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ABSTRACT Physical and chemical processes that occur in nano-confined aqueous solutions, particularly the
role of “solute-interface” and “solute-solute” interactions within nanopores, are the source of filtration selectivity
and require further investigation. The goal is to clarify the validity of different approximations based on the
macroscopic mean field approach by comparing them with computational techniques such as Monte Carlo
(GCMC) and classical molecular dynamics (MD). These techniques are used to study the distribution of ions
at the water/nanopore interface. At the molecular scale, the results show that the distribution of ions depends
on their size, polarizability and the structure of water when it is explicitly added to the model, which cannot
be reproduced by the primitive model using the GCMC and the mean field approach based on the Poisson—
Boltzmann equation.
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1. Introduction

Nanoporous materials have become critical components in various fields including, nanotechnology, geology, chem-
istry and biology [1-6]. Conventional applications of nanoporous materials include: gas and liquid separation, catalysis,
energy storage, sensing, biomedical applications and environmental remediation. Understanding of ion transport provides
a design guide for synthetic nanoporous membranes used in applications such as nano-filtration. The physical mechanism
of ion partitioning has been studied through various approaches described below.

1.1. Donnan approach

The concept of this theory [7, 8] assumes, firstly, that the ion activities inside and outside the pore are equal to their
concentrations and, secondly, the electroneutrality inside and outside the pore. The model also takes into account the
presence of charged groups on the internal walls, which results is an excess of counter-ions in close proximity of the
surface and a partial exclusion of co-ions in this area. When the surface charge is weak or absent, the concentration of
solutes inside the pore is identical to the concentration of the bulk, and the distribution of ions becomes uniform.

1.2. Maean field approach

The theory of Poisson—Boltzmann (PB) equation explains the electrostatic interactions occurring within the pore by
regarding the solvent as a continual medium and the ions in the solution as point charges. However, this leads to a lack of
specificity in ion identification. The Donnan method is consistent with the mean field approach based on the PB equation
for surfaces that have weak or no charge [9].

1.3. Grand canonical Monte Carlo (GCMC) simulation technique

A study by Vlachy and coworkers [10] examined the concentration profiles using a grand canonical Monte Carlo
(GCMC) simulation technique. The GCMC approach, which used the primitive model [11], explicitly describes ions but
treats the solvent as a continuous medium. The study investigated the exclusion of solutes from uncharged cylindrical
pores using three approaches: Donnan, PBE, and GCMC using the primitive model. The concentration profiles for a
pore radius of 1 nm showed that the anion was excluded near the pore surface using the GCMC approach, while both
the Donnan and PB models showed a homogeneous distribution of solutes. However, due to thermal fluctuations and
strong ion-ion correlations, the mean field and Donnan approaches were unable to accurately describe the exclusion of
electrolytes from uncharged pores.
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1.4. Classical molecular dynamics

The current understanding of ionic transport across nanopores based on macroscopic (Donnan) and mesoscopic
(Primitive model using GCMC and PB) fluid physics is only partial. This paper presents a molecular simulation study [12—
17] of the ions behavior at the water/nanopore interface, focusing on the effect of a neutral atomic surface from hydropho-
bic to hydrophilic case. The behavior of ions at the interface is characterized by determining the density distribution and
the coefficient of partition.

2. Methods
2.1. Numerical method and analytical approach

We first study the ion transport for a single salt in a cylindrical nanochannel at the macroscopic mean field level, by
using both a numerical method and an analytical approach. We employ a space-charge (SC) model [18] based on the
nonlinear Poisson—Boltzmann (PB) equation for the electrostatic potential 12)(?), as well as the extended Nernst—Planck
ion flux and the Stokes equations, all as a function of two dimensionless parameters: the ratio of the pore radius 7, to the
Debye length based on the feed concentration, r, /)., and the ratio of the pore radius to the Debye length based on the
membrane charge density, 7,/\.,,. The Poisson—-Boltzmann equation which determines the electric potential inside the

pore has the following form:
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The boundary conditions at the surface and the condition at the center and of the pore can be presented in dimensionless
form:

0y 0y
— = 40" — =0 4
oF 70 or ’ @
F= F=0
where
1/r,\°
* p
L 5
=1() )
Am 1s the Debye length associated with the membrane charge density:
2RT \'? 1/
Am =\ oo X | Xm ) (6)
(i) ol
where X, is defined as follows
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The “radial equilibrium” approximation which gives one the concentration ¢;(r) (the Boltzmann distribution):
ci(r,x) = ki(z, r)v;C(x), (8)
where
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with C(x) being the electrolyte concentration equivalent to the concentration of a bulk solution in equilibrium with the
pore at position x and v; (the stoichiometric coefficient) represents the number of ions coming from the dissociated
electrolytes. Here we take the case where there are two ionic species I = 1 and 2. So, the condition of electroneutrality
is described by 1121 4 va2z9 = 0 or vy |21| = va |22]:

vy
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The index (7 = 1) represents the counter ions and the index (¢ = 2) represents the co-ions.
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2.2. Classical molecular dynamic (MD)

