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Using molecular dynamics simulations, we demonstrate pumping of water through a carbon

nanotube by applying the combination of a rotating electric field and a rotating magnetic field.

The driving force is a Lorentz force generated from the motion of charges in the magnetic field,

and the motion is caused by the rotation of the electric field. We find that there exits a linear

relationship between the average pumping velocity v and magnetic field strength B, which can be

used to control the flux of the continuous unidirectional water flow. This approach is expected

to be used in liquid circulation without a pressure gradient. VC 2013 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4824441]

Fluid transport in nanochannels is of great importance in

many applications, including fluid filtration, biomolecule

separation, energy conversion, thermal management, and

drug delivery.1–7 The most widely used method to drive fluid

through nanochannels is pressure difference.8–18 In addition,

various methods based on temperature gradients,19–21 me-

chanical vibration,22 surface energy gradient,23 surface

Rayleigh traveling waves,24 and pre-twisted wall25 were pro-

posed to generate flow in the channels. Electro-osmosis

methods, which yield unidirectional flows of water mole-

cules by charges or external electric fields, are recognized as

very promising approaches because they can be readily used

to realize controllable flows in nanochannels.26–29 It was

found that periodic vibration of a charge can be used to

pump water through a carbon nanotube (CNT).28 However,

static charges are not able to drive a continuous flow,

although they can speed up the flow of polar liquids.30,31

Bonthuis et al. found that a rotating electric field in combina-

tion with the asymmetric slip boundary conditions can suc-

cessfully generate a continuous flow in a planar or circular

nanochannel.32,33 Rinne et al. demonstrated that water can

be driven through a CNT by time-dependent electric fields

generated by electrodes with oscillating charges.34 However,

whether or not a static electric field can drive a continuous

flow is still controversial. For instance, Joseph and Aluru35

and Wang et al.27 successfully drove water molecules by

applying an uniform36 and a linear gradient27 static electric

field along a CNT axis, respectively. But Bonthuis et al.
argued that this static field pumping is a computer arti-

fact,32,33,37 and they believed that static electric fields cannot

induce electroneutral polar fluid flow in nanochannels.

In the present paper, we propose an approach to continu-

ously pump water through CNTs based on molecular dynam-

ics (MD) simulations. This is achieved by combining a

rotating electric field with a rotating magnetic field. The

driving force of water flow is a Lorentz force generated from

the motion of charges in the magnetic field. Our method, in

which no any asymmetric slip boundary condition is needed,

is different from pumping approach of Bonthuis et al. with

rotating electric field.32,33

MD simulation is broadly used to study the transport

properties of water in CNTs.5,6,31,38 We will use the MD

simulation to demonstrate that a rotating electric field and a

rotating magnetic field can drive a continuous flow of water

dipoles. Our simulations are performed using the LAMMPS

molecular dynamics package39 with a time step of 1 fs. As

shown in Fig. 1, an armchair (6,6) CNT with 50.349 Å in

length and 8.125 Å in diameter is constructed, and two res-

ervoirs are added to the two tube ends. As movable pistons,

two rigid planes are fixed in the x- and y-direction and

unfixed in the z-direction. The water molecules are modeled

using the extended single point charge (SPC/E) model,40,41

and the whole system contains 6008 water molecules. The

Lennard-Jones (L-J) potential is used to model water

molecules in CNT when electric field is applied, as the same

as what were done in Refs. 29, 32, 33, and 35. Therefore, the

carbon atoms of CNT are modeled as uncharged L-J particles

with rCC ¼ 3:4 Å and eCC ¼ 0:359824 kJ=mol.42 Carbon-

carbon bond lengths of 1.418 Å and bond angles of 120� are

maintained by harmonic potentials. The carbon-water L-J pa-

rameters are rCO ¼ 3:19 Å and eCO ¼ 0:392 kJ=mol.43 In the

simulations, a Chemistry at HARvard Macromolecular

Mechanics (CHARMM) force field44,45 is used to calculate the

L-J potentials and the electrostatic interactions with an addi-

tional switching function that ramps the energy and force

smoothly to zero between an inner (8 Å) and outer (10 Å) cut-

off distance. Periodic boundary conditions are applied in all

directions. All simulations are performed in the canonical en-

semble. A Nose-Hoover thermostat with a damping time of 0.1

ps is used to maintain the temperature of the water at 300 K.

