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ABSTRACT: Molecular Dynamics simulations are used to investigate the
structure and dynamics of an aqueous electrolyte (NaCl) confined within a
nanomembrane, which consists of a nanopore with a diameter 3 nm having a
negatively charged surface. Both nanomembranes with a dif fuse charge and with
local charges are considered (in both cases, two surface charge densities are
considered, −0.9 e/nm2 and −1.8 e/nm2). For all nanomembranes, significant
layering of water and ions in the vicinity of the nanomembrane surface is
observed. While the distribution of water and chloride ions is nearly insensitive
to the nanomembrane charge and type, the arrangement of sodium cations
within the nanomembrane depends on the system being considered. The water
and ion density profiles in the nanomembranes are compared with the
predictions of a modified Poisson−Boltzmann equation in which charge image,
solvation effects, and dispersion interactions with the surface are taken into account [Huang et al. Langmuir, 2008, 24, 1442].
The self-diffusion coefficient for a given species is smaller than its bulk counterpart and is at most 75% of the bulk value. While
the self-diffusion coefficients for water and sodium cations decrease with decreasing the overall negative charge of the
nanomembrane, the self-diffusion coefficient for the chloride anions is nearly independent of the nanomembrane type and
charge. We also estimate the dynamics of the confined aqueous electrolyte by calculating time correlation functions which allow
estimating solvation, ion pairing, and residence times.

1. INTRODUCTION

Adsorption and transport of aqueous electrolytes in charged
nanopores are relevant to many applications in the field of
nanofluidics, treatment of wastewater and nuclear effluents,
colloid stability and concrete aging, chromatography, etc.1,2 Of
particular importance in the field of water science, nano-
filtration membranes are promising candidates for the treat-
ment of wastewater and the production of drinkable water from
seawater.3,4 These membranes, which contain slightly charged
pores at the nanometer scale, allow large volumes of water to be
desalinated while selectively filtering ions.5,6 They constitute a
possible alternative to reverse-osmosis membranes which are
energetically costly and require rejecting highly concentrated
salt solutions into the sea.7 Molecular simulation studies on
confinement and transport of aqueous electrolytes in hydro-
phobic nanopores, i.e., a simplified model of nanofiltration
membranes, were briefly reviewed in ref 8. By considering the
series of sodium halides (NaX with X = F, Cl, Br, and I), we
also addressed in ref 8 the physical origin of ion-specific effects
on transport in nanochannels using polarizable force fields. As

far as structural properties are concerned, the behavior of the
NaF electrolyte solution was found to significantly differ from
that of the other sodium halide solutions. Due to their small
size, Na and F were found to be significantly solvated by water.
In addition, due to steric and hydrophobic effects,9 Cl, Br, and I
tend to be repelled from the regions where the density of water
is large. In contrast, ion-specific effects on the dynamics of
water and ions were found to be minimized when the
electrolyte solution is confined at the nanoscale in comparison
to bulk water and the water−air interface.10
Real nanofiltration membranes possess a charged surface,

which needs to be taken into account in order to clarify the
physics and chemistry at play in nanofiltation processes. In
particular, the electrical field created by the charged surface
affects not only the structure of the electrolyte but also its
transport due to diffusion, osmosis, and reverse osmosis. As a
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result, many authors attempted to improve the classical model
of the electrical double layer by including new contributions
that account for confinement, surface-driven effects,11−13 and
size-dependent hydrophobic solvation energy of the ions.14

However, discrepancies are observed between the theoretical
models and molecular dynamics simulations when the pore size
decreases below 1.5 nm or the surface charge increases beyond
1 e/nm2.15 From a molecular simulation point of view, the
effect of the charged surface of the nanomembrane on the
structure and dynamics of confined electrolytes has received
little attention. Suk and Aluru16 addressed the effect of an
electric field on reverse osmosis in boronitride nanotubes.
These authors reported that reverse osmosis is enhanced when
an electric field is applied in the direction of the reverse-
osmotic flow. This result is due to the orientation of the water
dipole along the electric field, which facilitates their mobility
and transport.
In this paper, we investigate by means of molecular

simulations the effect of the charged surface on the structure
and dynamics of an aqueous electrolyte confined in a charged
nanomembrane. We also compare our molecular simulation
results with the predictions of a modified Poisson−Boltzmann
equation, which incorporates different interaction energies such
as an ion-size-dependent hydrophobic solvation energy, the
repulsive/dispersive energy between the ions and the charged
surface, and a charge image contribution.17 The modified
Poisson−Boltzmann equation, which is solved for the
cylindrical geometry corresponding to our system, also includes
the effect of the polarization of the confined solvent calculated
from the atomic density profiles of confined water.
In this work, we select a NaCl electrolyte of a concentration

C = 1.85 mol/L. Polarizable force fields for both the water
molecules and the ions are used as several molecular simulation
studies on interfacial electrolytes (gas/liquid, liquid/liquid, and
solid/liquid interfaces) have suggested the crucial role played
by polarizability.18−30 The nanomembrane is modeled as a
single-walled carbon nanotube with a diameter 3 nm, which
corresponds to an ideal system allowing researchers to clarify
the physics involved in nanofiltration.31 In addition to being a
useful model for theoretical approaches of transport and
confinement at the nanometric scale, carbon nanotubes are
relevant to practical applications in nanofiltration and nano-
fluidics.1,32 Both nanomembranes with a dif fuse charge and with
local charges are considered to determine the effect of the
charge distribution on the structure and dynamics of the
confined electrolyte (two surface charge densities are
considered: −0.9 e/nm2 and −1.8 e/nm2). The structure and
dynamics of the confined electrolyte are investigated by means
of Molecular Dynamics (MD). This molecular simulation
technique, which gives access to structural, dynamical, and
thermodynamical properties, is well-suited to investigate the
behavior of confined systems. In addition, periodic boundary
conditions were used in order to mimic an infinite nanotube in
the z direction. This approach, which contrasts with what is
usually done (a long nanopore pore opened toward bulk
reservoirs at its openings), is complementary to this general
method.33 Indeed, ion transport in nanofilters can approx-
imately be broken down into three steps: partitioning into the
nanopore from the external feed solution, transporting through
the nanopore, and finally partitioning out of the nanopore into
the external permeate solution. The approach adopted here
allows us to focus in detail on the intermediate step of transport
through the nanopore where diffusion and/or pairing-

correlation effects modified by confinement with respect to
the bulk may play an important role.

