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Abstract In this paper, we investigate the ion rejection of salt water using graphene
sheet as a semi-permeable membrane. Both the mathematical modeling and MD simu-
lations will be performed to determine the acceptance conditions for a water molecule
or a sodium ion permeating into the membrane. Chloride ion is always blocked by the
graphene due to the fact that the ionic size of the chloride ion is larger than the pore
size of the graphene leaving the sieve of water and sodium ions which depends on
the strength of the external forces. In particular, certain ranges of the external forces
will be theoretically deduced for the complete desalination, which turn out to depend
intimately on the size of the permeate container and the hydraulic force acting among
salt water. In this paper, we reduce the multi-body system into several two-body sys-
tems and reduce the 3D problem into degenerated 1D problems using the continuous
approximation, where the molecular interactions between the water molecule or the
sodium ion and the graphene could be determined in terms of surface integrals. Given
the force fields between the intruder and the membrane, MD simulations could be
used to investigate the time evolution of the system and compare with the theoretical
results deduced by the present mathematical model. We confirm the computational
results given by Tanugi and Grossman (Nano Lett 12:3602-3608, 2012). Moreover,
our approach is computationally rapid and generates inductive results for more engi-
neering applications.
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1 Introduction

Numerous computational simulations on ultra-filtration using nanotubes [2-9] and
zeolite [10] have been reported in current literature. All of these studies reveal the rapid
and efficient ultra-filtration using nanomaterials embedded inside a polymer matrix in
comparison to conventional membranes. Nanomaterial related-membranes can be used
as semi-permeable membranes which allow certain molecules or ions to pass through
but expel heavier molecules or ions by the mean of reverse osmosis, herein RO. For
example, upon compressing seawater by an applied force towards a carbon nanotube
membrane, the membrane could accept water but repel both the sodium and chloride
ions. Moreover, an interior of small-radii carbon nanotubes provides the hydrophobic
surface so that a rapid conduction of water molecules inside nanotubes as the form
of single-file transport is feasible [6,7,11-13]. RO has found to possess merits of low
energy consumption and operational costs in comparison to other desalination methods
such as multi-stage flash, multi-effect distillation and mechanical vapor compression.
Although numerous theoretical investigations of using such nanomaterials for the
ultra-filtration have been performed, none of these nanomaterials have successful
been proved for the desalination. For instance, it is very hard to produce massive
and highly aligned carbon nanotube arrays although few methods have been recently
reported using thermocapillary flows [14] and the water permeability inside zeolite is
low which hampers the conduction of water inside zeolite [1]. Recently, Tanugi and
Grossman [ 1] have proposed using nano-porous graphene for the seawater desalination
due to the high mechanical strength and the negligible thickness of the graphene sheet,
which is a 2D sheet consisting of sp> bonded carbon atoms arranged in the form of
hexagonal honeycomb lattice (See Fig. 1 for details). They also claim that graphene
possesses the highest water permeability in comparison to the existing commercial
RO and MFI zeolite [1]. Graphene has unique mechanical, electronic, magnetic and
optical properties which potentially opens up numerous applications for future devices,
and we refer our readers to [15] for some recent advances in graphene. In addition,
several experimental investigations have shown that the possibility of producing and
transferring a single layered graphene sheet [16], which makes this 2D-sheet more
applicable for the desalination.

However, the simulation approach adopted by Tanugi and Grossman [1] and other
similar computational simulations [2—10] have severe temporal and spatial constraints
that they are infeasible to take into account these multi-body problems in long run
and large size. Here, we adopt the continuous approximation introduced by Cox et
al. [17,18] to coarse grain the pairwise interactions between molecules and ions in
order to reduce the multi-body system into several two-body systems and reduce
the 3D problem into the corresponding degenerated 1D problems so that the time-
consuming pairwise calculations could be approximated by solving single or double
surface integrals, i.e. Egs. (2) and (3). Continuous approximation has widely been
used for many applications at the nanoscale including the buckling analysis of carbon
nanotubes [19,20], biological applications including drug and gene deliveries [21-23],
energy storage inside graphene [24,25], gas storage inside nanomaterials [26-28] and
computational memory devices [29]. More recently, the present author has extended
the methodology to investigate the single-file transport of water molecules inside
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Fig. 1 A computational simulation of desalination using nano-porous graphene, where the left-hand side
is pure water while the right-hand side is salt water (Copyright @ MIT)

