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ABSTRACT

Electroosmotic phenomena is widely used to transport and mix fluids in micro- and nanoscale lab-on-a-chip applications. A single-wall carbon
nanotube is a promising candidate for nanofluidic applications because of its extraordinary mechanical, electronic, and chemical properties.
In this paper, we report on molecular dynamics simulation of electroosmotic transport of NaCl solution through a 5.42 nm diameter carbon
nanotube with different surface charge densities. Simulation results indicate that if the carbon nanotube surface is negatively charged, a
significant amount of Na+ ion is contact adsorbed on the nanotube wall and immobilized, resulting in negligible electroosmotic transport.
However, if the carbon nanotube surface is positively charged, the contact adsorption of the Cl- ion is moderate and the adsorbed Cl- ions
are not immobilized, thus generating a significant electroosmotic transport and a velocity slip on the carbon nanotube surface. The observed
dependence of electroosmotic transport on the surface charge is significantly different from the results obtained using the conventional
continuum theories, which predict that the electroosmotic transport will simply reverse its direction if the surface charge density is flipped.
This anomalous dependence of electroosmotic transport on the surface charge is mainly caused by the different adsorption behavior of the
counterions, which depends on the size of the counterion, the local electrostatic interactions between ion−water and ion-charged surface
atoms, and on the external electric field.

With the growing interest in developing faster, smaller and
more accurate bioanalysis devices, nanofluidic systems and
hybrid micro/nanofluidic systems have attracted considerable
attention in recent years.1,2 Such systems consume only
minuscule quantities of reagents and can produce rapid results
with molecular level precision. Since their discovery in 1991,
carbon nanotubes (CNT) have attracted tremendous attention
due to their extraordinary mechanical, electronic, and chemi-
cal properties. Carbon nanotubes are also attractive because
they have fewer defects compared to other nanofabricated
channels. These properties, combined with their chemical
inertness, make CNTs an ideal candidate for nanofluidic
systems. For example, CNTs can be integrated with other
components to perform collection, separation, and analysis
of biosamples in lab-on-a-chip systems. Prior studies on
molecular dynamics simulation of diffusive transport of
methane in a single-wall CNT by Mao and Sinnott3 and an
experimental investigation of the diffusive, pressure-driven,
and electrophoretic transport through a CNT membrane by
Sun and Crooks4 demonstrate the significance of CNTs for
nanofluidic research.

Because of its scalability and ease-of-control, electroos-
motic transport is one of the most popular fluidic transport
methods in micro and nanofluidic systems. Electroosmotic

transport across a CNT membrane has been studied experi-
mentally by Miller and Martin,5 who found that electro-
osmotic transport can be utilized effectively to enhance
the fluidic transport in the CNT membrane. However, to
facilitate the design of nanofluidic systems that use elec-
troosmotic transport as a primary means of fluidic transport,
a more detailed understanding of electroosmotic transport
in a CNT is necessary. In this paper, we investigate electro-
osmotic transport in a CNT by using molecular dynamics
simulations. Though conventional continuum theories6

(e.g., Poisson-Boltzmann equation and Navier-Stokes
equations) have been popularly used to study electroosmotic
transport in microcylindrical channels, the applicability of
these theories to nanoscale channels is questionable.7 Mo-
lecular dynamics (MD) simulation is an important tool to
study fluid flow in nanodiameter channels. In an MD
simulation, the ion-ion, ion-wall, and ion-water inter-
actions are calculated explicitly, the trajectory of the sy-
stem is integrated by using classical mechanics, and the
various measurables (e.g., ion concentration and bulk veloc-
ity) are obtained from statistical averaging. By using proper
interaction potentials between the atoms in the system,
an MD simulation can provide a quantitative understand-
ing of the various physical processes involved without
relying on the many assumptions made in the continuum
theory.
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Figure 1 shows the schematic of the CNT system under
investigation. The system consists of a (40,40) single-wall
CNT that encloses a NaCl solution. The length and diameter
of the CNT are 5.90 and 5.42 nm, respectively. Periodic
boundary conditions are applied in all three directions, and
the dimensions of the simulation box are 7.42 nm× 7.42
nm × 5.90 nm. Two simulations were performed: (1) the
CNT surface charge density is 0.076 C/m2 and Cl- ion is
the counterion; (2) the CNT surface charge density is-0.076
C/m2 and Na+ ion is the counterion. To represent the surface
charge density, we assign a unit charge (+e for a positively
charged surface and-e for a negatively charged surface) to
48 carbon atoms on six rings that are spaced evenly along
the length of the CNT. On each ring, there are 8 discrete
charges evenly distributed along the circumference. In both
simulations, the total charge from the ions matches the wall
charge exactly, i.e., the system is electrically neutral. The
number of water molecules are chosen such that the water
density at the channel center is within 1.0% of 1.0 g/cm3.