2. COMPUTATIONAL DETAILS
2.1. Models for the Electrolyte Solution and Charged

Nanomembranes. A charged single-wall carbon nanotube is
used as a model system of the channels in a nanofiltration
membrane. A neutral carbon nanotube is first obtained by
wrapping a graphene sheet around the x axis in the armchair
conformation. The nanotube length is equal to 7.1 nm while its
diameter is 3 nm. We consider two surface charge densities:
−0.9 e/nm2 and −1.8 e/nm2. For each surface charge density,
two types of nanomembranes are considered in order to
address the effect of the nature of the electrostatic field on the
structure and dynamics of the confined electrolyte: (1) a weak
charge δq is attributed to each carbon atom of the
nanomembrane (δq = −0.023 51 and −0.047 02 for the
nanomembranes with surface charges of −0.9 e/nm2 and
−1.8 e/nm2, respectively), and (2) a formal charge q = −1e is
attributed to n carbon atoms selected periodically along the z
axis (n = 60 and 120 for the nanomembranes with surface
charges of −0.9 e/nm2 and for −1.8 e/nm2, respectively). In
what follows, the first and second systems, which are illustrated
in Figure 1, will be referred to as nanomembrane with a dif fuse

charge and nanomembrane with local charges, respectively. The
confined aqueous NaCl electrolyte is modeled using polarizable
force fields as it has been suggested that polarization is crucial
for an accurate description of ionic solutions. Water is
described in our simulations using the POL3 polarizable
model of Caldwell and Kollman34 In this model, each O and H
atom of the rigid water molecule possesses a partial charge that
interacts through Coulombic forces. In addition, the oxygen
atom of the water molecule is a center of repulsion/dispersion
interactions which interacts through a Lennard-Jones potential.
The polarization contribution is included by taking into
account the polarizabilities of both the oxygen and hydrogen
atoms. Sodium cations and chloride anions of the aqueous
electrolyte are described as single spheres with a formal charge
(+1 for the cations and −1 for the anions). Each ion is a center
of repulsion/dispersion interactions modeled using Lennard-
Jones potentials. The Lennard-Jones parameters for the ions
were taken from the work by Dang et al.35−38 on bulk
electrolyte solutions. Polarizabilities for the anions and cations
were taken from refs 36−38.
Interactions between the ions, atoms of the water molecule,

and carbon atoms of the nanomembrane were calculated as the
sum of the Coulombic, polarization, and dispersion interactions
with a repulsive short-range contribution. The energy of the
atom or ion k at a position rk is given by

Figure 1. Molecular configurations showing the two types of charged
nanomembranes modeled as a single-walled carbon nanotube with a
diameter 3 nm. On the left-hand side (A), local charges are
represented by red spheres and neutral carbons by gray spheres. On
the right-hand side (B), all the carbon atoms bear a small charge and
are shown as pink spheres.
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where rjk is the distance between atoms j and k (j, k = O, H, Na,
Cl, or C). The first term in eq 1 is the repulsive term that
corresponds to the repulsive energy due to finite compressi-
bility of electron clouds when approaching the atom or ion to a
very short distance from the nanomembrane surface or another
atom or ion. The second term in eq 1 is the dispersion
interaction. The energetic and geometric cross-parameters εjk
and σjk were obtained from the like-atom parameters using the
Lorentz−Berthelot mixing rules.39 We note that εjk in eq 1 has
to be expressed in Joules to be consistent with the Coulombic
term. The third term in eq 1 is the Coulombic interaction
between the charge of atom or ion k and that of atom or ion j.
The fourth term is the polarization contribution of atom or ion
k. μk is the polarization dipole of the atom or ion k resulting
from the interaction with the charges and dipoles j, and Ek

(0) is
the electrostatic field at rk due to all of the charges and dipoles j.
The atomic parameters for the electrolyte/electrolyte and
electrolyte/nanomembrane interactions are summarized in
Table 1 (see also ref 8). Interatomic energy contributions

were calculated within a cutoff radius equal to 1.2 nm. The
Coulombic energy was computed using the Ewald summation
technique with the following parameters: a Gaussian width
equal to α = 2.27 nm−1 and kmax = 12, 12, 16 along the x, y, and
z directions, respectively. The polarization energy was
computed in the frame of the Car−Parrinello scheme,40

which consists of affecting a fictitious mass to the induced
dipole and integrating its trajectory at each time step of the
molecular simulation run.
2.2. Molecular Dynamics. The structure and dynamics of

the aqueous electrolyte confined in the charged nano-
membranes were simulated using classical Molecular Dynamics.
Periodic boundary conditions in the three dimensions of space
were used in order to mimic nanomembranes with infinite
pores in the z direction. The size of the simulation box in the x
and y directions was chosen large enough to ensure negligible
interactions between the electrolyte solution confined in the
carbon nanotube and its periodic images (Lx,y = 7 nm). The
temperature was set to 300 K, and the number of anion/cation
pairs (42 pairs) was chosen to obtain a concentration of about
1.85 mol/L. Such a concentration, though rather high
compared to regular seawater (0.6 mol/L), is a compromise
between a sufficiently large number of ions to obtain reliable
statistics, a reasonable number of water molecules due to the

computational cost of polarization energy, and a value
remaining in the range of known concentrations into seawater,
0.09−5.8 mol/L. A physically reasonable density of water
molecules confined in the nanotube at a fugacity of 1 atm was
obtained by first performing Grand Canonical Monte Carlo
(GCMC) simulations (details can be found in refs 41−43).
The net charges −0.9 e/nm2 and −1.8 e/nm2 of the
nanomembranes were compensated by adding 60 and 120
Na cations in the electrolyte, respectively. The Molecular
Dynamics simulations were performed with the AMBER 9
software.44 The initial configurations were taken from the well-
equilibrated GCMC calculations mentioned above. Trajectories
were limited to 2 ns in order to keep the computing time
reasonable. Trajectories were integrated in the frame of the
leapfrog algorithm with a time step of 1 fs. The temperature
was maintained constant using a Berendsen thermostat with a
coupling time to the thermal bath equal to 0.1 ps. The
properties and configurations of the system were stored every 1
ps.