carbon nanotubes [11], massive hydrogen yield using functionalized nanomaterials
[30], hydrogen storage inside doubly-layered graphene [31] and the ultra-filtration
using functionalized carbon nanotubes [12,13,32]. Given the force fields between
molecules and ions, the Verlet algorithm [33] could also be used to determine the time
evolution of such mechanical systems.

In this paper, we explore the possibility and limitation of using the graphene sheet
for desalination purposes. We assume that the carbon atoms are smeared across the
surface of the graphene sheet, and the oxygen, the sodium ion and the chloride ion
are smeared across an envisaged surface of radius 1, 1.16 and 1.67 A, respectively so
that the molecular interactions between any two rigid bodies could be approximated
by surface integrals, which could be incorporated into the Verlet algorithm so that the
time evolution of the mechanical system could be determined numerically. In Sect. 2,
we lay out the theoretical and computational basis for the rest of the paper and the
corresponding numerical results are presented in Sect. 3. A general conclusion is
provided in the final section of the paper Table 1.

2 Theory and MD simulations

In this section, we introduce the theoretical and algorithmic basis for the rest of the
paper. For simplicity, we model the molecular interactions between a water molecule
or a ion and the graphene by the usual 6-12 Lennard—Jones potential [34]
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Table1 (Middle column) Range of F,,; for different R for desalination purposes, where F,; is assumed
to be constant; (Right column) Range of Fypp for different R for desalination purposes, where Fgp)p is
constant and the exponential form is assumed for Fey;

Ro (A) Fexr x 107% (eV/A) Fapp x 1074 (eV/A)

5 7.086 < Fey; < 12.000 2.603 < Fapp < 8.735

6 5.917 < Fex < 10.000 1.100 < Fapp < 5.997

7 5.071 < Fexs < 8.638 0.0828 < Fapp < 4.244

8 4.436 < Foxt <7.558 —0.6445 < Fapp < 2.923
9 3.944 < Fexs < 6.718 ~1.188 < Fapp < 1.933
10 3.547 < Fexs < 6.047 —1.614 < Fapp < 1.163
20 1.774 < Fexs < 3.023 ~3.396 < Fapp < —2.081
30 1.182 < Fext < 2.016 —3.950 < Fapp < —3.087

Negative Fqpp implies the spontaneous suck in of the water molecule or the sodium ion

where p, €, 0, A and B denote the atomic distance between two typical atoms, the
Lennard—Jones potential well depth, the Lennard—Jones distance between two atoms,
the attractive constant and the repulsive constant, respectively. In addition, the steric
effects could be captured by the repulsive term, i.e. 1 /p'? term appearing in Eq. (1). To
generate accurate results, more intricate empirical potentials such as the morse poten-
tial and TIP4P potential could be used but this limits the feasibility of partially solving
the surface integrals, i.e. Egs. (2) and (3) analytically resulting in longer computational
times. The numerical values of several constants including the pore size of graphene
sheet are summarized in Table 2. We assume that the carbon atoms are smeared across
the graphene sheet where we approximate the hexagonal pores by circles of radii
1.42 A only for the sake of simpler mathematical derivation, and the oxygen atom and
the sodium and chloride ions are smeared across on an envisaged sphere of radius 1,
1.16 and 1.67 A, respectively so that the van der Waals forces between the oxygen or
the sodium and chloride ions and the graphene could be approximated by the double
surface integral [17,18] which is given by

dVv
Fy(R) = mnz/ {— d;”) u]clsldsz, ®)