Non-equilibrium MD simulations were performed using
a molecular dynamics package called Gromacs.8,9 The water
is modeled by using the SPC/E model10 and the ions are
modeled as charged Lennard-Jones atoms. Two types of
interaction potentials are considered in the simulation, i.e.,
Lennard-Jones and Coulomb potential. The Lennard-Jones
potential is considered for every atom pair (except for the
atom pairs that have hydrogen atom and the C-C pair). The
Lennard-Jones parameters for the ion-water and ion-ion
interactions were taken from the work of Lyubartsev and
Laaksonen.11 The Lennard-Jones parameters for the ion-C
interaction were obtained by using the linear combination
rule and the C-C parameters from the Gromacs force field.12

The Lennard-Jones parameters for the O-C pair are par-
ticularly important as the wetting characteristics of water on
the CNT surface can strongly influence the velocity slip on
the CNT surface. In this paper, we have chosen the
parameters proposed by Werder et al.13 as it has been shown
that MD simulations using those parameters can predict the
contact angle of water on the graphite surface accurately.
The Lennard-Jones parameters used in the simulations are

summarized in Table 1. A cutoff radius of 1.1 nm was used
to compute the Lennard-Jones potential. The Coulomb
potential is considered for every charged atom pair. The
electrostatic interactions were computed by using the Particle
Mesh Ewald (PME) method14 with no truncation for the
Coulomb interactions. An FFT grid spacing of 0.14 nm and
a cubic interpolation for charge distribution were chosen to
compute the electrostatic interactions in the reciprocal space.
A LINCS algorithm15 was used to maintain the water
geometry specified by the SPC/E model. The temperature
of the fluid was maintained at 300 K by using a Berendsen
thermostat with a time constant of 0.1 ps. Starting from a
random configuration, the system was simulated for 1.0 ns
to reach steady-state. A production run of 11.0 ns was
performed to gather the statistics of various quantities, e.g.,
streaming velocity. In all the simulations, the equations of
motion were integrated by using a leapfrog algorithm with
a time step of 2.0 fs, and the CNT atoms are fixed to their
original positions. The concentration and velocity profile
across the channel were computed by using the binning
method.

The flow is driven by an external electric field,Eext, applied
along the channel in thez-direction. Because of the extremely
high thermal noise, a strong electric field was applied in our
simulations so that the fluid velocity can be retrieved with
reasonable accuracy. External electric field strengths of-0.2
V/nm and 0.2 V/nm are used for positive and negative
surface charge densities, respectively. Table 2 summarizes
the simulations performed in this paper.

Figure 2 shows the water and ion concentration profile
across the channel for a positively charged CNT surface (case
1). A significant layering of water, as indicated by the strong
fluctuation of the water concentration, is observed near the
channel wall. Such a layering effect is well-known and has
been addressed previously.16 The Cl- ion concentration is
maximum at a position very close to the channel wall (r )
2.34 nm), and decreases toward the channel center. However,
such a decrease is not monotonic and we observe a weak
second concentration peak atr ) 2.05 nm. It is also observed
that the Na+ ion concentration does not decrease monotoni-
cally toward the channel wall, but has a peak located atr )
1.93 nm. Both the second peak of Cl- ion and the peak of
Na+ ion are very close to the second concentration valley (r

Figure 1. Schematic of the system under investigation. The water
molecules and ions enclosed in the CNT channel are not shown
for clarity. The dots (b) denote the charged carbon atoms.

Table 1. Parameters for the Lennard-Jones PotentialU(r) )
4ε[((σ/r))12 - ((σ/r))6]

interaction σ (nm) ε (kJ/mol) interaction σ (nm) ε (kJ/mol)

O-O 0.3165 0.6503 Cl-Cl 0.4400 0.4190
O-C 0.3190 0.4389 Cl-Na 0.3375 0.4774
O-Cl 0.3783 0.5219 Na-C 0.2856 0.4698
O-Na 0.2758 0.5947 Na-Na 0.2350 0.5440
Cl-C 0.3881 0.4123

Table 2. Summary of the Simulations Performed

Case # σs (C/m2)
# of water
molecules # Na+ ions # Cl- ions

Simulation
time (ns)

1 +0.076 3924 36 84 12.0
2 -0.076 3924 84 36 12.0
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) 1.94 nm) of the water molecules. A similar phenomenon
has been observed previously7,17 and is mainly caused by
the local water structure near the ions. The concentration of
Na+ and Cl- ions in Figure 2 is not constant in the central
portion of the channel because of the large statistical error
in the estimation of the concentration near the channel center
where the bin size is much smaller compared to bin size
near the channel wall.