3. RESULTS
3.1. Structure of Confined Electrolyte Solutions.

3.1.1. Molecular Simulation. Figure 2 shows the density
contour plots of the aqueous electrolyte confined in the
nanomembranes with the dif fuse charge and local charges,
respectively. These contour plots represent a map of the radial
density for the water molecules, chloride anions, and sodium
cations within the nanomembrane (each density map is
integrated over the whole nanotube length). Figure 2 also
shows typical molecular configurations to illustrate the
positions of the different species in the charged nano-
membranes. For all nanomembranes, the contour plots for
water exhibit density maxima located at well-defined positions
from the nanomembrane surface. The amplitude of these
maxima decreases with increasing the distance from the
nanomembrane surface. These density oscillations reveal the
significant layering of water in the vicinity of the nano-
membrane surface. Such a spatial ordering of confined water is
characteristic of water in hydrophobic or hydrophilic
spaces.45−54 The density of confined water tends toward the
bulk value close to the pore center as the water molecules
recover their bulk properties [this can be seen in the radial
density profiles ρ(r) provided in the Supporting Information
(Figure S1)]. The density contour plots for confined water are
nearly insensitive to the type (local charges versus dif fuse
charge) and charge of the nanomembrane (−0.9 e/nm2 versus
−1.8 e/nm2). In addition, the ordering of water confined in the
charged nanomembrane is very similar to what was obtained for
neutral nanochannels.8 This result shows that, even for salt
concentrations 3 times larger than that of seawater (∼0.6 mol/
L), the structure of water confined in charged nanomembranes
is mainly driven by the dispersion−repulsion interactions
between water and the nanomembrane.
The density contour plots for sodium cations in the

nanomembranes with a dif fuse charge also exhibit density
oscillations. Again, this result shows that the sodium cations
tend to form layers at the nanomembrane surface (Figure 2a).
In contrast to what was observed for water, such a spatial
ordering of confined cations is sensitive to the charge of the
nanomembrane as it depends on a subtle competition between
the water/cation and cation/charged surface interactions. On
the one hand, for the highly charged nanomembrane (−1.8 e/
nm2) with a dif fuse charge, cations form a layer at a position r =

Table 1. Interaction Parameters of the Models Used for the
Simulationsa

atomic label qi (e) αi (10
−3 nm3) εii (kcal mol

−1) σij (nm)

Na 1.000 0.240 0.100 00 0.233 59
Cl −1.000 3.250 0.100 00 0.433 87
O (POL3) 0.730 0.528 0.156 00 0.320 37
H (POL3) 0.365 0.170
C 0.000 0.000 0.055 64 0.340 00

aqi is the partial charge, αi the polarizability, εii and σii parameters for
the Lennard-Jones potential.
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1.28 nm in contact with the nanomembrane due to the strong
interaction with its charged surface. Beyond this first adsorbed
layer, cations tend to occupy the porous space in a more
homogeneous manner although some layering is still observed.
This result shows that cation ordering in the highly charged
nanomembrane is mainly driven by the interaction between the
cations and the charged surface. On the other hand, for the
weakly charged nanomembrane (−0.9 e/nm2) with a dif fuse
charge, the surface charge is not strong enough to induce the
formation of an adsorbed layer of cations in contact with the
nanomembrane surface; in contrast, the sodium cations tend to
be distributed in between the first two adsorbed layers of water
molecules where the water density is low. This result suggests
that the positional ordering of the cations for the weakly
charged nanomembrane with a dif fuse charge is governed by
their interaction with the confined water molecules and not by
their interaction with the charged nanomembrane surface. This
result is confirmed by the fact that the positions of the cation
layers for this weakly charged nanomembrane are very similar
to those obtained with the same nanomembrane carrying no
charge.8 This configuration where sodium cations are
sandwiched between water layers is favorable as it leads to

enhanced solvation of the cations while being compatible with
the layering imposed by the nanomembrance surface. Such a
significant solvation of sodium cations is due to their small size,
which only weakly disturbs the hydrogen bonding between
water molecules. In addition, the cations tend to be repelled
from the surface because of steric and dielectric effects, which
arise from the dielectric discontinuity between water in the
nanomembrane and water-depleted region near the nano-
membrane surface. In contrast to the results above, the density
contour plots for sodium cations in the nanomembranes with
local charges exhibit density oscillations, which are nearly
insensitive to the charge of the nanomembrane (Figure 2b).
The positions and amplitudes of the density peaks for the
nanomembranes with local charges are similar to those observed
for the nanomembrane with a dif fuse charge having the highest
charge (−1.8 e/nm2).
For all charged nanomembranes, the density contour plots

for chloride anions also exhibit density oscillations as chloride
tends to be adsorbed in concentric layers. These layers are
located close to the pore center with respect to the outermost
layer of sodium cations as chloride anions carry a negative
charge of the same sign as the nanomembrane so that they
cannot be adsorbed in contact with the surface. The ordering
observed for the chloride anions is less marked than for the
sodium cations as the former occupy the porous space in a
more homogeneous way. This departs from what we observed
in our previous work for uncharged nanomembranes in which
chloride was found to form well-defined adsorbed layers. This
result shows that the pronounced layering of the sodium
cations, which is induced by their interaction with the charged
nanomembrane surface, affects the solvation properties of the
confined chloride anions.

3.1.2. Modified Poisson−Boltzmann Equation. Various
theoretical and empirical methods exist that attempt to describe
the electric double layer (EDL) of confined electrolyte
solutions or ionic liquids. These methods are often based
either on the Poisson−Boltzmann (PB) equation or on Density
Functional Theory (DFT). Both methods are well-established
and have proven very useful under certain conditions. However,
there is a large interest in extending these methods to describe
the EDL in a system under different conditions, or simply for a
broader range of conditions. Of special interest are situations
where the surface charge density or the ion concentration is
large; such cases can lead to phenomena such as overscreening,
crowding, and strong variations in the local permittivity.55 As
pointed out in ref 56, the approach of using any continuum
model to predict phenomena that occur on a molecular scale
has some limitations. Gillespie and co-workers have developed
a DFT approach to describe the structure of ions confined in
nanopores or adsorbed at surfaces.57 Such an approach in
which properties of the confined solution are treated as
nonhomogeneous quantities is able to capture any set of
experimental or simulation data provided enough terms are
included to describe the physics at play (solvent layering,
different types of interaction, etc.). In the present work, instead
of using such an approach, we attempt to describe our
molecular simulation results using a much simpler approach: a
modified but still simple PB equation. The PB model is a
classical theory that describes the electrical double layer formed
by an electrolyte solution in contact with a solid surface or
confined in pores. This theory combines the Poisson equation,
which relates the electrostatic potential to the charge density,
and the Boltzmann equation that describes the density