where 11,12, —dV (p)/dp |1,dS1 and d S> denote the number density of the graphene
sheet, the number density of the envisaged sphere, the axial force generated by the
potential energy given in Eq. (1), the surface element of the graphene sheet and the
surface element of the envisaged sphere, respectively. We comment that the subscript
2 of F, indicates the double surface integral and the aftermath of series of calculations
ends up in a function of R only, which is an axial distance between the center of the
intruder and the pore center (See Fig. 2). In addition, the interactions between the
hydrogen and the graphene is determined by the single surface integral which is given
by
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Table 2 Numerical values for A, B, A; and B; as determined by Lorentz—Berthelot mixing rule [37]

Description Parameter Value

Radius of water molecule a 1A

Radius of sodium ion a 1.16 A

Radius of chloride ion a 167 A

Radius of the pore b 142 A

Attractive constant H-C Agc 6.3 cVAO

Repulsive constant H-C Byc 5460 eVA 12

Attractive constant O—C Aoc 17 eVA®

Repulsive constant O—C Boc 21600 eVA!2

Attractive constant Na—C ANaC 7.19 eVA®

Repulsive constant Na—C Bnac 7224.50 eVA!2

Attractive constant CI-C Acic 62.57 eVAO

Repulsive constant CI-C Bcic 304015.33 eVA12

Number density of graphene nc 0.381 A2

Number density of oxygen no 1274 A2

Number density of sodium ion NMNa 0.059 A—2

Number density of chloride ion nci 0.029 A2

Angle ¢ ¢ 0.911 rad
= [ |20 s, .

Both the single and double surface integrals reduce the multi-body interactions into
several two-body interactions and the introduction of the axial forces reduce the 3D
problem into degenerated 1D problems. In principle, such integrations could be solved
numerically using Monte—Carlo method which incurs huge computational times how-
ever according to the prior works done by the present author [12,13,32], certain parts
of the surface integrals could be solved analytically facilitating rapid computational
times. The molecular interactions between the water molecule and the graphene is
therefore the linear sum of one double surface integral, i.e. oxygen and graphene, and
two single surface integrals, i.e. two hydrogens and graphene. Since the orientation
of water molecules is found to be crucial in this problem [35], we initially fix the
configuration of the two hydrogen atoms separated by an angle 2« as shown in Fig. 2
and different orientations of the water molecule are generated by two independent
angles 6 € [0, 7] and Y € [—m, 7], so that the distance between the first hydro-
gen (Upper hydrogen in Fig. 2) and an arbitrary point on the graphene, p is written
as

p*=a’>+ 0+ R*+ 2aR(cos ¢ cos 6 — sin ¢ sin 6 cos ¥r)
—2al sin 0 sin ¥ cos ® — 2af(sin ¢ cos O + cos ¢ sin b cos ) sin P, (4)
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Applied Force

Hydraulic Forces

Envisaged Plane Graphene

Fig.2 Coordinates of a water molecule intruding into a nearest pore (solid hexagon on the graphene sheet),
where p denotes the atomic distance between a hydrogen atom and an arbitrary point on the graphene sheet.
Both the applied and hydraulic forces are shown in terms of different arrows. We note that due to the
compactness and the homogeneity of pores on the graphene sheet, it is legitimate to say that the average
axial force fields generated on the water molecule are roughly the same on the envisaged plane which is
parallel with the graphene

where a, £, R, ¢ and ® denote the radius of the water molecule, the distance between
the center of the pore and an arbitrary point on the graphene sheet, the distance between
the centers of the water molecule and the pore center, half of the angle between two
hydrogens and the polar angle on the graphene, respectively (See Fig. 2 for details).
Due to the symmetry of two hydrogen atoms, the distance between the second hydrogen
and the graphene can be obtained by replacing ¢ with —¢. The distance between the
oxygen or the sodium and chloride ions and the graphene sheet can also be deduced
in a similar manner. Such atomic distances must be incorporated into Egs. (2) and (3)
to determine F and F>. The total force between the water molecule and the graphene
is therefore written as

