier to dehydrate the water molecules from the hy-
drated layer was presented as a function of pore radius [24].
That model is assumed to be valid for an ion concentration less
than 1M and with the absence of surface charge within the
pore, which are also mutual in our system. In the model, the
internal energy is contained in a partially intact hydration layer
as U,= fU;; Here f, denotes the fraction of the hydration
layer present inside the pore area. Here, f, represents the
hydration layer radius R, and a specific pore radius a by:

a 2
f,:l—d(l—RJ . (5)

i

U; is the energy difference between the hydration layer and
water in the bulk. Here,

vlere i) "

Here, K represents the dielectric constant of water and
R’ denotes the hydrated layers present for the outer and
inner pore area. The internal energy barrier as a function of
pore radius is denoted by

AU(R,) =Y fi(a=1)U". (7

7

From this model and Fig. 7(b), it is evident that our initial
thought about the decrease of the energy cost for dehydration
with the pore boundary increase is valid. However, to see the
impact of different atomic boundary positions on ion transporta-
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Fig. 7. (a) Approached hydrated boundary relation to the pore diameter; (b) energy barrier for chlorine ion with pore diameter by applying the atomic boundary

position.

tion, we have applied the atomic boundary position of pore
diameter L, L' and L"” here. Interestingly, when the pore
diameter is below 1 nm, the energy barrier of the ion for a pore
diameter deviates significantly for the different atomic boundary
positions of pore diameter. However, a vice versa situation
happens for larger pore diameters. In fact, the energy barriers
almost matches for L, L' and L” when the pore diameter
is 1.988 nm. Due to the scale effect, the energy barrier differ-
ence becomes more apparent for different atomic boundary
positions of pore diameter when the pore diameter becomes
less than 2 nm [59, 64].

To see the impact of the deviation of the energy barrier of an
ion on ion transportation, the input is the calculated energy for
the chlorine ion in the feed side from the MD simulation. The
input energy E, values were found at 68.67 eV, 8.5eV,
250eV, and 2.37 eV for the pore diameter of 0.568 nm,
0.99 nm, 1.42 nm, and 1.94 nm, respectively, considering the
kinetic and virial stress of chlorine along the flow axis. The
input energy of chlorine ion is averaged for each pore diameter
until at least 160 water molecules are transported. To predict
the chlorine ion transportation theoretically for different atomic
boundary positions of pore diameter, the ion transportation
prediction is proposed as to the ratio of the total chlorine ions
input energy and the total energy barrier of chlorine ion as a
function of pore radius. Therefore, the ion rejection 7 for dif-
ferent atomic boundaries becomes:

(),
AU

However, to maintain a consistent comparison for our theo-
retical and MD prediction, the chlorine ion rejection from MD
was also calculated for the time when more than 160 water
molecules transported through the nanoporous graphene
membrane for all the pore diameter cases. This reference time
is selected to get a reasonable computational time and have a
proper view of the ion rejection from a small to a big pore di-
ameter. Fig. 8 shows that the ion rejection prediction could be

®)

g
1

80

Ton(CI) rejection prediction [%]

2
1

Pore Diameter [nm|

Fig. 8. Chlorine ion rejection prediction for different atomic boundary posi-
tions of pore diameter and from MD simulation.

shifted for the different atomic pore boundary positions. Due to
the atomic boundary position moving towards the pore center,
the resistance to the ion transportation incline ultimately af-
fected the ion rejection. The difference between the MD pre-
dicted ion rejection and our theoretically predicted ion rejection
is more visible when the pore diameters become less than
1 nm. A possible explanation is linked to the van der Waals
and Columbic interactions between the ion and the membrane.
When the pore is very narrow with boundary conditions, the ion
faces exponentially increased high repulsion from the gra-
phene membrane.

Thus, either the ion needs to move away to the feed side or
the permeate side, depending on the input energy. If the input
energy is high enough, the ion is pushed through the nanopore
and goes to the permeate side. In this consequence, it is ob-
served that for a pore diameter of 0.568 nm, all the hydration
shells need to be dehydrated to transport through this pore. It
was noticed that for the 0.568 nm pore, the input energy is 8
times higher than the closest pore diameter (0.99 nm) case.
Therefore, if at least one chlorine ion was transported through
this pore diameter, it is detached from the entire hydration layer
with this input energy. A similar phenomenon could be started
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with all the chlorine ions of the system, and they started to
transport more rapidly only with their bare ionic diameter
(0.34 nm) or with a partial hydration shell [65]. Due to transport
with a much lower diameter than the size, including the first
hydration shell, the ion rejection for the 0.568 nm pore goes
against the inversely proportional trends with ion rejection and
pore diameter. Besides this, one different phenomenon could
be happened in ionic fluid flow through the nanopore depend-
ing on the nanopore diameter size. If the nanopore diameter is
very small, the energy barrier is very high which accumulates
the ions to plug the pore that can increase the pressure drop
along with decreasing the flowrate. However, if the nanopore
diameter is enough increased as like our 1.98 nm diameter
where the ion transportation barrier is nearly zero, then this ion
plugging issue in the nanopore could be negligible. In our work,
we didn’t consider this issue since we have a various size of
pore diameter and our objective was not to establish an eco-
nomical model for water desalination which have already done
in the past literatures [12, 20]. However, to make an efficient
desalination model with a specific pore size it is recommended
to consider this ion plugging issue to get an effective model.