Figure 2. (a) Contour plots showing the density distribution of
sodium ions Na, chloride ions Cl, and water for an aqueous electrolyte
NaCl (1.85 mol/L) at location (x,y) in a charged nanomembrane
carrying a diffuse charge: −0.9 e/nm2 (top) and −1.8 e/nm2 (bottom).
The density increases from blue, green, yellow, orange, and red. (b)
Contour plots showing the density distribution of sodium ions Na,
chloride ions Cl, and water for an aqueous electrolyte NaCl (1.85 mol/
L) at location (x,y) in a charged nanomembrane carrying local charges:
−0.9 e/nm2 (top) and −1.8 e/nm2 (bottom). The density increases
from blue, green, yellow, orange, and red. For each contour plot, the
associated radial density profiles are provided as Supporting
Information. r = 0 and 1.5 nm correspond to the center of the
nanomembrane and the wall of the nanomembrane, respectively. A
typical molecular configuration is also shown for each system. Gray
segments are bonds between the carbon atoms of the nanomembrane
while the white and red segments are the water molecules. Blue and
green spheres are the Na and Cl ions, respectively.
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distribution of the ionic species in thermodynamic equilibrium.
The PB equation rests on a number of assumptions. For
instance, only Coulombic interactions are included in the
equation, the finite size of the ions is not taken into account,
the aqueous solution is assumed to be a continuous medium
with a dielectric constant that does not depend on the position,
and ion−ion correlations and fluctuations are not taken into
account since it is a mean-field theory. Mixed successes have
been achieved by adding correction terms to the classical PB
equation to overcome some of these shortcomings. Following
the work by Bocquet and co-workers,17,58 we apply two models
to predict the charge density profile of the electrolyte solution
in water. The first model, presented by Joly et al.,54 is based on
the assumption that the ionic charge distribution is modulated
by the free energy profile of the solvent, kBT ln(ρf(r)/ρf,bulk)

ρ ρ β
ρ
ρ

= ∓± r eV r
r

( ) exp( ( ))
( )

0
f

f,bulk (2)

where ρ0 is the bulk ion density, V(r) is the electrostatic
potential, ρf(r) is the solvent density profile, and ρf,bulk is the
solvent density in the center of the tube. The second model
considered here includes a correction term to account for non-
Coulombic interactions between the aqueous electrolyte and its
surrounding. This correction appears in the form of an external
potential U ±

ext(r) added to the exponent in the Boltzmann
equation so that the ion charge density for a species in
thermodynamic equilibrium is given by

ρ ρ β= − ± +± ±r eV r U r( ) exp( ( ( ) ( )))0
ext

(3)

where the external potential U ±
ext(r) = Uim(r) + U ±

LJ (r) + U ±
hyd(r)

is given by the sum of an image potential, an effective ion-wall
Lennard-Jones contribution, and the hydrophobic solvation
energy. The first and last contributions in U ±

ext(r) are taken from
ref 17, whereas the Lennard-Jones contribution is calculated
specifically for our system. These terms are described in more
detail in the Supporting Information. Besides the influence of
non-Coulombic interactions, following ref 17, we also add a
term to the Poisson equation to account for position-
dependent polarization P(r) of the medium.
The Poisson equation for a cylindrical geometry is given by

ε ρ− + =
⎛
⎝⎜

⎞
⎠⎟r r

r
V r

r
P r

r
r

1 d
d

d ( )
d

d ( )
d

( )0 e (4)

where ε0 is the vacuum permittivity constant, ρe(r) = e[ρ+(r) −
ρ−(r)] is the ionic charge density, and P(r) represents the
position-dependent polarization of water in the system.
Following ref 17, two assumptions are considered to quantify
P(r): (1) a simple step polarization (SP) equation in terms of
the gradient of the potential field and (2) a full polarization
(FP) model that uses charge density profile calculated from the
molecular simulation. While the FP approach should, in
principle, lead to very accurate predictions, it requires
estimating from atomistic simulations (such as in the present
work) the density profile of vicinal or confined water. As a
result, this approach is limited as it does not allow predicting
the behavior of confined electrolytes without having to perform
time-consuming molecular simulations. In contrast, the SP
polarization is a simpler approach which does not require
performing molecular simulations but still captures the physics
at play. Combining eqs 3 and 4 results in a modified Poisson−
Boltzmann (MPB) equation. We solve this equation numeri-

cally using an iterative method to relax to the electric potential
profile from an initial guess to a solution of the differential
equation. Neumann boundary conditions are applied at the

charged surface = − σ
ε ε=

V
r r r

d
d

wall

s

0 w
, where εw = 78 is the

permittivity constant for bulk water, and in the center of the

channel, =
=

0V
r r

d
d 0

, where a zero slope of the potential is

required because of the symmetry of the system. The total
charge density profile can then be calculated by substituting the
electrostatic and external potential into eq 2. More details on
the MPB equation and how to solve it can be found in the
Supporting Information.
Figure 3 shows the charge density profiles for the systems

with the localized charges and the system with diffuse charges.

We show both the results of the MD simulations and the
different solutions of the modified Poisson−Boltzmann
equations: the approach by Joly et al. and the solution with
the SP approach (we note that, for the sake of clarity, we do not
show the data obtained using the FP approach as they were
found very close to those corresponding to the SP approach).
Figure 3 also shows the density profile of the oxygen atoms in
the solvent for comparison. Figure 3, left, corresponds to a
diffuse surface charge density of −0.9 e/nm2 and −1.8 e/nm2,
respectively. Figure 3, right, shows results for the cases where
the surface charges are localized. As expected, the average
density of the anions is lower than that of the cations in order
to counterbalance the negative surface charge of the system. On
the other hand, their bulk density, i.e., at positions far from the
surface, is equal when the electrostatic potential created by the
charged wall atoms becomes negligible. Hence, a larger density
of cations is expected close to the wall, which results in a