FZOIZFO'FFH[+FH2+thdra+Fapp=deW+Fext’ ©)

where Fp denotes the force between the oxygen and the graphene and its calculation
is given by Eq. (2), F, and Fp, denote the force between the first hydrogen and the
second hydrogen and the graphene, respectively and their calculations are given by
Eq. (3), Fhyara denotes the hydraulic forces in the solute, F;,, denotes the applied
force, F,qw denotes the van der Waals forces between the water molecule and the
graphene, and F,,; denotes the external forces which consist of the hydraulic and
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applied forces acting perpendicularly to the graphene sheet. This equation describes
the average force fields experienced by a single water molecule. A particular atten-
tion should be paid here that even we are practically considering a normal graphene
with many pores (see Fig. 1 for details). However, due to the compactness of the
pores on the graphene sheet and the homogeneity of the graphene system, there exists
the translational invariance of the water molecule or the sodium ion on the envis-
aged planes that are parallel with the graphene sheet, where the average axial force
fields are roughly the same on the planes (See Fig. 2 for details). Therefore, we can
reduce the current 3D system into degenerated two-body systems, where the single
degenerated “pore” investigated here represents the nearest pore encountered by a
single water molecule which could be changed temporally when the it approaches
the graphene. In addition, near the pore proximity, the trajectory turns out to be a
straight line due to the confinement of molecular forces arising from the pore entry.
We also comment that we coarse grain the external forces F,,; by the lump sum
of both the hydraulic and applied forces and the value of hydraulic forces could be
obtained by either experimental data or simulation results. In this paper, we will
attempt different forms of F,; to gain some physical insights for the ultra-filtration
problem.

Since {F i =1, 2} are generated by different orientations, the ensemble
forces acting on the two hydrogens could be determined using the Boltzmann’s
distribution

2 Fu (R)j exp(=BVh, (R) )}
Fg =

s 6
’ > xp(—BVi (R)) ©

where j, Fp.(R);, B and Vg, (R); denote the different orientations, forces of H;
in j configuration calculated using Eq. (3), the reciprocal of the usual Boltzmann’s
constant times the temperature, and the potential energy between H; and the graphene
in j configuration which can be obtained using Eq. (3) by replacing —dV (p)/dp |1
with V (p), respectively. Temperature effect is thus absorbed in Eq. (6). We will observe
later that the internal energy will be raised during the compression process. The total
force between the ions and the graphene sheet can be deduced in a similar fashion,
ie. F'°" = F; + F,;, where F; denotes the van der Waals forces between the ions
and the graphene, which is calculated using Eq. (2) and Fex; = Fpydra + Fapp- Given
these force fields, the time evolution of the system can be numerically determined
using Verlet algorithm

T’ tot
R =R Vi + —F'°
k+1 rtT k+2M
T tot
Vig1 = Vi + MF , @)

where 7, k, M and V denotes the time grid, the time step, the mass of the intruder
and the velocity fields, respectively. To facilitate more accurate numerical outcomes,
multi-step technique [36] will be used in the significant force regime.
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Fig.3 Van der Waals forces of the water molecule and the sodium ion entering into the graphene where the
positive forces, the vertical block line at R = 0 A and the red sphere imply the repulsive forces generated
by the graphene, the location of the graphene and the intruder, respectively. The Unit of R is A

3 Numerical results and discussion

In this section, we carry out some numerical results as given in Section 2. Two subsec-
tions will be added to demonstrate the inductive nature of the present methodology.
Inserting the value of parameters given in Table 2 into Egs. (2-6) and assuming
T = 300 K, we determine the Van der Waals forces of the water molecule with
100 different orientations and the sodium ion permeating into the graphene, which are
plot together in Fig. 3 for comparison.

