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Density functional theory calculations using B3LYP/3-21G level of theory have been implemented on 6 carbon nanotubes (CNTs)
structures (3 zigzag and 3 armchair CNTs) to study the energetics of the reverse osmosis during water desalination process.
Calculations of the band gap, interaction energy, highest occupied molecular orbital, lowest unoccupied molecular orbital,
electronegativity, hardness, and pressure of the system are discussed. The calculations showed that the water molecule that exists
inside the CNT is about 2-3 Å away from its wall. The calculations have proven that the zigzag CNTs are more efficient for reverse
osmosis water desalination process than armchair CNTs as the reverse osmosis process requires pressure of approximately 200MPa
for armchair CNTs, which is consistent with the values used in molecular dynamics simulations, while that needed when using
zigzag CNTs was in the order of 60MPa.

1. Introduction

Fresh water scarcity worldwide is growing to be one of the
most critical issues facing the development of mankind. In
the last two decades, more research has been done to develop
new efficient techniques for water desalination [1–3], since
the current approaches are energy consuming ones, which
is another challenge facing the human race. The use of new
materials became a trend in dealing with such problem.
The reason for using carbon nanotubes (CNTs) in water
desalination processes and other applications is due to their
wide range of electronic, magnetic, chemical, biological, and
mechanical properties that depend on their chirality [4–7].

TheCNT [8, 9] is formed fromwrapped sheet of graphene
whose unit cell is composed of 2 carbon atoms with 2
translational unit vectors 𝑎

1
and 𝑎

2
forming an included

angle of 30 degrees, where the edge of any CNT is a
wrapped vector formed of a linear combination of these
vectors. Graphene has sp2 hybridized carbon atom that
makes strong 𝜎 bonds with the other 3 identical carbon

atoms at an angle of 120 leaving a weekly 𝜋 bonded pz
electrons. This leads to the formation of an electron cloud
on the wall of the tube which is the active component of
the CNT. The adsorption of different molecules such as
oxygen, hydrogen, and methane on CNTs is being studied.
The adsorption of oxygen molecules and atoms are studied
using density functional theory (DFT) [10], and it was found
that oxygen tends to be physisorbed and chemisorbed on
the inner and the outer walls of the CNTs, respectively.
More studies were made on hydrogen—for hydrogen storage
applications—using DFT and grand canonical Mote Carlo
(GCMC) that showed the dependence of the adsorption
process on the temperature and pressure [11–13]. A collective
study was made on the adsorption of different gas molecules
including water on CNTs from the outer side of the tube
[14]. Many experimental trials have been made to employ
such properties to the aim of water desalination by adding
multiwall carbon nanotubes (MWCNTs) to microporous
desalination membranes [15]. Pioneer molecular dynamics
simulations for water conduction through CNT showed that
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spontaneous and continuous filling of CNT with a one-
dimensionally ordered chain of watermolecules with a pulse-
like transmission of water through CNT [16]. Furthermore,
molecular dynamics techniques have been implemented to
calculate the flow rate of water through a reverse osmosis
(RO) membrane formed of SWCNT array [17]. The most
comprehensive study proved that such membrane would
permit water to flow 600 times higher than the current
commercial membranes with 100% salt rejection for the (5,5)
SWCNT and more than 1800 times with 95% salt rejection
for the (7,7) SWCNT [18]. However, all of the aforementioned
studies lack the description of the interaction between water
molecules and CNT that is directly related to the flow rate of
water.

In this study, detailed calculations of the energetics and
dispersion interaction energy of a water molecule inside
(5,5), (6,6), and (7,7) armchair CNTs and (8,0), (10,0), and
(12,0) zigzag CNTs of radii ranging from 6.2 Å to 9.5 Å
have been carried out. This aims to make a comprehensive
understanding of the relationship between radius and flow
rate of water inside the CNTs showing the energetically
optimal region for water to exist inside the CNT. Eventually,
such simulations would provide a better ground to assess the
adequacy of the different CNT types to reverse osmosis water
desalination process.