Figure 3. (Top) Water density profile for a carbon nanotube with a
diffuse surface charge (left) and a local surface charge (right). The
profiles are shown as a function of the radial position in the channel,
with r = 0 corresponding to the center of the tube and r = 1.5 nm the
wall position. The solid and dashed lines are for the surface charge
equal to −0.9 e/nm2 and −1.8 e/nm2, respectively. (Middle) Ionic
charge density of aqueous electrolyte NaCl (1.85 mol/L) in a carbon
nanotube with a diffuse charge (left) and a local charge (right). The
black lines are the molecular simulation data while the solutions to the
two variants of the modified Poisson−Boltzmann equation are
indicated with different colors, blue for the model of Joly et al. and
red for the step polarization (SP) model. The total surface charge is
equal to −0.9 e/nm2. (Bottom) Same as top but for a total surface
charge is equal to −1.8 e/nm2.
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positive peak in the charge density profile near the wall (on the
right, r = 1.5 nm) and a surface under the charge density profile
that balances the negative wall charge (taking into account
integrating over polar coordinates). These expectations are
confirmed by the Molecular Dynamics results in Figure 2,
which shows that a layer of cations is located between the
solvent and the wall (with the exception of the system with a
diffuse surface charge density of −0.9 e/nm2 as discussed
earlier). This result shows that the assumption used in the
model by Joly et al., i.e., that the ion density is modulated by
the free energy of the solvent (eq 2), does not capture the
subtle interplay between solvent layering and ion solvation in
between the solvent layers. In other words, the position of
water density maxima does not necessarily coincide with
favorable locations for ion adsorption since other positions such
as in between the water density maxima leads to high ion
solvation without strong steric repulsion. The numerical
solutions of the modified Poisson−Boltzmann equation with
the SP and FP models are very close to each other for each of
the systems. This result confirms that the SP approach, which is
less cumbersome as it does not require estimating the water
density profile from atomistic molecular simulations, captures
the physics at play. The location of the peaks is the same for
either approach, which indicates that the location of the peaks
is determined predominantly by the external potential, rather
than by the inclusion of the polarization term. Even completely
removing the polarization term only has a small effect on the
solution of the MPB equation (result not shown). Thus, we
find that using Molecular Dynamics data to predict the ionic
charge density profile does not lead to an improved result,
either through Joly’s approach or by applying the FP model.
The location of the first peak near the wall is largely dependent
on the location of the minimum in the external potential. For
this reason, removal of any of the three contributing terms in
the external potential leads to a shift of the peak in the
predicted charge density profile. Similarly, optimizing these
terms could improve the predictive quality of the MPB model,
at least for the prediction of the first positive peak. Note that
the physical interpretation of the position and the magnitude of
the peak (and similarly the position and well-depth of the
energy potential) are closely related to the size of the ions. The
fact that the size of the ions is not explicitly taken into account
in our model could result in an overestimation of the ion
concentration near a strongly charged surface; the maximum
density of point charges is not constrained by a closed packing
the way that finite-sized ions are. Despite the ability to predict
the peak nearest to the wall, none of the models proves
successful in predicting the rest of the charge density profile.
We believe that this result is due to the fact that the ion density
and surface charge are larger than the values where Poisson−
Boltzmann is expected to give a reasonable prediction.
Additional correction terms could be applied to the Poisson−
Boltzmann equation in an attempt to improve the agreement
between the theory and simulation result further. The
aforementioned shortcomings of the traditional Poisson−
Boltzmann equation can be addressed directly by adding
terms that account for steric effects (i.e., finite size of ions) and
ion−ion correlations. A vast number of theoretically or
empirically derived correction terms have been presented in
the literature.59−68 The pioneering work of Bikerman69

presented a very simple MPB equation that contained
particle-size dependence. His model basically adds an excess
term to the free energy function that accounts for the finite

volume fraction taken up by the ions. This energy contribution
equals the ideal entropy of mixing, as has later been shown. The
resulting MPB equation is still used due to its simplicity and
elegance. The model is shown and applied in the Supporting
Information to see to what extent an inclusion of the ion size in
the model affects the results for our system. While we find that
the correction term has a small yet visible effect on the
maximum ion concentration, the location of the peaks has
remained unchanged.
Another known shortcoming of the PB theory is that it

assumes that the surface charge is distributed homogeneously,
whereas in reality the charges are carried by atoms and are thus
localized. How this simplification of the PB theory affects its
accuracy can be clearly seen by comparing results of our
“diffuse” case (Figure 3, left) in which the total surface charge is
equally distributed over all wall atoms and the “local” case
(Figure 3, right) where only a small subset of the wall atoms is
charged. In both cases the charge is assigned to atoms and thus
not homogeneously distributed over the surface, but the level of
smearing is very different. The SP and FP models successfully
predict the location of the first peak near the wall for the diffuse
case, whereas the local charges lead to a clear discrepancy
between theory and simulation, as expected. As pointed out
previously, the Molecular Dynamics simulation results of the
system with a diffuse surface charge density of −0.9 e/nm2 do
not show a layer of cations between the solvent and the wall.
Instead, the positions of the first layer of both ion species are
approximately equal to the position of the second layer in the
other three systems. This result could indicate that there is an
energy barrier between the bulk and the wall region that is
larger than the average thermal energy of the ions.
Consequently, the event of crossing such a barrier would be
associated with a small probability, such that the corresponding
transition frequency is small relative to the typical time scale in
molecular simulations. This would have to be investigated by
calculating the free energy landscape, which is not part of this
work.
The structure of the confined aqueous electrolyte was further

determined by calculating pair correlation functions g(r)
between the different species. Such pair correlation functions
are useful to estimate the structure of the confined solution as
they are related to the probability of having an atom or ion at a
given distance r from another atom or ion. They provide similar
information to that gained from the structure factor S(q)
measured in X-ray diffraction experiments [g(r) and S(q) are
related through Fourier transformation]. Figure 4 shows the
pair correlation functions between the sodium cations and
oxygen atoms of the water molecules and between the chloride
anions and hydrogen atoms of water. We also show in Figure 5
the pair correlation function between the sodium cations and
chloride anions of the confined electrolyte. For each pair
correlation function, we report the results obtained for the four
different charged nanomembranes (two surface charges with
either local charges or a dif fuse charge). The pair correlation
functions in Figures 4 and 5 are characteristic of aqueous
electrolytes. For all systems, the g(r) function between the
sodium cations and the oxygen atoms of water exhibits two
pronounced peaks at r = 0.23 nm and r = 0.45 nm, which
correspond to the first and second solvation shells of the
sodium cation, respectively. Such marked correlations arise
from the strong Coulombic interaction between the positive
charge of the sodium cation and the negative charge of the
oxygen atom of water. Similarly, the g(r) function between the
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chloride anions and the hydrogen atoms of water exhibits two
pronounced peaks at r = 0.21 nm and r = 0.35 nm, which
correspond to the first and second solvation shells of the
anions. The g(r) function in Figure 5 exhibits a marked peak at
a distance r = 0.26 nm, which corresponds to the pairing
between the sodium cations and chloride anions driven by the
attractive Coulombic interaction. A second peak is observed at

