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Abstract: The steady-state non-equilibrium
distributions of two species of mono-valent ions
around a charged nanofluidic channel have been
examined. Large reservoirs were placed on either
side of the nanoscale channel to simulate bulk
concentration of ions in a fluid. Results show
that the effect of the potential bias across the
nanochannel yields a significant depletion zone
of ion concentrations near the end of the
nanochannel.
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1. Introduction

Despite  recent efforts, a qualitative
description of the dynamics and steady-state
distribution of ions around nanofluidic channels
is lacking. There are theoretical models for ion
transport around capillaries or through micro and
nanochannels [1]; however few depart from
equilibrium [2]. Of specific interest is the ion
transport and fluid flow across nanocapillary
membranes [3-5]. In this work, we have
examined the steady state, non equilibrium (5V -
100V) distribution of ions across a single
nanochannel.

The simulations consist of two large square
reservoirs acting as sources of bulk ion
concentrations within a fluid. The walls of the
nanochannel as well as the walls containing the
channel between the two reservoirs represent
insulating surfaces that interact with the aqueous
solution and become charged through
dissociation of surface molecules.

Figure 1 is an image of geometry used for the
simulation. It is color coded to indicate the
boundary conditions used, which will be
discussed below.

Figure 1. COMSOL Boundary Mode image of the
simulation. The bottom walls in black are grounded.
The nanochannel walls in light blue are insulated and
set with a constant surface charge density. The top
purple walls are biased from 5V-100V.

2. Theory

When the walls of the channel become
charged, Coulombic forces attract opposite
charges and repel like charges. This creates a
layer of ions near the wall known as the Electric
Double Layer. Unless dealing with narrow
channels or low concentrations, the extent of the
Stern layer is neglected. A diffuse layer of ions
near the wall, with modified concentrations, is
still produced though, due to the wall charge [6].

When an electric field pulls ions through a
fluid the fluid can be dragged along with the ion
flow [6]. There is still work to be done to
determine whether or not the contribution of this
electroosmotic flow, or EOF, is significant and
to determine the ranges of concentrations or
voltages for which it is significant [7]. EOF is
neglected in these simulations.

The PNP (Poisson-Nernst-Planck) equations
are used as the governing equations of the
system. Poisson’s equation is given by
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Here ¢ is the electrostatic potential, ¢ =80¢,
is the permittivity, € is the electric charge, and
N, represents the ion concentration for i =+,—.
The flux is given by the Nernst-Planck equation:
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Here D, is the diffusion coefficient for each

species and kT is the thermal energy. The
continuity equation in the steady state then tells
us the divergence of the flux is zero:
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The boundary condition for the charged walls
of the nanochannel is given by
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where the derivative is with respect to the
direction normal to the boundary and
o =-107C/m? is the surface charge density set

on the nanochannel walls.

The three walls of the lower reservoir are
grounded, while the top three reservoir walls are
set at 5V, 10V, and 100V. On each of these six
reservoir walls, the concentration of each ion

species was setto N, = 0.1mM .

The COMSOL boundary conditions allow us
to set the concentrations at bulk values on the
reservoir walls while treating the nanochannel
walls as insulating. This way there is no ion flux
through the nanochannel walls while a flux is
still yet allowed through the reservoir walls in
order to keep bulk values.

The reservoirs were constructed to be 5zm
squares. The nanochannel was 54M long and
30nm wide.

Figure 2. COMSOL mesh image used for the
simulation.

3. Numerical Methods In COMSOL

Lagrangian quadratic elements were used
with the DIRECT(UMFPACK) time independent
solver in order to solve for the electrostatic
potential and ion concentrations. A free meshing
was used and refined largely around the
nanochannel walls (figure 2).

The mesh was refined within and around the
nanochannel due to the charged walls creating
behavior which would not only deviate largely
from bulk values but would also change
significantly over small distances compared to
the solutions in the reservoirs.

The Electrostatics module was used to model
the electric potential. The Convection and
Diffusion module was used twice, once for each
ion species.

4. Results

The solutions in COMSOL Multiphysics
yielded a depletion zone of both species of ions
within the nanochannel on the side closest to the
biased reservoir. Figures 3, 4 and 5 show a cross
section down the middle of the length of the
nanochannel of the ion concentrations for 5V,
10V, and 100V respectively.

We notice that the depletion zone extends
about a quarter of the way inside the
nanochannel for the 100V case. This gives
evidence against the use of theoretical models
which treat the channel as infinitely long and
emphasizes the importance of end effects.
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Figure 3. Cation concentration (solid trace) and
anion concentration (dashed trace) vs. distance

along the channel, for 5V applied across the
nanochannel.
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Figure 4. Concentrations with 10V applied across
the nanochannel.
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Figure 5. 100V applied across the nanochannel.
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Figure 6. 5V applied. Cross sectional view of the
ion concentrations. The left side is the grounded
reservoir wall. The right side is the biased wall.
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Figure 7. 10V applied. Cross sectional view of
the ion concentrations. The left side is the
grounded reservoir wall. The right side is the
biased wall.
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Figure 8. 100V applied. Cross sectional view of
the ion concentrations. The left side is the
grounded reservoir wall. The right side is the
biased wall.



Outside of the nanochannel the ion
concentrations eventually return to bulk values.
However due to the wall charges as well as the
applied voltage the ion concentrations have
gradients well into the reservoirs. This can be
seen by examining Figures 6-8 for each of the
applied voltages. These figures are cross sections
along the middle of the length of the
nanochannel but extend to the walls of each
reservoir.

We note here that smilar gradients are seen
as well in the work of Rubinstein and Zaltzman
[8]. In this work they analyze the ion
concentrations outside of a permselective
membrane as opposed to a physical channel.
This implies that EOF is not included in their
work as well.

An image of the potential plot for the case of
5V is included in Figure 9.

5. Conclusions

The depletion zones of ion concentration
have implications related to the use of
nanochannels in various “lab-on-a-chip” devices
being explored recently. Although groups have
explored the effect of the surface charge on the
ionic current, few studies have considered the
effects of the applied voltages on the structures
of the concentration gradients.

The structures of the concentration gradients
outside the nanochannels could be depend on
time because ion species have different
mobilities in the fluid. This would create very
different distributions outside the nanochannel if
one species of ions manages to get to the
nanochannel faster than the other due to a higher
mobility.

Future work on this project will focus on
considering  whether  electro-neutrality  is
maintained overall within the channel. This has
been a controversial topic as much previous
work has assumed electro-neutrality while others
state the condition is not held [9].

Modeling the site dissociation of molecules
from the surfaces will more accurately portray
the surface charge in future work [10]. In this
scenario the surface charge will be dependent
upon the local concentration of ions in the fluid.
The surface charge in certain regimes can have
important qualitative effects on the ion transport
[11, 12].

Figure 9. 5V case. Blue signifies low potential
and red signifies high potential.
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