The Iranian Journal of Mechanical Engineering Transactions of ISME
Journal homepage: https://jmee.isme.ir/
Vol. 25, No. 1, 2024, pp. 130-142

ISME Research Paper
DOI: https://doi.org/10.30506/jmee.2024.2014715.1326

A Simulation Study on lonic Current
In Cylindrical Hydrophobic Nanopores

The ionic current and electroosmotic flow (EOF) are studied in
hydrophobic nanopores numerically. The Poisson, Stokes, and
Al Nernst-Planck equations were solved simultaneously by finite
Shafiei Souderjani' element method. For the characterization of hydrophobic
M.Sc. nanopores, the Navier-slip boundary condition was replaced the no-
slip boundary condition on the surface of the nanopore, and a wide
range of slip lengths is used in order to cover all the possible
hydrophobic conditions. The effect of hydrophobicity on different
ionic current mechanisms is investigated. Also, the effects of voltage
difference, electrolyte concentration, and radius of nanopore on the
Mohammad Hassan ionic current in hydrophobic nanopores are studied. The results
Saidi’ f show that nanopore hydrophobicity affects the convective and
Professor electrophoretic ionic current significantly. Due to the EOF
enhancement by increasing the nanopore’s slip length, the
convective ionic current signifies, and the electrophoretic ionic
current dwindles.
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1 Introduction

By the development of the nano-fabrication tools, the nano sensors and devices are used in biology
fields for the detection of bio-particles and DNA sequencing, massively [1, 6]. Nanopores are
categorized into two groups: biological and solid-state nanopores [7]. Solid-state nanopores could
be manufactured in different sizes, and the surface properties can be modified with the fabrication
processes [8-14]. As the ratio of the surface to volume in the nano scale devices is very high,
surface properties play key roles in the design of such systems.
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In some nanopores and nanotubes like carbon nanotubes, and boron nitride nanotubes, non-
wettability characteristics have been seen [15-20].

Hydrophobicity of nanopore characterizes with slip length of walls which is an extrapolate distance
into the wall, and the tangential velocity on the surface of walls has a direct relation with the slip
length and the shear stress.

Even a small slip length of nanopore or particles could completely change the condition for the
motion of ions and particle in the nanopore. Shafiei Souderjani et al. [21] have shown that when
the slip length is non-zero on the surface of particles, the velocity of particle due to the reduction
in the friction force increases dramatically. Also, when the particle goes through the nanopore, the
resistance of nanopore enhances due to the blocking effect of particle. Therefore, the resistive pulse
sensing could be used for the detection of particles. Shafiei Souderjani et al. [21] have investigated
that hydrophobicity and surface property also change the resistive pulse sensing magnificently. So,
it is necessary to examine the effect of hydrophobicity of nanopores on the ionic current.

When the nanopore’s wall which has surface charge density is in contact with electrolyte, a thin
layer of ions with opposite sign generates near the wall. By exerting an electric field, a volume
electric force creates electroosmotic stream in the nanopore. Hydrophobicity of wall has a
significant effect on the strength of this EOF stream. Researches have shown that electrophoretic
velocity increases by a factor of (1 + A,,x) which A,, is the slip length of wall and  is the reverse
of electric double layer size [22, 23]. In usual biological studies, the size of electric double layer is
in order of nanometer. So, even in the small amount of slip length, electroosmotic velocity
enhances significantly which affects the ionic current in the nanopore. Recently, Pandey et al. [24]
investigated the effect of hydrophobicity on the ionic current. But they considered the size of ions.
In this study, since the surface charge density of walls in the hydrophobic nanopores is small, we
consider the ions like points.