a distance r ∼ 0.5 nm, which corresponds to sodium and
chloride ions separated by a water molecule.
For a given surface charge, the pair correlations involving the

sodium cation [Na−O(H2O) and Na−Cl] show that the
correlations are less marked (less intense peaks) for the
nanomembrane with the local charges than with the dif fuse
charge. This result is due to the fact that the adsorption/
layering of the sodium cations at the membrane surface is more
important for the system with the local charges so that they
interact less with the confined solvent (water) or chloride
anions. The latter interpretation is confirmed by the fact that
the amplitude of the peaks corresponding to the sodium−water
correlations and to the sodium−chloride correlations decreases
as the overall charge of the nanomembrane increases; i.e., as the
total charge increases, the sodium cations get more strongly
physisorbed at the membrane surface through the Coulombic
interaction so that they interact less with the water molecules or
chloride anions which tend to be located in the pore center. In
contrast to the results above, the pair correlation function
between the chloride anions and hydrogen atoms of water does
not obey the same trends when the type and charge of the
nanomembrane vary. This result is due to the fact that the
structure of the confined chloride anions does not directly
depend on the negative surface charge; for all systems, the
interaction between the chloride anions and the negatively
charged surface is screened as the sodium cations are located
between the anions and the nanomembrane surface. In fact, the
structure of the confined chloride anions rather depends on the
exact position of the water molecules so that it cannot be
directly related to the surface charge and type of charged
nanomembrane.

3.2. Dynamics of Confined Electrolyte Solutions. The
dynamics of confined electrolyte solutions is known to play a
key role in nanofiltration processes which are based on weakly
charged hydrophobic nanomembranes. In this work, we first
investigated the dynamics of the confined electrolyte by
calculating the mean square displacements (MSD) for all the
species Na, Cl, H2O. As will be discussed below, we checked
that our simulation runs are long enough to reach the Fickian
diffusive regime. Nevertheless, a drift of the center of mass
(CoM) of the electrolytes was observed for both the
nanomembrane with the dif fuse charge and that with the local
charges. Such a drift is due to the small number of water
molecules and ions in the system (far from the thermodynamic
limit), which implies that the initial distribution of velocities is
not strictly Gaussian. As a result, given that only conservative
forces are considered in our calculations, there is a nonzero
displacement of the CoM that propagates in the entire course
of the simulation. In order to correct our results for such a drift,
the CoM displacement was subtracted in the analysis of the
dynamical properties.70 For an interesting discussion on the
dynamics in small nanopores, see the papers by Hahn and
Karger71 and Moore et al.72,73

Figures 6 and 7 show the MSD along the nanomembrane
axis z for the sodium cations, chloride anions, and water
molecules of the electrolyte confined in the charged nano-
membranes. Both the results for the nanomembranes with the
dif fuse charge and the local charges are reported. In agreement
with previous studies on the dynamics of fluids confined in
nanopores,74−78 we found that the MSD in the direction
perpendicular to the pore surface (results not shown) increases
very rapidly at short times and then exhibits a plateau at larger
times. This result shows that, due to radial confinement, there is

Figure 4. (a) Pair correlation function g(r) between the sodium
cations Na and the oxygen atoms O of the water molecules for an
aqueous electrolyte NaCl (1.85 mol/L) confined in a charged
nanomembrane with a diameter D = 3 nm carrying either a dif fuse
charge (solid lines) or local charges (dashed lines). The blue and red
data are for a total electrostatic charge of −0.9 e/nm2 or −1.8 e/nm2.
(b) Pair correlation function g(r) between the chloride anions Cl and
the hydrogen atoms H of the water molecules for an aqueous
electrolyte NaCl (1.85 mol/L) confined in a charged nanomembrane
with a diameter D = 3 nm carrying either a dif fuse charge (solid lines)
or local charges (dashed lines). The blue and red data are for a total
electrostatic charge of −0.9 e/nm2 or −1.8 e/nm2.

Figure 5. Pair correlation function g(r) between the sodium cations
Na and the chloride anions of an aqueous electrolyte NaCl (1.85 mol/
L) confined in a charged nanomembrane with a diameter D = 3 nm
carrying either a dif fuse charge (solid lines) or local charges (dashed
lines). The blue and red data are for a total electrostatic charge of −0.9
e/nm2 or −1.8 e/nm2.
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no diffusion perpendicularly to the pore surface. For all species,
the MSD along the nanopore axis z reaches the Fickian
diffusive regime at long times where Δz2 ∼ t. In order to
characterize the dynamics of the water molecules and ions
confined in the charged nanomembranes, we calculated their
self-diffusion coefficient Dz from the derivative of Δz2 with
respect to time:

= ⟨ − ⟩
→∞

D
z t z

t
lim

1
2

d ( ( ) (0))
dz

t

2

(5)

Dz values are shown in Table 2 for water, sodium cations, and
chloride anions confined in the charged nanomembranes

carrying a dif fuse charge or local charges. We also report the
values Dz

0 obtained for the same system but confined in a
neutral nanomembrane.8 For all nanomembranes (charged and
uncharged), the self-diffusion coefficient for a given species is
smaller than its bulk counterpart, Dz < 0.75Dz