In order to study the validity of both the mean field (macroscopic) theory and mesoscopic Primitive Model (implicit
water, explicit ions), we performed classical Molecular Dynamics (MD) simulations that are especially suitable for inves-
tigating phenomena occurring at the nanoscale. We used the Amber9 MD package [19] to perform NVT simulations of
water (Pol3) at 300 K containing Nal at 1 M in a 30 x 30 x 190 A3 simulation box (in the -, y-, z-directions, respectively)
with periodic boundary conditions in all three directions (Fig. 1). The Verlet leap frog algorithm was used to integrate
the equations of motion with a time step of 1 fs. The simulations were performed at a constant temperature of 300 K
using the weak coupling method thermostat [20] with a relaxation time step of 3 ps for the thermostat. Each simulation
consisted of an equilibration stage of 5 ns followed by a data collection stage of 2 ns and the OH bond vibrations were
frozen using the Shake algorithm [21]. The polarisable ions are described as charged soft sphere using the parameters in
Table 1. The model walls consisted of neutral Lennard—Jones spheres starting at z = 70 A and z = 120 A (Table 2). The
particle distribution in the nanopores and the ionic partition coefficients have been calculated from the simulation results,
with Kpg = Cp/Cp, where Cp and Cp are respectively the average concentration of ions inside the pore and within
the water layer (reservoirs).
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FI1G. 1. The left side of the figure shows a schematic representation of the model system (a), while the
right side shows a visual representation of 1 M Nal in POL3 water simulated system (b)

TABLE 1. Potential parameters for polarizable ions and polarizable rigid water POL3

Element o (A) ¢ (kcal/mol) Charge «; (A%)

H 0.000 0.000 +0.365  0.17

o 3.210 0.156 -0.730  0.52
Na 2.341 0.1 +1 0.24
I 5.160 0.1 -1 6.90

TABLE 2. Potential parameters for surface atoms (SA), describe the characteristics of the surface atoms

Element Surface nature o (A) (kcal/mol) Charge

SAl hydrophobic ~ 2.343 0.03 0
SA2 hydrophilic ~ 2.343 1.86 0

3. Results
3.1. Analytical approach

Figure 2 shows that the behavior of the salt-nanopore system depends critically on the location in the 7,/\,, vs.
rp/Ac plane: Zones (1) and (2) demarcate the validity of the (weak potential) Debye—Huckel (DH) approximation;
zones (1), (2), (3), and (5) demarcate the validity of the Extended Homogeneous (EH) approximation for which the
radial variations of the potential and ionic concentrations are weak [for 7, /\,,, < 2 the Donnan (homogeneous) theory is
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valid]; zones (5) and (6) demarcate the validity of the Good Co-ion Exclusion (GCE) approximation [22,23] for which
the salt exclusion is high because the concentration of co-ions is negligible; Zone (4) is an intermediate zone. For suffi-
ciently high values of membrane charge, or r,/\,,, and/or sufficiently low values of external salt concentration, r,/\.,
the mean field approach breaks down due to thermal fluctuations and strong ion-ion correlations. The mean field approach
thus becomes inaccurate in parts of zones (4) and (6), as has already been shown using the grand canonical Monte Carlo
simulation technique [24] applied to the Primitive Model: for fixed external salt concentration (bulk) and small values of
X, the simulated value for the exclusion parameter I' = 1 — (Ceo-ion) /Ceo-ion 1S coherent with mean-field non-linear PB
approach ({Cco-ion) /Ceo-ion 18 the ratio of the average co-ion concentration in the pore to that in the external salt). Finally,
the concentration of ions inside the nanopore approaches to the concentration in the bulk (outside the nanopore) when the
surface charge of the nanopore become negligible. In this case the PB calculation and GCMC results is coherent with the
experimental data [4].
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FI1G. 2. Schematic Representation of the validity domain of the analytical approximations. Represen-
tation of different zones: (1) and (2): Validity of the Homogeneous and Debye—Huckel (DH), zone: (1),
(2) and (3): Validity of EH zone of order 1, (5) and (6): Validity of the Homogeneous zone and inhomo-
geneous GEC (4): Intermediate zone (7): Validity of the plane approximation (8): Validity of the plane
Debye—Huckel approximation. The blue curve delimits the area of EH. The dotted line delimits the H
area