Due to the fact that the molecular size of the chloride ion is larger than the pore
size of the graphene, the chloride ion always repels from the sheet by Pauli exclusive
principle. From Fig. 3, both the water molecule and the sodium ion experience repulsive
forces but occurring in different magnitudes when they approach the graphene sheet.
Without any external forces, both the water molecule and the sodium ion are blocked
by the graphene. While the external forces are applied into the system, the salt water
will be pushed towards the sheet in order to overcome the repulsive forces generated by
the graphene. Since the repulsive forces of the sodium ion are stronger than that of the
water molecule, there must exist a range of external forces, so that for a given container
size, the water molecule will get through the graphene sheet while the sodium ion will
be rejected from the graphene. Once the water molecule or the sodium ion reaches
the center of the graphene, the repulsive forces generated from the other side of the
graphene will automatically suck them out of the sheet so that the acceptance criteria
for the desalination could be written as

Ro Ro Ro
/ Fl ydR > / F,.wdR > / FY AR, (8)
0 0 0
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where Ry, F v’ 4w and Fvvgw denote the farthest possible initial position of the intruder,
the van der Waals forces for the sodium ion and the van der Waals forces for the
water molecule, respectively. Here, we might assume Ry to be the size of the permeate
container as we purposely consider the axial forces in Egs. (2) and (3). In addition, if
an intruder could not pass through the graphene from the container end by the external
forces, it is certainly not able to do so everywhere inside the container. Such inequality
is valid if and only if the integral from the left hand side is larger than that from the
right hand side. For the constant F,,;, Eq. (8) reduces to

Ro ] Ro -w
0 ’ deWdR > F 0 ’ deWdR
I e— ext > — o -
Ro Ry

&)
We could interpolate data from Fig. 3 and calculate the integrations in Eq. (9) using
trapezoidal rule. We comment that for a given Ry, Eq. (9) provides predicted values for
the range of the external forces, for which the 100 % seawater desalination is possible
and such ranges are given in the middle column of Table 1.

For constant F,y;, we observe that the larger the container size, the smaller the
external forces are required to squeeze water or sodium ions through the graphene as
more work has been done on them during RO. Since the molecular forces between
the water molecule or the sodium ion and the graphene sheet diminish over distance,
for sufficiently large Ry, the range of the external forces depends reversely on Ry. For
example, the the range for Ry = 20 could be obtained by multiplying the range for
Rp = 10 by 10 and then divided by 20. Moreover, the width of the ranges shrinks
when the size of the container increases which are given in Fig. 4.

We observe from Fig. 4 that the width of the ranges drops exponentially for small R
and becomes linear for Ry > 20 which poses some difficulties of using the graphene
sheet for the commercial RO, especially when thermal fluctuation is taken into account.

05 I I I I

Fig. 4 The width of the ranges for the proposed R
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When the size of the container becomes so large that the complete desalination is
almost impossible unless additional repulsive forces are generated at the pore entry,
for instance by chemically attaching certain functional groups on the graphene sheet,
termed graphene oxide frameworks. Upon assuming the homogeneity of the solute
and the usual concentration of sodium ions in seawater, under the constant F,,;, i.e.
7 x 10~*eV/A is applied to the container of size 1 x 103 A3, which is equivalent to
Ro = 10A. Such external forces are situated outside the corresponding range given
in Table 1 and our theoretical calculations show that 97.2 % desalination rate could
be reached. Without loss of generality, different forms of external forces could be
taken and the acceptance external forces can be determined in a similar way for the
desalination. Now we fix the size of the container by 10x 10 x 10 A3 which is about
the spatial dimension of the usual computational simulations and we assume that the
thickness of graphene sheet is negligible. From Fig. 3, we also assign the cut off
distances for the molecular forces as —0.5 and 1 A to reduce our computational times.
In addition, due to the significant molecular interactions occurring in R € [—0.5, 1],
time grid in this regime will be tuned 10 times finer than that in the bulk solute. Now,
we let Ry = 10 A and zero initial velocity (water molecules in the initial position
undergo Brownian motion under thermal equilibrium resulting in zero net velocity),
and assume F,,, vanishes on the other side of the graphene, we then incorporate the
force fields, Fj,, into the Verlet algorithm as stated in Eq. (7). The numerical results
for five different constant external forces, i.e. 3,4, 5, 6 and 7 x 10~ eV/A are shown
in Figs. 5 and 7 for the water molecule and the sodium ion, respectively.