0. Both the self-
diffusion coefficients for water and sodium cations decrease
with increasing the charge of the nanomembrane. This result is
due to the fact that the strong interactions between the sodium
cations or the water molecules and the charge of the
nanomembrane tend to slow down their dynamics. In addition,
for a given surface charge, the self-diffusion coefficients of the
sodium cations and the water molecules are lower for the
nanomembrane with local charges than for the membrane with a
dif fuse charge. This is due to the fact that the sodium cations
tend to be more localized and, hence, less mobile as they are
adsorbed in charged sites of the nanomembranes with local
charges. In contrast to the results above, the self-diffusion
coefficient for the chloride anions, Dz ∼ 0.7 − 0.8 × 10−5 cm2/
s, is nearly insensitive to the charge of the nanomembrane. This
can be explained by the fact that the anions tend not to interact
with the negatively charged surface (in contrast to the cations
and water molecules which strongly interact with the surface).
Consequently, while the dynamics of the Na cations and water
molecule is strongly affected by the membrane charge, the
dynamics of the anions is nearly insensitive to the membrane
charge. Finally, except for the charged nanomembrane with a
dif fuse charge of −0.9 e/nm2, the self-diffusion coefficients of all
the confined species are always smaller than those observed for
the neutral nanomembrane. Such a slowing down of the
confined electrolyte, which is induced by the surface charge of
the nanomembrane, arises from the strong Coulombic
interaction between the ions or the water molecules and the
charged atoms of the nanomembrane. In contrast, the faster
dynamics observed for the electrolyte confined in the weakly
charged nanomembrane carrying a dif fuse charge (with respect
to that for the neutral nanomembrane) is due to the fact that,
for this system, the surface charge is not strong enough to
induce the formation of an adsorbed layer of cations in contact
with the nanomembrane surface. As a result, we have seen
above that the sodium cations tend to be adsorbed in between
the first two layers of adsorbed water molecules where the

Figure 6. (a) Mean square displacements (MSD) along the
nanomembrane axis for the sodium cations Na of an aqueous
electrolyte NaCl (1.85 mol/L) confined in a charged nanomembrane
with a diameter D = 3 nm carrying either a dif fuse charge (solid lines)
or local charges (dashed lines). The blue and red data are for a total
electrostatic charge of −0.9 e/nm2 or −1.8 e/nm2. (b) Mean square
displacements (MSD) along the nanomembrane axis for the chloride
anions Cl of an aqueous electrolyte NaCl (1.85 mol/L) confined in a
charged nanomembrane with a diameter D = 3 nm carrying either a
dif fuse charge (solid lines) or local charges (dashed lines). The blue and
red data are for a total electrostatic charge of −0.9 e/nm2 or −1.8 e/
nm2.

Figure 7. Mean square displacements (MSD) along the nano-
membrane axis for the water molecules H2O of an aqueous electrolyte
NaCl (1.85 mol/L) confined in a charged nanomembrane with a
diameter D = 3 nm carrying either a dif fuse charge (solid lines) or local
charges (dashed lines). The blue and red data are for a total
electrostatic charge of −0.9 e/nm2 or −1.8 e/nm2.

Table 2. Self-Diffusion Coefficients D of Water Molecules
and Ions for an Aqueous Electrolyte NaCl (1.85 mol/L)
Confined in a Charged Nanomembrane with a Diameter 3
nm Carrying Either a Diffuse Charge or Local Chargesa

species
neutral

nanomembrane

charged
membrane
carrying a

dif fuse charge

charged
membrane
carrying local

charges

surface charge (e/
nm2)

0.0 −0.9 −1.8 −0.9 −1.8

DNa+ (10
−5 cm2/s) 0.65 0.70 0.40 0.44 0.16

DCl‑ (10
−5 cm2/s) 0.90 0.70 0.70 0.70 0.70

DH2O (10−5 cm2/s) 1.33 1.65 1.25 1.28 1.22
aThe total surface charge of the nanomembrane is −0.9 e/nm2 or −1.8
e/nm2. We also report the data for the same electrolyte confined in a
neutral nanomembrane. The bulk self-diffusion coefficients for the
same electrolyte are DNa+ = 0.98 × 10−5 cm2/s, DCl = 1.50 × 10−5 cm2/
s, DH2O = 2.20 × 10−5 cm2/s.
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water density is mimimum. Such a particular ordering of the
confined electrolyte leads to faster diffusion of the water
molecules as they are directly in contact with the nearly
hydrophobic surface of the nanomembrane (in contrast, for the
other systems, water is isolated from the carbon surface by the
sodium cations which compensate the charge of the nano-
membrane).
We further estimated the dynamics of the aqueous electrolyte

confined in the charged nanomembranes by calculating the
following time correlation function R(t)

∑ ∑= ⟨Θ Θ ⟩
= =

R t
NN

t( )
1

(0) ( )
i j i

N

j

N

ij ij
1 1

i j

(6)

where R(t) can be calculated between water molecules, anions,
and cations. Θij(t) equals 1 if i and j are nearest neighbors at
time t and 0 otherwise. i and j are considered nearest neighbors
if the distance rij is smaller than the first minimum in the
corresponding g(r) function shown in Figures 4 and 5. The
brackets in eq 5 indicate that the value is averaged over a large
number of Molecular Dynamics configurations. Because of the
definition given above, Θij(0)Θij(t) = 1 if i and j are nearest
neighbors at the times 0 and t. Consequently, R(t) gives the
probability of having i and j paired at times 0 and t. Such time
correlation functions allow estimating the average solvation
times of the cations by the water molecules.8,41,79 In particular,
these correlation functions can be related to NMR relaxometry
data.80,81 Figure 8 shows R(t) between the sodium cations and
the oxygen atoms of water and between the chloride anions and
the hydrogen atoms of water, respectively. The results for the
aqueous electrolyte confined in the different charged nano-
membranes with local charges or a dif fuse charge are reported. In
contrast to the self-diffusion coefficients discussed above, the
time correlation functions shown in Figure 8 cannot be
interpreted in a straightforward manner (i.e., no obvious
dependence on the charge or type of nanomembrane).
Nevertheless, both sets of data, which follow the same trend
and seem to be driven by a subtle balance between the average
diffusivity and distribution of the confined aqueous electrolyte,
can be rationalized as follows. The fastest decay in the time
correlation functions (corresponding to the shortest Na−Cl
pairing and Na solvation times) is observed for the weakly
charged nanomembrane carrying a dif fuse charge. Such short
Na solvation times and Na−Cl pairing times are due to the fast
diffusion of the confined species for this system (see Table 2);
i.e., ions and water tend to stick to each other on shorter time
scales as their molecular motions become faster. In contrast, the
slowest decay in the time correlation functions is observed for
the highly charged nanomembrane carrying a dif fuse charge. In
this case, given the strong Coulombic interaction between the
numerous charges at the nanomembrane surface and the
sodium cations, the latter are strongly attracted to the surface
and, hence, tend to be paired with chloride anions or solvated
on much shorter times. The results observed in Figure 8 for the
charged nanomembranes with local charges are intermediate
between the two cases described above; for both systems, the
time correlation functions are difficult to predict as they depend
on a subtle competition between the strong cation/charged
surface interaction and self-diffusion of the confined aqueous
electrolyte. Nevertheless, it must be noted that, as expected, the
decay observed in the time correlation functions for the
charged nanomembranes with local charges becomes faster as
the surface charge increases (i.e., the dynamics of the adsorbed

sodium counterions becomes slower as they get strongly
physisorbed in the charged sites of the nanomembrane so that,
in turn, they get paired or solvated on much shorter times). We
also note that the time correlation functions between the
chloride anions and hydrogen atoms of water confirm the
interpretation above (results not shown).
To complete our investigation of the dynamics of the

confined aqueous electrolyte, we also determine the residence
function of water at the nanomembrane surface