Figure 3 shows the water and ion concentration profile
across the channel for a negatively charged CNT surface
(case 2). The counterion (Na+ ion) concentration distribution
is significantly different from that observed in case 1.
Specifically, we observe that (1) the location of the coun-
terion adsorption peak is closer to the channel wall than the
first water concentration peak, and (2) the peak concentration
of the counterion is much higher compared to the value
observed in case 1. Both observations are caused by the
smaller size of Na+ ion compared to that of the Cl- ion,
i.e., the bare radius of a Na+ ion is smaller compared to that
of a Cl- ion and a water molecule (the radius of the Na+

ion, Cl- ion, and water molecule are 0.095, 0.181, and 0.14

nm, respectively16); hence, the Na+ ion can approach the
channel wall more closely compared to a Cl- ion or a water
molecule. The contact adsorption of an ion depends primarily
on the local electrostatic interactions between ion-water and
ion-charged surface atoms. When the charge on the surface
atom is large, the ion-charged surface atom interactions can
dominate and lead to contact adsorption. In our case, as the
smaller Na+ ion can approach the charged wall more closely
compared to the larger Cl- ion, the attractive electrostatic
interaction between a Na+ ion and a charged surface atom
is much stronger compared to the electrostatic interaction
between a Cl- ion and a charged surface atom. Thus, the
concentration of contact adsorbed Na+ ion (case 2) is much
higher compared to the concentration of contact adsorbed
Cl- ion (case 1), although the average surface charge density
is the same in both cases. Figure 4 shows the snapshot of
the simulated system for a positively charged surface case
(panel A) and a negatively charged surface case (panel B).
Separate simulations indicated that when the charge on the
surface atom is smaller (e.g., less than 0.5 unit charge), the
ion-water interactions dominate and the contact adsorption
of Na+ ion can be reduced.

Figure 5 shows the bulk water velocity for positively and
negatively charged CNT surfaces. We observe that for a
positively charged surface (1) the velocity profile is flat in
the central portion of the channel, (2) a significant velocity
slip is observed near the channel wall, and (3) the velocity
for a negatively charged surface is very small, indicating
that the bulk transport is negligible in this case. Observation
(1) is consistent with the continuum theory prediction; i.e.,
if a region is electrically neutral, then the electroosmotic
velocity will be constant in that region.6 Observation (2) is
not surprising, as velocity slip has been observed in various
MD simulations for both graphite and CNT surfaces.18,19

Even though a systematic theory explaining velocity slip at
a solid surface does not exist, experimental studies20 and MD
simulations18,19,21indicated that the velocity slip is common
on a nonwetting surface and on a solid surface with high
surface density. For a nonwetting surface (e.g., CNT is a
nonwetting surface for water), the surface-fluid interaction
is typically weaker compared to the fluid-fluid interaction,
and this often leads to a significant velocity slip at the
surface. For a solid surface (e.g., CNT) with high surface
density, the corrugation of the surface is very small, and this
can lead to severe velocity slip at the surface. Observation
(3) can be explained from the different dynamic properties
of the contact adsorbed counterions. Figure 6a shows the
typical trajectory of 8 Cl- ions during a 60 ps period. Note
that the startingz-position of all the eight ions is shifted to
z ) 0 nm. We observe that the contact adsorbed Cl- ions
are not immobilized as the Cl--charged surface atom
interactions are not very strong. Figure 6b shows the typical
trajectory of eight Na+ ions during a 120 ps period. We
observe that the contact adsorbed Na+ ions are immobilized
because of the stronger Na+-charged surface atom interac-
tions. As the movement of Na+ ions is negligible, the driving
force on the fluid is negligible. Thus, the bulk fluid velocity
for a negatively charged surface is much smaller compared

Figure 2. Water and ion concentration distribution across the
channel for a positively charged CNT surface.

Figure 3. Water and ion concentration distribution across the
channel for a negatively charged CNT surface.
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to that observed for a positively charged surface. In separate
simulations, we also observed that the contact adsorbed Cl-

ions are mobile at zero external electric field, while the
contact adsorbed Na+ ion are mobile only under large electric
field, e.g.,|E| > 2.4 V/nm, which is not a practical situation.

In summary, the electroosmotic flow of NaCl solution
through a single-wall CNT is studied using non-equilibrium
molecular dynamics simulations. The adsorption behavior
of the Na+ and Cl- counterions, which depends on the size
of the counterion, the local electrostatic interactions between
ion-water and ion-charged surface atoms, and on the
external electric field, is found to be very different, even

though the magnitude of the charge density on the CNT
surface is the same. Such a difference gives rise to the

Figure 4. Snapshot of the simulated system for a positively charged surface (panel A) and a negatively charged surface (panel B). Green
balls denote the carbon atoms, yellow balls denote the Cl- ions and magenta balls denote the Na+ ions. The blue balls (panel A) and red
balls (panel B) denote the charged carbon atoms. Note that in panel A, the contact adsorbed Cl- ions are less close to the CNT surface
compared to the water molecules and in panel B, the contact adsorbed Na+ ions are closer to the CNT surface compared to the water
molecules.

Figure 5. Bulk water velocity profile across the channel for a
positively charged surface (shown as9) and a negatively charged
surface (shown as2).

Figure 6. (a) Typical trajectory of Cl- ions for a positively charged
surface during a time period of 60 ps. (b) Typical trajectory of
Na+ ions for a negatively charged surface during a time period of
120 ps. The startingz-position of all ions are shifted toz ) 0 nm.
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atypical dependence of electroosmotic transport on the
surface charge which cannot be predicted by the conventional
continuum theories.
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