Three different mechanisms contribute in the motion of ions in nanopore. The first mechanism is
due to the electrolyte concentration effect on the two sides of nanopore. This effect could be
negligible when the electrolyte concentration is equal in the reservoirs. The second mechanism
creates because of the flow motion in the nanopore. Electroosmotic flow moves ions through the
nanopore. The direction motion of EOF in the nanopore depends on the sign of nanopore surface
charge density. The last ion movement mechanism in the nanopore is due to the effect of electric
field on the charged ions. Negative ions and positive ions tend to move toward anode and cathode,
respectively. In the present study, at first, the effect of hydrophobicity on the motion of ions due
to the three different mechanisms is examined. In continue, the effect of electrolyte concentration,
electric field, and size of nanopore in the motion ions in hydrophobic nanopore is investigated.

2 Governing equations and boundary conditions

In order to model the motion of ions in the hydrophobic nanopore, the continuum approach is
chosen. Since the Knudsen number which is the ratio of mean free pass to the minimum feature of
physical domain, is lower than 0.001, the assumption of continuum model is valid [25,26]. In fact,
when the fluid is water, for nanopores with radius larger than 4 nm, the continuum approach could
be used. For the simulation of ion transport, the Poisson, Stokes and Nernst-Planck equations must
be solved simultaneously. In Figure (1), the domain of solution is demonstrated. Since the domain
of solution is 2D axis symmetric, a cylindrical coordinate (r, z) is placed in the center of nanopore.
The hydrophobic nanopore is connected to two reservoirs. The equation (1) is the Poisson equation
which represents the electric field distribution. To generate an electric field, a potential difference
must be applied to the two sides of the reservoirs. The potential of AB segment is set to the zero

and a positive potential is applied to the HG border. The constant -0.01 % charge surface boundary
m

condition is used for the surface of nanopore. The borders of reservoirs have zero charge density
and the symmetry boundary condition is assigned to the HA segment.
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In the above equations, ¢ represents potential, £, = 8.85 x 10~12 % and . = 80 are absolute
and relative permittivity, F = 96485.3 % is faraday constant, c; and z; = +1 are concentration

and valence each ion respectively, E represents electric field and o, is the surface charge density
of nanopore. For finding the fluid velocity in the domain of solution, the continuum and Navier-
Stokes equations must be solved. Since the Reynolds number is much smaller in nano scale, the
inertial term in the Navier-Stokes equation is neglected. Also, an additional term for representing
electric force is added to the Stokes equation.

A B

Figure 1 The numerical domain including the hydrophobic nanopore and two reservoirs
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As mentioned before, the Navier-slip boundary condition replaces no-Slip boundary condition. In
figure (1), FE, ED, and DC are nanopore’s walls. The no-slip boundary condition is applied on the
GF and CB borders. Since there is no external hydrodynamic pressure, the pressure of AB and HG
boundaries is set to zero. Also, symmetry boundary condition is used for AH border.

V.u=0 (7)

—VP + uV?u — p, Vo = 0 (8)

u=0 onABand HG 9)

p=0 onGF andCB (10)

ull =/1W£,ul=0 on CD. DE. and EF (12)

In above equations, u and P are velocity and pressure in the domain, respectively. p = 0.001 Pa.s
is dynamic viscosity, p, is the net charge density of electrolyte and is equal to F ¥}; c;z;. u!l and
u' are the slip velocity and the normal velocity. Also 7 and A,, represent the shear stress and the
slip length of nanopore’s wall, respectively.

The distribution of ions characterizes with Nernst-Planck equation. N; is the total anion and cation
fluxes. D;, R = 8.3185 ﬁ and T = 298 K are diffusion coefficient of anions and cations,

universal gas constant, and femperature, respectively. The proper boundary conditions for Nernst-
Plank equation are expressed in the following:

7.N,=0 (12)

N; =uc; — D;Vc¢; — z; &Fcdi) (13)
RT

N, =0 onBC.CD.DE.EF.and FG (14)