2. Computational Method

The initial molecular geometry for all CNTs was obtained
by VMD [19] which is a molecular visualization program
for displaying, animating, and analyzing large biomolecular
systems using 3D graphics and built-in scripting. The water
molecule geometry inside CNTs was fully optimized at the
3–21G basis set using the Becke, three-parameter, Lee-Yang-
Parr hybrid (B3LYP) method [20–23]. The B3LYP method
provides better energetics compared to that of Hartree-Fock
and can reproduce better geometrical parameters compa-
rable to the experimental values [24]. Even though using
higher basis set is expected to enhance the accuracy of the
energy calculation, such accuracy has been reported not to
generally affect the simulation trends, yet consuming more
computational power [10]. All the geometry optimization
and energetics were done using the Gaussian 09 software
package [25]. The optimized structures were visualized using
GaussView version 5.0.9 package [26]. One-dimensional
periodic boundary condition (PBC) along the CNT axis
directionwas employed. PBC calculations are usually utilized
for periodic systems that have many repeating units such
as polymers and crystalline minerals. PBC was used for the
calculation of interaction of water molecules with CNT. One
water molecule per unit cell was simulated in the tube axis
direction. In the studied cases, the cell length was 2.456 Å and
4.254 Å for arm chair and zigzag structures, respectively.

The strength of adsorption/desorption depends on the
interaction between thewatermolecule and the carbon atoms
of the CNT.Thepz electronic density of CNT is relatively high
[27]. The polar water molecule is expected to disperse inside
the tube to reach the position of lowest interaction with the

tube, which is measured by optimizing the position of the
water molecule inside the CNT. The geometry optimization
process will be conducted starting from 1.5 Å away from
the inner wall of the CNT to evaluate the area where the
water molecules flow freely.The interaction energy (𝐸int)will
be calculated as the difference between the energy of the
CNT with the water molecule at the optimized geometry
(𝐸water+CNT) and the sum of the optimized energy of each
molecule separately (𝐸CNT) and (𝐸water):

𝐸int = 𝐸water+CNT − (𝐸CNT + 𝐸water) . (1)

The interaction energy will be used to calculate the pressure
(𝑃) required to be applied on water in RO process for water
to pass through the CNT. The pressure will be defined by
statistical approach:

𝑃 = (

𝜕𝐹

𝜕𝑉

)

𝑇,𝑁

, (2)

where 𝐹 is the Helmholtz free energy, 𝑉 is the volume
containing the particles which will be given by the volume
of 1 unit cell, 𝑇 is the temperature, and 𝑁 is the number of
the particles.

The Helmholtz free energy 𝐹 can be defined as

𝐹 = 𝐸 − 𝑇𝑆, (3)

where 𝑆 is the entropy of the system.
The differential form is

𝑑𝐹 = 𝑑𝐸 − 𝑇𝑑𝑆 − 𝑆𝑑𝑇. (4)

Since the adsorption/desorption process is reversible and
isothermal (i.e., 𝑑𝑆, 𝑑𝑇 = 0), then

𝑃 = (

𝜕𝐸

𝜕𝑉

)

𝑇,𝑁

≅

𝐸
𝑏

𝑉

. (5)

Calculation of the electronegativity (𝜒) and hardness (𝜂)
of the water and CNTs will be carried out to measure the
tendency of the water molecules to interact with different
types of CNT. Electronegativity is the tendency of molecule
to acquire onemore electron and involve in a new interaction
[28]. The hardness of water and CNT gives an idea on how
strong the interaction takes place between the twomolecules,
since hardness is defined in several ways such as “hard likes
hard and soft likes soft” in the hard-soft-acid-base (HSAB)
principle [29], and that the atoms arrange themselves in order
to reach the maximum hardness according to the maximum
hardness principle (MHP) [30]. The electronegativity is
calculated as the negative half of the sumof the energies of the
highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) [10]:

𝜒 =

HOMO + LUMO
2

, (6)

whereas the hardness is calculated as half the difference
between LUMO and HOMO [16]:

𝜂 =

LUMO −HOMO
2

. (7)
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Figure 1: The energy versus the distance between water molecule and the CNT wall during the geometry optimization.