The size of the simulation box is 5.1579� 5.105 � 19 nm3.

Since the water flow is not sensitive to the flexibility of CNT

in the present simulations, we keep the carbon atoms fixed for

the sake of simplicity, in the same way as those in Refs. 10,

15, 17, and 18.

Water molecules enter the CNT from the reservoirs and

form a single-file chain,15,42 as presented in Fig. 1. Two

sinusoidal alternating electric fields are applied in the x- and

y-directions as follows:
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Ex ¼ E sin 2p� t

T

� �
; (1)

Ey ¼ E sin 2p� t

T
� 1

4

� �� �
: (2)

The joint effect of the two electric fields is an electric field

which rotates around the z-direction, with strength E and

rotation period T (the value of which will be given later).

Furthermore, a rotating magnetic field is applied to the sys-

tem, which is given by

Bx ¼ �B sin 2p� t

T

� �
; (3)

By ¼ �B sin 2p� t

T
� 1

4

� �� �
: (4)

That is to say, a magnetic field with strength B is rotating to-

gether with the above electric field in the same period T, as

sketched in Fig. 2(a). The direction of the magnetic field is

always parallel to the direction of the electric field. Then, we

find that a continuous water flow can be pumped by the rotat-

ing electric field and magnetic field (see the movie46).

As we know, if a particle of charge q moves with veloc-

ity vq in the presence of a magnetic field B, then the Lorentz

force exerted on it is given by

F ¼ qvq � B; (5)

A water molecule can be regarded as a dipole with a positive

charge at one end and a negative charge at the other end.

When a rotating electric field is applied, the water dipole

will rotate with it and be always parallel to it. Therefore, the

two ends of the water dipole move with linear velocities vþr
and v�r (perpendicular to the direction of the magnetic field),

respectively. Since the rotations of the magnetic field and the

electric field are synchronized, the water dipole vector and

the magnetic field are always parallelled, as sketched in

Fig. 2(b). Hence, the linear velocities of positive and nega-

tive charge on the water dipole are always perpendicular to

the direction of magnetic field. As a result, the Lorentz force

has a z-directional component Fz, in the axial direction of

CNT, as sketched in Fig. 3. This component drives the water

dipoles to move in the CNT.

MD simulations with different B, E, and T are per-

formed. For each case, the time for the simulation is 300 ns.

The simulation system is sufficiently relaxed during the

beginning 30 ns, and the last 270 ns of the simulation are

collected for analysis.

Fig. 4(a) plots the dependence of average pumping

velocity v on the magnetic field B at a given electric field of

E¼ 0.5 V/Å and T¼ 10 ps. Here, the average pumping

velocity v is defined as the average velocity of all water mol-

ecules in the CNT. Obviously, a non-zero v implies a sub-

stantial continuous flow. We can find from Fig. 4(a) that the

v is much larger than zero for B located at [10, 100].

Therefore, the combination of a rotating electric field and a

rotating magnetic field can generate a continuous flow for

certain values of B and E. It is also found that v increases lin-

early as B increases (the red solid line is the linear fit). Rinne

et al.34 assumed that there exits a linear relationship between

the external force and the velocity of water molecules in

CNT. That is,

v ¼ N �Fz

cL
; (6)

where N is the number of water molecules inside the CNT, L
is the length of the CNT, �Fz is the average of Fz, and c is the

friction coefficient per unit length. Furthermore, according to

Eq. (5), Fz is proportional to the magnetic field strength B.

Thus, it implies that a linear relationship exists between v
and B. This is consistent with our numerical results.

Fig. 4(b) presents the dependence of v on the electric

field strength E at a given magnetic field of B¼ 50 Tesla and

T¼ 10 ps. Similar results as those in Fig. 4(a) are observed:

FIG. 1. Snapshot of the simulation system. Two reservoirs are connected by

a CNT. The red and white balls represent the oxygen and hydrogen atoms in

water molecules, respectively.