3.2. Molecular modeling

Based on molecular dynamics computing, we determine the radial distribution of water molecules and ions within
the pore. Fig. 3 shows the concentration profile of ions (Na™ and 17) and Oxygen from water molecules (O) along the
radial direction r of the nanopore in the two cases: hydrophobic and hydrophilic nanopore surface. The nature of the
pore surface can influence the structure of water molecules within a pores. In hydrophilic pores, the water molecules are
attracted to the nanopore surface, and, as a result, water molecules tend to form structured layers close to the nanopore
surface, while it is less structured in hydrophobic pore. To further characterize the dynamics of water molecules, their
self-diffusion coefficients were calculated from the derivative of the mean square displacement (MSD) along z-axis with
respect to time:

D= % < (2(t) — 2(0))*. (10)

The results show that the diffusion coefficient in hydrophobic nanopore surface (1.3 x 107° cm?/s) is four times
larger than the coefficient observed for the hydrophilic pore (0.32 x 10~° cm?/s). In this situation, the classical idea of
image charge, which suggests that ions are repelled from the surface, does not hold true. Instead, when considering larger
ions such as iodide, the volume fraction that these ions occupy becomes significant and results in higher free energy costs.
As aresult, these ions tend to move towards the hydrophobic interface. The way large polarizable I~ anions are distributed
at the water/hydrophobic nanopore interface is similar to how they are distributed at the water/vapor interface [25], where
they are found at the interface. Fig. 3(a) shows that the I anion peak is located below the water molecule peak at = 6 A,
while in Fig. 3(b), it is at 7 = 3 A, indicating that there is a higher concentration of I~ anions towards the hydrophilic
center of the pore. In this zone, the number of the water molecules is low, whereas the Na™ cations are located at the
center of the pore, where they are hydrated by water molecules as a result of their small size and low polarizability.
As mentioned above, the size effect is a critical factor that impacts how ions are adsorbed and distributed at the interface
between water and nanopores. The reason for this size effect is due to the energy required to solvate ions, as their presence
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can interfere with hydrogen bonding. On one hand, small solutes (such as Na™) can be easily solvated by water molecules
without disrupting the hydrogen bonding network, which means that there is no exclusion of these ions. On the other
hand, large solutes (such as I") cannot be solvated without significantly hindering the process. The partition coefficient
of I anions to measure the effect of the pore’s surface properties (hydrophobic/hydrophilic) on the concentration of these
ions inside the pore is calculated. The partition coefficient for the hydrophilic surface (Kpg = 0.60) is larger than for the
hydrophobic surface (Kpp = 0.52). This result is consistent with the radial distribution obtained inside the pore (Fig. 3),
which shows more I~ anions inside the pore for the hydrophilic surface compared to the hydrophobic surface.
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FIG. 3. The left side shows the ratio of concentration profile, C'(r)/C4, (Ci — concentration in the
bulk phase) for polarizable sodium/iodide (Nal) ions and water molecules (a) hydrophobic pore and (b)
hydrophilic pore in radial direction. The right side of Fig. 3 shows a snapshot in the direction opposite to
the z-axis in the interval (50 A< z < 70 A). The color convention used is: oxygen (O) in red; hydrogen
(H) in white; sodium (Na) in blue; iodide (I) in green; and wall atom in light blue.

4. Conclusion

This paper provides a description of a MD simulation study focusing on the behavior of water and ions in nanoporous
media. The primitive model and macroscopic mean field based on PB equation, which treat the solvent as a dielectric
continuum, are unable to explain the results presented in the paper. The simulations highlight the importance of the atomic
surface in the phase behavior of electrolyte solutions in contact with the nanopore surface. Our results indicate that due to
the surface influences the distribution of water at the interface is well structured. Water structures play a significant role
in the distribution of ions in the system. In this study, the behavior of Nal aqueous electrolyte’s cations and anions was
examined in nanopore. Different behaviors were observed among the cations and anions, as some were found within the
pore center and others were adsorbed at the pore interface. In hydrophobic nanopores, small Na™ cations tended to be in
the pore center, while large polarizable I™ anions tended to accumulate at the interface. On the other hand, in hydrophilic
nanopores, the anions tended to concentrate in the center of the pore. The water structure and distribution of ions in
the system were affected by surface effects. The distribution of ions in the system was mainly dependent on their size
and polarizability, particularly, to the large I” anion and the small Na™ cation. The advantages of the current simulation
and interpretation technique can easily be extended to a large class of synthetic nano-materials in the presence of various
ionic solutions. More extensive MD simulations are being conducted to better understand the behavior of the nanoporous
system under investigation and to determine the validity domains of macro- and mesoscopic approaches.
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