The most noticeable point from Fig. 8 is that the MD predic-
tion ion rejection value is most closely matched with the atomic
boundary position of L' for the pore diameter cases 1.42 nm
and 1.98 nm. The center to center atomic boundary position L
predicts low resistance for ion transportation, whereas L"
over-predicts the higher resistance for ion transportation.
Therefore, for these two atomic boundary positions, the ion
rejection could be less approximate than the atomic boundary
position of L'. The effective pore diameter for ion rejection is
that which forces the hydration layer to be partially broken off
[24]. According to this thought and the observed result from the
pore diameter of 1.42 nm and 1.98 nm, L’ could be the ap-
proximate atomic boundary position for ion rejection since it
also corresponds to the dense core area of water molecules
inside the nanopore. However, the atomic boundary position
becomes more difficult to approximate for ion rejection, when
the pore diameter becomes less than 1 nm. The van der Waals
repulsion is too high in this case to precisely approximate the
boundary position of pore diameter as a basis for comparison
of theoretical and MD predicted results.

However, the similarity and deviation of the theoretical and
MD predicted ion rejection indicates the atomic boundary posi-
tion effect, which was previously addressed for a simple fluid
flow [59]. As to the water flow rate deviation from the MD pre-
dicted result, the ion rejection can also be significantly changed
due to the pore diameter's atomic boundary position effect
when the scale becomes less than 2 nm. In synopsis, since the
Van der Waals force and the Columbic interaction of the mole-
cules becomes significantly apparent at the molecular level, a
small change in the atomic boundary position could lead to a
greater change in the resistance of water and ion transporta-
tion. That shift in the resistance of nanopore diameter due to
the atomic boundary position could significantly impact the flow
phenomenon of ions along with water transportation.

4. Conclusion

This study emphasized the impact of the pore diameter's
atomic boundary position on ion transportation using pressure-
driven flow through a nanoporous graphene membrane. The
effect of the atomic boundary position of the pore diameter is
related to the ion's hydrations layers. Moreover, the hydration
layer is the outcome of the steric effect of ions, which also
modifies the water velocity and flow rate. The impact of the
steric effect on water flow properties has been visualized by
alternating the LJ and LJ+ Columbic force interactions between
the water and ions. Apart from that, the velocity and flow rate
from the Sampson flow model are lower than the MD predicted
result for both steric and non-steric-affected cases. A hypothe-
sis of the approached hydration boundary connection with the
pore diameter has been defined for water and ion transporta-
tion. Employing this assumption, the energy barrier of the ion
transport as a function of the pore diameter was illustrated for
each of the atomic boundary positions of pore diameter. Con-
sequently, the theoretical ion transportation is proposed with
the ratio of input energy of the total ion and total energy barrier
of the ion transport as a function of the pore diameter.

The theoretical ion rejection is compared with the MD pre-
dicted ion rejection to observe the importance of the pore di-
ameter's atomic boundary position on ion transportation. It is
noticed that the theoretical ion rejection significantly deviated
for the different atomic boundary positions of pore diameter
when the pore diameter was less than 1 nm. However, at di-
ameters greater than 1 nm, the theoretical ion rejection is iden-
tical to the MD predicted result for the atomic boundary position
stated to the 2 % water density drop inside the nanopore.
Moreover, it is also observed that if the entire hydration layer is
broken, the ion rejection is significantly reduced going against
the inversely proportional relationship with pore diameter. In
future work, we would like to explore the theoretical ion rejec-
tion prediction with lower input energy which was not assessed
in this work due to the computational time frame. Discussing
proper atomic boundary position for ion transportation and
separation through our investigations will have implications for t
desalination experiments and the reverse osmosis plants for
water purification.

Acknowledgements

This work was supported by the National Research Founda-
tion of Korea (NRF) grant funded by the Korean government
(MSIT) (NRF-2019R1A2C1004661).

Nomenclature

f; : Fraction of the hydration layer inside the pore area
AU : Energy barrier for single ion transport
E; - Input energy for chlorine
L : Pore diameter
- Pore radius
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Ly : Hydration diameter of ion

Ri : Hydration layer radius

v : Interaction potential function

V.  :Velocity inside pore

q : Volumetric flow rate of fluid

o) : Diameter of molecules (zero potential distance)
7] : Viscosity of fluid
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