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Abstract

In this paper, we investigate the selection rule for desalinating seawater using functionalized
graphene sheet as a semi-permissible membrane. Both the applied mathematical modeling and
MD simulations will be used to determine the acceptance conditions for water molecule or sodium
ion permeating into the functionalized graphene. Both the Lennard-Jones potential and Coulomb
forces are considered by taking into accounts the major molecular and ionic interactions between
molecules, ions and functionalized graphene sheet. The continuous approximation will then be
used to coarse grain most significant molecular and ionic interactions so that the multi-body
problems could be simplified into several two-body problems and the 3D motions are reduced
into degenerated 1D motion. Our mathematical model and simulations show that the negatively
charged graphene always accepts sodium ions and water; however the permeability of water
molecules and sodium ions becomes very sensitive to the presence of positive charges on the gra-
phene.
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1. Introduction

Graphene oxide comprises graphene sheets which are decorated by certain functional groups such as hydrophilic
oxygen [1]. Recently, numerous computational simulations have been performed on the ultra-filtration using
nanotubes [2]-[9], zeolite [10] and graphene [11] [12]. All these theoretical investigations reveal a rapid and ef-
fective ultra-filtration using nanomaterials in comparison to conventional membrane. Reverse osmosis has found
to possess the merit of low energy consumption and operation costs in comparison to other desalination methods
such as multi-stage flash, multi-effect distillation and mechanical vapor compression. Although most theoretical
investigations reveal a superior filtration performance of nanomaterials, none of these nanomaterials have suc-
cessfully been proved for the desalination. Recently, Tanugi & Grossman [12] have nominated porous graphene
as a mean for the seawater desalination due to its superior mechanical strength and the negligible thickness, and
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they claim that such graphene possesses the highest water permeability over all existing commercial RO and
zeolite [12]. Besides, several experiments have paved a way to producing and transferring singly layered gra-
phene sheets [13], which make this 2D-nano structure more applicable for large scale desalination.

However, the computational approach adopted by Tanugi & Crossman [12] and other computational simula-
tions [2]-[10] have severe temporal and spatial constraints that are infeasible to tackle this ultra-filtration prob-
lem in longer run and larger scale. Here, we adopt the continuous approximation introduced by Cox et al. [14]
[15], where the pairwise interactions between ions, molecules and functional groups are coarse grained so that
the time-consuming calculations could be fasten by performing certain line integrals, and single and double sur-
face integrals. The present authors have successfully applied such approach on solving seawater desalination
problems using functionalized nanotube and graphene [11] [16]-[19].

In this paper, we investigate the possibilities and limitations of using functionalized graphene sheet for the
saltwater desalination. Carbon atoms are assumed to be smeared across the surface of the graphene sheet, and
the water and sodium ion are smeared across an envisaged surface of radius 1 and 1.16 A, respectively, so that
the van der Waals interactions between any two ions/molecules could be approximated by performing surface
integrals. Chloride ion is neglected because its ionic size is larger than the pore size of the graphene. In addition,
the functional groups are assumed to be evenly distributed around the pore boundary so that the electrostatic in-
teractions between the intruders and the functional groups are evaluated in terms of line integrals. Least but not
last the interactions between molecules/ions and solute are tabulated from MD simulations results. Such ap-
proach has been shown to speed up computational times dramatically and yield accurate results. The resulting
force fields could then be incorporated into the MD algorithm to determine the time evolution of the physical
system numerically.

2. Theory and MD Simulations

In this section, we introduce the theoretical and numerical basis for the rest of the paper. For simplicity, we
model the van der Waals interactions between a water molecule or a ion and the functionalized graphene by the
usual 6 - 12 Lennard-Jones potential [22], and the electrostatic interactions arising from the functional group by
electrostatic potential E, which are given, respectively by
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where pj;, ¢, 0, Q;, &, A and B denote the atomic distance between two typical atoms, the Lennard-Jones potential
well depth, the Lennard-Jones distance between two atoms, total charge for i atom /functional group, the permit-
tivity, the attractive constant and repulsive constant, respectively. The numerical values for several constants are
summarized in [17] [19]. We assume that the carbon atoms are smeared across the graphene surface, and the
oxygen atom and the sodium ion are smeared across the envisaged sphere of radius 1 and 1.16 A, respectively so
that the van der Waals forces between the oxygen or the sodium ion and the graphene sheet could be approx-
imated by the double surface integrals, while the van der Waals forces between the hydrogen atom (point par-
ticle) and the graphene are determined by the single surface integral, which are given respectively by
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where 7, 772, —dV/dp|y, dS; and dS, denote the number density of carbon atoms on the graphene, the number
density of the envisaged sphere, the axial force generated by the Lennard-Jones potential given in Equation (1),
the surface element of the graphene and the surface element of the envisaged sphere, respectively. On the other
hand, the functional group is assumed to be smeared on the pore vicinity so that the electrostatic forces between
water or sodium ion and the functional group is given by