(15)

ci=cy, onABand GH

3 Numerical model and validation

The nanopores with radius a and height h, is filled with KCL. The electrolyte is symmetric. The
diffusion coefficients of Potassium and chloride are 1.97 x 102 and 2.03 x 10~°. To calculate
the ionic current and EOF in the domain of solution, above equations must be solved
simultaneously. A finite element package is used to solve the equations. A non-structured mesh
with finer elements near the walls is used and for the case of ¢, = 100 mM,and @, =
0.5 V, the mesh independency is checked. The mesh independency diagram is demonstrated in
Figure (2). Since the variation of parameters is not high in the reservoirs, a coarser mesh structure
is used to keep the cost of calculation low.
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After solving equations, for calculation of ionic current must be calculated far away from the
nanopore’s wall. If the ionic current measures in the nanopore, since the presence of electric double
layer, the results will not be valid. For the validation of numerical method, the results of
experimental research of Qiu et al. [27] is used. Qiu et al. [27] calculated the ionic current in a
conical nanopore with high of 11 micrometers, the lower radius of 355 nanometers, and upper
radius of 1100 nanometers. The nanopore filled with 100 mM KCI electrolyte. A wide range of
voltages is applied in the two sides of nanopore, and ionic current is measured. As shown in Figure
(3), the numerical results are in a good agreement with experimental results.
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Figure 2 The ionic current versus number of elements
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Figure 3 Validation of numerical model with exprimental research of Qiu et al. [27]
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4 Results

Three mechanisms contribute in the ionic current in a nanopore: convection, diffusion, and
electrophoretic motion of ions. In this section, the effect of wall’s hydrophobicity on each
mechanism is investigated. To study the effect of hydrophobicity, the electrolyte concentration,
and voltage, a nanopore with radius of 250 nanometer and height of 500 nanometer is used.

4.1 The effect of hydrophaobicity on the ion transport mechanisms

As mentioned before, the hydrophobicity of the nanopore’s wall increases the EOF velocity.
To study the effect of hydrophobicity on the ion transport mechanisms, the electrolyte
concentration is assumed to be 100 mM, and the voltage difference is equal to 0.5 V. According
to the following equation, when the electrolyte concentration is 100 mM, the thickness of
electric double layer (EDL) is approximately equal to 1 nm. Thus, for the conditions that the
slip is greater than 1nm, the EOF enhances with the growth of slip length. In Figure (4), the
EOF is plotted against the slip length. As illustrated, the difference between the EOF in
hydrophobic and hydrophilic nanopores could be distinguished completely. In fact, the velocity
of fluid in hydrophobic nanopores is much more than hydrophilic nanopores. This enhancement
in the EOF could be beneficial in some cases. For instance, hanopores could be used as filters
for water purification, and hydrophobic nanopores increase the amount of water purification
compared to the hydrophilic nanopores.

1
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1 = 2F%cy | 2 (16)
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Figure 4 EOF velocity versus slip length. The electrolyte concentration is equal to 100 mM, and the potential
difference is setto 0.5 V.
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In Figure (5), the total ionic current and three different ion current mechanisms versus slip length
are demonstrated. Due to the EOF velocity enhancement, convective ionic by slip length increases.
In fact, the convective ionic current is due to the fluid velocity. Since the EOF velocity experiences
a large growth, the convective mechanism is also enhanced extensively. In contrast to the
convective part, by increasing the slip length, the electrophoretic ionic current dwindles. In
addition, the amount of diffuse ion current is so small compared to the two other ionic currents and
can be neglected. Finally, as illustrated in Figure (5), the total ionic current increases with slip
length. This enhancement in the total ionic current could help to generate a resistive pulse with a
higher domain. Therefore, the ratio of ionic current to the noise will be greater, and the resistive

pulse with a higher resolution will be used for the characterization of particles and DNA in the
nanopore.