∑= ⟨Θ Θ ⟩
=

P t
N

t( )
1

(0) ( )
i

N

i i
1 (7)

where Θi(t) now equals 1 if the water molecule i is located at
time t within the first adsorbed layer and 0 otherwise. N is the
total number of water molecules. The latter function differs
from that in eq 3 as it provides an estimate of the average time
spent by the water molecules in the vicinity of the
nanomembrane surface.51,82,83 Figure 9 shows P(t) for the
water molecules of the aqueous electrolyte confined in the
different charged nanomembranes. The different sets of results,
which follow the same trend as that observed in the time
correlation functions in Figure 8, confirm the interpretation
above. The shortest residence time (i.e., fastest decay in the
residence function) is observed for the weakly charged
nanomembrane with a dif fuse charge. Such a behavior is due
to the fast diffusion of the water molecules that tend not to
stick to the nanomembrane surface for long times (we recall

Figure 8. (a) Time correlation function R(t) between the sodium
cations Na and oxygen atoms O of the water molecules of an aqueous
electrolyte NaCl (1.85 mol/L) confined in a charged nanomembrane
with a diameter D = 3 nm carrying either a dif fuse charge (solid lines)
or local charges (dashed lines). The blue and red data are for a total
electrostatic charge of −0.9 e/nm2 or −1.8 e/nm2. (b) Time
correlation function R(t) between the sodium cations Na and chloride
anions Cl of an aqueous electrolyte NaCl (1.85 mol/L) confined in a
charged nanomembrane with a diameter D = 3 nm carrying either a
dif fuse charge (solid lines) or local charges (dashed lines). The blue and
red data are for a total electrostatic charge of −0.9 e/nm2 or −1.8 e/
nm2.
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that the water self-diffusion for this charged nanomembrane is
even larger than that for the neutral nanomembrane). In
contrast, due to the strong interaction with the numerous
charges at the nanomembrane surface, the water molecules tend
to stick on much longer times when the electrolyte is confined
in the highly charged nanomembrane with a dif fuse charge.
Finally, the nanomembranes with local charges seem to
correspond to intermediate situations where the average
residence time of water at the nanomembrane surface depends
in a simple fashion on the overall nanomembrane charge; i.e.,
due to the Coulombic interaction with the local charges, the
diffusion of water becomes slower as the total charge increases
and sticks on longer times to the surface.

4. CONCLUSION
This paper reports a Molecular Dynamics study of an aqueous
electrolyte NaCl confined in nanomembranes with a negatively
charged surface. Both nanomembranes with a dif fuse charge and
with local charges are considered (in both cases, two surface
charge densities are considered, −0.9 e/nm2 and −1.8 e/nm2).
For all nanomembranes, significant layering of water in the
vicinity of the nanomembrane surface is observed. On the other
hand, beyond the first two adsorbed layers, the water density
tends toward the bulk value as water recovers its bulk
properties. While the distribution of confined water and
chloride anions is nearly insensitive to the charge and type of
nanomembrane, the arrangement of the sodium cations within
the negatively charged nanomembrane depends on the type
and charge of nanomembrane being considered. We compare
the water and ion density profiles in the nanomembranes with
the predictions of a modified Poisson−Boltzmann equation in
which charge image, solvation effects, and dispersion
interactions with the surface are taken into account. While
including external interactions with the surface atoms (i.e.,
besides the Coulombic interactions) allows predicting the
position of the first ion density peaks, including the local
polarization leads to little improvement. We also find that
although it constitutes an improvement compared to the
conventional Poisson−Boltzmann equation, such a modified
Poisson−Boltzmann equation does not capture the structure of
the confined electrolyte beyond the first adsorbed layer. It
should be emphasized that the nonobservation in the present
work of the double electrical layer and the inaccuracy of the
modified Poisson−Boltzmann equation to capture all the
richness of the structure of the confined electrolyte are

probably due to the large ion concentration considered in
our systems (1.85 mol/L). The corresponding Debye length is
very small ∼10−1 nm so that so-called ion specific effects and
crowding effects, which are particularly important in such small
nanopores, become predominant. In particular, such a large ion
concentration leads to steric and size correlations, which cannot
be captured by a mean-field approach such as the Poisson−
Boltzmann equation.
For all species of the confined electrolyte (Na, Cl, H2O) and

all charged nanomembranes, the Fickian diffusive regime in the
direction parallel to the nanomembrane axis is reached in the
limit of long times. In contrast, no diffusion perpendicularly to
the pore surface is observed due to spatial confinement in the
nanomembrane. For all nanomembranes, the self-diffusion
coefficient for a given species is smaller than its bulk
counterpart and is at most 75% of the bulk value. Our results
show that the self-diffusion coefficients of the electrolyte along
the pore axis depend in a simple manner on the type and
charge of the nanomembrane. Both the self-diffusion
coefficients for water and sodium cations decrease with
decreasing the overall charge of the nanomembrane, due to
the decrease in their Coulombic interaction with the charged
surface. In contrast, the self-diffusion coefficient for the chloride
anions is nearly independent of the type and charge of the
nanomembrane as their properties do not directly depend on
the negatively charged surface (the anion/negatively charged
surface interaction is screened by the sodium cations located
close to the nanomembrane). In contrast to the structural and
self-dynamical properties, the residence time, pairing time, and
solvation time of the confined electrolyte do not depend in a
simple manner on the type and charge of the nanomembrane.
The solvation, residence, and pairing times depend on a subtle
balance between the average diffusivity and distribution of the
confined aqueous electrolyte.
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