Fe = (qi_idf, ©))
&0

where g;, o and dl denote the charge of the intruder, the charge density on the pore vicinity and the length ele-
ment of the pore, respectively. We comment that all the above integrals reduce the multi-body interactions into
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several two-body problems and the introduction of the axial forces reduces the 3D problem into degenerated 1D
problem. According to the prior works done by the present authors [16]-[19], certain parts of these integrals, i.e.
Equations (2) and (3) could be solved analytically facilitating rapid computational times. Since the orientation of
water molecules is found to be crucial in this problem [20], we initially fix the configuration of the two hydro-
gens separated by an angle 2¢ as shown in Figure 1 and different orientations of the water molecule could be
generated by two independents angles € in [0, n] and v in [0, 2x] so that the kinematics between the first hydro-
gen, i.e. upper hydrogen in Figure 1 and an arbitrary point on the graphene is written as

p? =a’+(* +R?+2aR(cos$cos O —sin gsin dcosy ) @

—2alsin siny cos ® — 2a/(sin ¢ cos & + cos #sin & cosy ) sin @,
where a, |, R, ¢ and @ denote the radius of the water molecule, the distance between the pore center and an arbi-
trary point on the graphene, the distance between the center of the water molecule and the pore center, half of
the angle between two hydrogens and the polar angle on the graphene, respectively (see Figure 1 for details).
The distance between the oxygen or the sodium ion and the graphene sheet or functional group can be deduced
in a similar fashion. Such atomic distances could then be incorporated into Equations (2) and (3) to determine
F'W F,""W and F¢. In particular, since the forces between the hydrogen atoms and the functionalized graphene
are generated by different orientations, the ensemble forces acting on the two hydrogens could be deduced using
Boltzmann’s statistics

> {F (R) exp(-v,, (R), )}
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where j, Fi(R);, £ and V\i(R); denote the different orientations, forces of H; in j configuration, the reciprocal of
the usual Boltzmann’s constant times the temperature and the potential energy between H; and the functionalized
graphene, respectively. The total molecular forces between the water molecule and the functionalized graphene
is therefore written as

tot _ - vdW vdW vdwW e e e
Fr=FR" +F +FR) + R+ R + Ry, - VO+F .,
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where F;"™" and F¢ denote the van der Waals forces between the i atom, where | = O, H; and H, and the gra-

phene and the electrostatic forces between i atom and the functional group on the pore, respectively. In addition,
D, Fryarar Fapps Fw denote the electric field generated by the charges on the entire graphene, the hydraulic forces
in the solute, the applied force and the molecular forces comprising van der Waals and electrostatic forces be-
tween the water molecule and the graphene, respectively. Here, the external forces Fy is also coarse grained by
the sum of both the hydraulic and applied forces. It is worthy to note that the hydraulic forces are interpolated
from experimental data or simulation results. The total force between the sodium ion and the functionalized
graphene sheet can be deduced in a similar way, i.e. F'= F, — A® + Fe, Where F, denotes the ionic forces be-
tween the ion and the functionalized graphene. Given these force fields F**, the time evolution of the system can
be numerically determined using Verlet algorithm [21]

Applied Force a

Figure 1. Kinematics of a water molecule intruding axially into a pore on the graphene, where p denotes the atomic distance
between a hydrogen atom and an arbitrary point on the graphene sheet, and the functional group is assumed to be smeared on
the ring of the pore entry. Both the applied and hydraulic forces are shown in terms of different arrows.
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where 7, k, M and V denote the time grid, the time step, the mass of the intruder and the velocity fields, respec-
tively. To facilitate better numerical outcomes, multistep technique [22] is also used in significant force regimes.

3. Numerical Results and Discussion

In this section, we carry out some numerical results as given in Section 2. Parameters adopted in this paper could
be found in [17]. By substituting them into Equations (2)-(6) and assuming the room temperature of T = 300 K,
we determine the total forces consisting of both van der Waals and electrostatics forces for a water molecule and
a sodium ion with the total local surface charge Q = Oe and 0.02e. 100 different water molecule’s orientations
are considered and the total forces for water molecule and the sodium ion permeating into the functionalized
graphene are shown in Figure 2.