FIG. 2. (a) Sketch of the electric field E, magnetic field B, and the rotational

direction of the field. (b) Sketch of a water dipole and the linear velocity of

the charge vþr and v�r . FIG. 3. Sketch of the Lorentz force Fz on a water dipole.
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v is significantly larger than zero and increases as E
increases. The observations again confirm that the combina-

tion of a rotating electric field and a rotating magnetic field

can generate a continuous flow.

Fig. 4(c) investigates the dependence of v on the period

T. We can find that the v decreases to almost zero as T
increases to infinity. This implies that a combination of static

electric field and static magnetic field could not generate a

continuous flow. Therefore, rotations of electric field and

magnetic field are necessary for continuous flow.

In addition, our simulations show that the water dipoles

rotate with the external rotating electric field when T is

greater than 3 ps, but cannot catch up with the rotation of the

external electric field when T is less than 3 ps. Details about

this result are presented in supplementary material.46

Because there is always a lag between the rotation of water

dipoles and the rotation of electric field, the water dipoles

lose their response to the electric field when the field fre-

quency is higher than a critical value (i.e., the rotation period

T of the field is less than a critical value). A molecule rotates

about 1 radian per ps in bulk fluid, thus the critical value of T
in bulk is about 6 ps. It is found from our simulations that

the critical value for water molecules inside CNTs is about

3 ps, half of it in bulk. The reason is that the water molecules

confined inside the CNT have fewer neighbors than those in

bulk; thus, their response to electric fields is faster than those

in bulk.

To study the necessity of using rotating magnetic field

in fluids pumping, we further investigate the individual effect

of rotating electric field on the single-file water molecules

inside a CNT. First, when a static external electric field,

perpendicular to the axial direction of the CNT, is applied on

the system, the water dipoles are observed in alignment with

the direction of this electric field due to dipolar polarization.

Figs. 5(a) and 5(b) show that the form of single-file water

chain inside the CNT is arranged as follows: random

arrangement, tilted staggered arrangement, and vertical stag-

gered arrangement when the electric field strength E equals

0, 0.5, and 1 V/Å, respectively. Fig. 6 plots the distribution

of the water dipole deviation angle h when E varies from 0.3

to 1.5 V/Å, where h is defined as the instantaneous angle

between the water dipole vector and the direction of applied

electric field. Every MD simulation is performed for 10 ns

and outputs instantaneous angle h per 10 ps. We calculated

the distribution based on all of the output h. From the Fig. 6,

as E increases, the peak position of the distribution moves to-

ward 0� (0� denotes the water dipole vector pointing towards

the direction of the electric field E) and the peak value also

increases, which means that the dipolar polarization of water

dipoles become stronger as E increases. When the electric

FIG. 4. The average pumping velocity v (data points obtained from MD sim-

ulations). (a) v as a function of the magnetic field strength B (E¼ 0.5 V/Å,

T¼ 10 ps). (b) v as a function of the electric field strength E (B¼ 50 Tesla,

T¼ 10 ps). (c) v as a function of the field rotating period T (E¼ 0.5 V/Å,

B¼ 50 Tesla).

FIG. 5. The form of single-file water chain inside the CNT when E is

0� 1 V/Å. The electric field direction is upward. Carbon nanotubes are not

displayed for clarity. (a) Side view of the simulation snapshot. (b) Top view

of the simulation snapshot.
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field rotates, the water dipoles are found rotating with it,

keeping the form of single-file water chain unchanged, and

not moving along the CNT. Overall, water molecules cannot

be driven through CNTs by only using a rotating electric

field.

To summarize, we propose to use the combination of a

rotating electric fields and a rotating magnetic field to drive

a continuous water flow through nanotube. Its mechanism

is explained as follows: A rotating electric field forces

water dipoles to rotate in the same way as the rotating elec-

tric field does. As a result, the velocity of each electric

charge on the water dipole is kept to be perpendicular to the

direction of the electric field. Meanwhile, a rotating mag-

netic field is applied in the same direction as the electric

field. Therefore, a Lorentz Force is generated unidirection-

ally along the axis of CNT, which drives a continuous flow

of water dipoles. This pumping approach can take place in

a non-contact process and is expected to be applied in liq-

uid circulation without osmotic pressure and hydrostatic

pressure gradient.
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