Figures 5 and 7 might initially appear odd that unlike the usual MD simulations
which provide the full dynamical picture of the entire system; here the present MD
results only serve as an indicator, from which given the initial position, the numerical
results only provide the time evolution of the axial motion of the water molecule

10

_15 L

_20 | | | | | | | |
0 100 200 300 400 500 600 700 800 900

Time (Unit)

Fig. 5 MD simulations for the water molecule permeating into graphene from 10A for five different
external forces
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Fig. 6 Velocity field for Ry = 10 A and For; = 4 x 1074 eV/A

and the sodium ion to its nearest pores which could be changed when the intruder
approaches the graphene. From Fig. 5, we observe that except F,; = 3 x 10~* eV/A,
the water molecule passes through the graphene for other proposed external forces.
There is a kink occurring near the pore vicinity indicating a sudden push-out force and
then a pull-in force for the accepted water molecule, which is induced by the repulsive
forces given in Fig. 3. For Ry = 10 Aand F,, = 4 x 107 eV/A, the velocity
of the permeating water molecule given in Fig. 6 assures such phenomenon, where
the velocity of the water molecule is slowed down when it approaches the graphene
entry and it regains the strength of its velocity after passing through the graphene.
An increase in the water velocity indicates the rise in the internal energy and the
temperature of the system during RO. This enhances the reliability of the desalination
using the graphene as a membrane. We also observe from Fig. 5 that the larger the
external forces, the quicker the flow time is, where an unit time is equivalent to 10 fs.

On contrary, from Fig. 7, the sodium ion repels from the pore for F,y; = 3,4
and 5 x 10~*eV/A and is accepted into the graphene when F,,; is bigger than 6
x10~*eV/A so that for F,,; =4 and 5 x 10~* eV/A, only water can get through the
graphene sheet but sodium ions are rejected by the sheet, which is consistent with the
theoretical results predicted in the middle column of Table 1. The only discrepancy
between the theoretical results and the simulations occurs at Foy; = 6eV/A, which
could be partially explained by the combination of the adoption of the cut-off forces,
and the round-off errors occurring in evaluating numerical integrations and performing
the MD simulations. We also observe a kink for the accepted sodium ion which could
be explained by the similar reasons as given for the case of the water molecule.

We comment that the innovation of the present methodology is that the computa-
tional times are dramatically reduced and the spatial constraint is largely eradicated.
In usual MD simulations for such complex multi-body system, when a parameter,
for example the applied pressure, the system size and the temperature is altered, the
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Fig. 7 MD simulations for the sodium ion permeating into graphene from 10 A for five different external
forces

numerical results have to be obtained from the very beginning resulting in considerably
long times. This limits the inductive power of usual MD simulations and the present
methodology provides more engineering approaches towards commercial applica-
tions. We are in no way to dispute the more powerful and detailed outcomes offered
by the usual MD simulations and the present methodology could form an alternative
approach to yield further physical insights. Here, two scenarios, namely the desalina-
tion of different container sizes for the same external forces and the desalination using
exponentially decayed external forces will be performed to demonstrate the inductive
power of the present methodology in the following subsections.

3.1 Scenario one

Now, we use the same parameters given in above MD simulations and fix the external
forces to 5 x 10~* eV/A but we vary the size of the container. The numerical results of
the water molecule and the sodium ion permeating into the graphene for five different
initial positions, namely Ry = 5, 8, 10, 20 and 30 A are given in Figs. 8 and 9,
respectively.