Here we ignore the case of chloride ion as the ionic size of the ion is larger than that of the pore size so that
chloride ions are always repelled from the graphene. From Figure 3, for two proposed Q, both the water and so-
dium ion experience repulsive forces but occur in different magnitudes when they approach the graphene.
Without any external forces, both the water and the sodium ion could not penetrate through the graphene. While
the external forces are applied into the system, the salt water will be pushed towards the sheet in order to over-
come the repulsive forces induced by the graphene. Since the repulsive forces of the sodium ion are stronger
than that of the water in the case of the neutral graphene, there must exist a range of the external forces, so that
for a given container size R,®, the water molecule will get through the graphene while the sodium ion will be re-
jected from the graphene. Once the water (or the sodium ion) reach the pore center, the repulsive forces gener-
ated by the permeate side of the graphene will automatically suck them out of the sheet so that the acceptance
criteria for the desalination could be written as

0.0

—Water, 0=0

0.03- - - -Sodium lon, Q=0 -

RAY

Figure 2. Total forces of the water molecule and sodium ion entering the functionalized graphene where the positive forces
indicate the repulsive forces generated by the graphene for Q = Oe (neutral) and 0.02e. The arrow indicates the growth of re-
pulsive forces for water molecule when positive charge of 0.02e is doped on the boundary of the pore vicinity.

Figure 3. Total forces of the water and sodium ion penetrating into the functionalized graphene for different Q.
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where Ry, F, and F, denote the initial position of the intruder, the ionic forces of the sodium ion and the mole-
cular forces of the water molecule, respectively. For neutral graphene, we have the following findings: There
exists an energy gap between the water molecule and the sodium ion so that given the external forces that satisfy
Equation (8), only water will pass through the graphene resulting in desalination. The larger the strength of the
hydraulic and the size of the container, the lower the feasibility for the desalination, especially thermal fluctua-
tion is taken into account. However, when tiny charges for example Q = 0.02e is present on the pore surface, the
validity of Equation (8) is broken due to the fact that the water encounters stronger repulsive forces than that of
the sodium ion (See Figure 2). In this case, the desalination fails. To demonstrate such effect, we plot the total
forces of the water and the sodium ion, where Q ranges from —1e to 1e in Figure 3.

The irregular force fields of water result from the averaging process in Equation (5). For positively charged
graphene, water molecule tends to experience larger repulsive forces than that of the sodium ion due to the inte-
raction between the two outer hydrogens and the functionalized graphene. Due to the symmetry of the sodium
ion, all electrostatics forces are eliminated at the pore center for all Q resulting in a meeting point of the total
forces given in Figure 3. We observe that the functionalized graphene always accepts counter ion.

Now, the force fields of both the water molecule and sodium ion are inserted into the MD simulation frame-
works, i.e. Equation (7) to investigate the charge effect on the desalination. Initially, we assume constant exter-
nal forces Fey = 4e* eV/A and container size of R,> = 10 A® for which two different total charge on the pore vi-
cinity, i.e. Q = Oe and 0.02e are considered. From Equation (8), when Fey is between 3.547¢™ and 6.047¢ * eV/A,
only water could penetrate through the neutral graphene, which is confirmed by Figure 4.

However when the graphene sheet is doped by a tiny charge Q = 0.02e and under the same external force of
4e™* eV/A, both water and sodium ion are blocked by the positively charged graphene. The path of the sodium
ion with and without functional group collides almost with each other’s which could be partially explained by
the comparable repulsive force of the sodium ion as shown in Figure 2. In other words, the positively charged
graphene induces more repulsive forces on water molecule than that on sodium ion. However, when F, lies
between 1.7e % and 12.5e 3 eV/A, a peculiar phenomenon occurs, where only sodium ion could pass through the
positively charged graphene leaving both water and chloride ions on the feed side, which is again demonstrated
in Figure 4. To summarize, negatively charged graphene produces acidic solution on the permeate side; small
doped positive charges on the graphene severally hamper the efficiency of the desalination; and for certain ex-
ternal forces, mere sodium ions could pass through the positively charged graphene.

4. Conclusion

In this paper, we adopt both the continuous approximation and MD simulations to investigate the desalination
using the functionalized graphene. Small positive surface charges are shown to severely affect its desalination
functionality. More intriguingly, while the negatively charged graphene produces acidic solution on the per-
meate side, for certain ranges of external forces, only sodium ions are sucked into the positively charged gra-
phene. The present methodology has the merit of rapid computational speed and generates inductive results,
where the total forces are determined using surface and line integrals.
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Figure 4. MD simulations for the permeation of water and sodium
ion into the graphene with different Fe,; and Q = Oe and 0.02e.
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