4.2. The effect of electrolyte concentration

The concentration of electrolyte determines the size of the electric double layer. By increasing
the electrolyte concentration, a thinner electric double layer forms around the charged walls.
The size Debye length also affects the EOF velocity and finally changes the ionic current. In
Figure (6), the amount of ionic current versus the slip length for various range electrolyte
concentrations is plotted. When the electrolyte concentration in the reservoirs enhances, the
number of ions that crosses the nanopore growths. But the slip length does not have the same
effect on the increase of ionic current for all electrolyte concentrations. As shown in Figure (6),
the growth of ionic current with slip length is more in the electrolytes with higher concentration.
As mentioned, the ratio of slip length and EDL size determines the amount of increase in the
EOF velocity. As a result, when the electrolyte concentration is high, this ratio will be much
more, and the EOF affects the ionic current.
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Figure 5 a) Convective 1onic current versus slip length, b) Electrophoretic ionic current versus slip length, ¢) Diffuse ion
current versus slip length, and d) Total ionic cureent versus slip length.
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Figure 6 lonic current versus slip length of wall for different electrolyte concentrations
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Figure 7 lonic current versus slip length of wall for different voltages

4.3 The effect of potential difference

When a potential difference between two sides of the nanopore is exerted, the electric force
moves the ions toward the electrodes with the opposite sign. The strength of electric force

depends on the potential difference.
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In Figure (7), the ionic current against the slip length is plotted for three voltage differences.
By increasing the voltage, the ionic current enhances due to the more powerful electric force.
But, the hydrophobicity of the nanopore’s wall almost has the same effect on the ionic current
for different potential differences. The increase in the potential difference also could enhance
the velocity of particles in the nanopore due to the effect of electric force. Although, the more
powerful potential difference creates stronger ionic current in nanopore, it can cause problems
for the detection of particle.

In fact, the particle moves faster through the nanopore, and the resistive pulse width could not
be distinguishable for particles with different properties. As a results, it is necessary to choose
proper potential difference for the detection of particles in the nanopores. In the case of
hydrophobic nanopore, it shows that design of potential difference should occur based on
velocity of particle instead of ionic current in the nanopore.

4.4 The effect of nanopore radius

In the previous sections, the radius of nanopore was 250 nm. In this section, the effect of radius
of nanopore on the ionic current is investigated. The nanopore could be considered as a wire
which has resistive for crossing of the electric current. Therefore, when the radius of nanopore
changes, the resistive of nanopore for the crossing of ions also alters. In Figure (8), the ionic
current is plotted versus slip length for three different nanopore radius. As expected, the ionic
current for the nanopore with radius of 350 nm is higher than two other cases. However, by
increasing the slip length, the ionic current trend is the same for three different radii, and the
results show that hydrophobic nanopore are not sensitive to the radius of nanopore.
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Figure 8 lonic current versus slip length of wall for nanopores with different radius
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5 Conclusions

This study investigates the effect of the nanopore wall hydrophobicity on the ionic current. The
Poisson, Navier-Stokes, and Nernst-Planck Equations with a finite element package are solved
simultaneously to find the ionic current and EOF velocity. For the characterization of
hydrophobicity, the Navier slip boundary condition replaces the no-slip boundary condition. In
addition, a term for the electric force is added to the Stokes equation. To validate the scheme of
the solution, the results of an experimental study are compared with a numerical solution that had
a good agreement. The results show that by increasing the slip length, convective and total ionic
currents increase, but the electrophoretic ionic current decreases; also, by enhancement of the
electrolyte concentration, the effect of hydrophobicity on ionic current growths. But, the slip length
has the same effect for different potential differences and nanopore’s radius.
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Nomenclature

English symbols

c; Electrolyte concentration
Diffusion coefficient
Electric field

Faraday constant

Total ion flux
Pressure

Universal gas constant
Temperature

Velocity field

Normal velocity
Tangential velocity
Potential difference

z; Valence of ions

€, Absolute permittivity
€. Relative permittivity
k Reverse of Deby length
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Ay Slip length

u  Dynamic viscosity

pe Net charge density of electrolyte
T Shear stress

o,y Surface charge density of wall
¢ Electric potential
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