We observe from Figs. 8 and 9 that for the given external force, i.e. Foyy = 5 X
10~*eV/A, the larger the initial position or the container size, the easier for the water
molecule and the sodium ion to get through the graphene sheet. Note that the numerical
results should be forfeited when R is larger than Ry and such numerical results are
entirely consistent with the theoretical results presented in Table 1. In this case study,
we obtained all numerical results in less than half hour and once we know the external
forces, we could determine the range of container size, for example between 8 and
10 A in this case, for the complete desalination.
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Fig. 8 MD simulations for the water molecule permeating into the graphene with Fox; = 5 X 10~%eV/A
for five proposed initial positions
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Fig. 9 MD simulations for the sodium ion permeating into the graphene with Fy; = 5 X 10~%eV/A for
five proposed initial positions

3.2 Scenario Two

Often solutes are compressible and we should better consider an exponentially decayed
external forces for example: Fox; = Fuyara + Fapp {1 — exp(—=BR)}, where Fjyara,
Fupp and B > 0 denote the hydraulic force, the applied force and a decay constant,
respectively. Under this form, F;, diminishes exponentially towards the pore vicinity.
Fpydra could be obtained using experimental data or MD simulations. Here, we simply
assume a constant Fpygrq = 5 X 10~*eV/A, which is interpolated from Corry [4]. We
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comment that the value and form assumed for F},y4,, might not be exact for our present
study but at least at the right magnitude in comparison to the true value. We aim to
investigate more accurate form for such force either analytically or computationally
in our future study. Without the loss of generality, we let the decay constant be one
and the acceptance applied force is given by

R R
0 ’ FvIdeR — RoFhydra - - Jo ’ FvvgwdR — RoFhydra
Ro + exp(—Ro) — 1 “wr Ro + exp(—Ro) — 1

(10)

The numerical results are summarized in the last column of Table 1. We comment
that the negative values of F,,, imply the spontaneous suck in of the water molecule
or the sodium ion without any applied force and the spontaneous suck in of the water
molecule or the sodium ion depends on the side of Eq. (10) from which these negative
values occur. For instance, for Ry = 8 A, the negative value occurs at the left-hand side
of the inequality which implies the spontaneous suck in of the water molecule whereas
the sodium ion will pass through the graphene not until the applied force is bigger than
2.923eV/A. For Ry = 30 A, both the water molecule and the sodium ion could get
through the graphene without any applied force. We note that the width of all ranges is
smaller than that of constant external forces due to the existence of the hydraulic forces.
According to Table 1, spontaneous suck in of both the water molecule and the sodium
ion occurs for Ry > 20 A which implies that given Fj,yqrq = 5 X 10~4eV/A, complete
desalination is impossible when Ry > 20 A. For example, without any applied force,
for Ry = 20 A, the maximum desalination rate could only reach 92 %. For Ry = 10,
we observe that an applied force of 0.5 x 10~* eV/A will accept water but repel sodium
ions, which is assured by the MD simulations given in Fig. 10.

— Sodium lon
- - - Water Molecule

_8 | 1 | | | | 1
0 100 200 300 400 500 600 700 800

Time (Unit)

Fig. 10 MD simulations for the water molecule and the sodium ion permeating into graphene with Fypp =
0.5 x 10~*eV/A and Fyygrq = 5 x 1074 eV/A
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4 Conclusion

In this paper, we adopt both the continuous approximation and MD simulations to
investigate the ultra-filtration of seawater using the graphene sheet, which reduce the
3D multi-body problem into certain degenerated 1D two-body problems. We find that
for certain ranges of the external forces, the graphene accepts only water but repels
sodium ions resulting in the seawater desalination. Both cons and pos of using graphene
sheets for the desalination have been discussed, and the present methodology has the
merit of rapid computational spread and generates inductive results. Simple Lennard—
Jones potential is adopted in this paper due to the fact that certain integrations could be
determined analytically facilitating rapid computational times. In principle, Lennard—
Jones potential could be easily replaced by other more sophisticated empirical potential
energies resulting in longer computational times. Least but not last, the validity of the
paper is subject to future experimental and computational outcomes.
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