3. Results and Discussion

The simulation process started by optimizing the geometry
and location of water molecule inside the CNTs. The energy
versus water-wall distance during the optimization process
is shown in Figure 1. In all configurations, the energy of the
water molecule near the CNT wall was high and decreased
exponentially to reach stable region few angstroms away from
thewall depending on theCNT type or size.The optimization
process showed that, at the neighborhood of the wall, there is
a skin layer where water molecules suffer a strong repulsion,
which is characterized by the point after which the energy
of the system reaches saturation, and its thickness will be

denoted by (𝜆) and defined as the distance from the CNT
wall with the energy 10% more than the optimized geometry
energy.

This means the water molecule at a distance larger than 𝜆
from the wall will be energetically more stable and can move
with minimum repulsion with CNT inside this region. The
area of this region will be called effective area𝐴eff of the CNT
and can be calculated by

𝐴eff = 𝜋((
𝑑

2

) − 𝜆)

2

, (8)

where 𝑑 is the diameter of CNT.
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Figure 2: HOMO and LUMO of the CNTs and water at the optimized geometry.

The values of𝐴eff are shown in Table 1. As a general trend,
𝐴eff increases, but not linearly, with the increase of the CNT
diameter.

The electronic configuration densities of the HOMO and
the LUMO of CNT and water at optimized geometry are
shown in Figure 2. The molecular orbital shows that in case
of armchair, the HOMO is mainly due to the water molecule
and that the LUMO is mainly due to CNT. The HOMO
in (5,5) CNT does not show any interaction between CNT
and water orbital, whereas in case of (6,6) and (7,7) CNTs,
a more clear interaction is evident. All the zigzag HOMO
and LUMOCNTs showminimum interact between CNT and
water molecule except for the LUMO of the (8,0) CNT where
strong interaction occurs which can be related to the smallest
diameter of (8,0) among all the studied CNTs.

At the optimized geometry, the energetics at the Γ point
is summarized in Table 2 for CNTs. Different shapes of CNTs
have shown to possess almost the same electronegativity.The
band gap increases with the CNT diameter in the armchair
CNT, while it decreases as the CNT diameter increases in
zigzag CNT.

The optimized water molecule has a band gap of 9.357 eV
and a hardness 𝜂 of 4.679 eV. Armchair CNTs are much
harder than zigzag CNTs. The hardness of armchair CNTs
increases from2.58 eV to 2.75 eVwith the increase of theCNT
diameter. The zigzag CNTs hardness is 0.8 eV and 0.7 eV for
the (8,0) and (10,0), respectively, and moreover the hardness

Table 1: The diameter, 𝜆, and 𝐴 eff for different CNTs.

CNT 𝑑 (Å) 𝜆 (Å) 𝑟eff (Å) 𝐴eff (Å)
(5, 5) 6.8 2.8 0.6 1.1
(6, 6) 8.1 2.3 1.8 9.8
(7, 7) 9.5 2.3 2.5 18.8
(8, 0) 6.3 2.7 0.4 0.6
(10, 0) 7.9 2.9 1.0 3.2
(12, 0) 9.4 2.4 2.3 16.6

of (12,0) CNT is very low compared to the other CNTs
with value of 0.1 eV. These values suggest that the interaction
between water and armchair CNTs increases with diameter,
but for zigzag CNTs it decreases with diameter.

Upon adding the water molecule to the CNTs, the band
gap has been reduced dramatically in the armchair CNTs
while remaining unchanged in the case of zigzag CNTs which
reflects the fact that the interaction, taking place in the
armchair CNTs, is much higher than that taking place in
case of zigzag CNTs. The values of band gap for optimized
geometry of CNT and water and the change of band gap and
the interaction energy are shown in Table 3.

The interaction energy shows the expected trend obtained
from hardness values. The calculated interaction energy
increases with diameter for armchair CNTs, but it decreases
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Table 2: The energy of CNT, 𝐸HOMO, 𝐸LUMO, band gap, electronegativity, and hardness.

CNT 𝐸 (eV) 𝐸HOMO (eV) 𝐸LUMO (eV) Δ𝐸 (eV) 𝜒 (eV) 𝜂 (eV)
(5, 5) −20625.723 −7.037 −1.885 5.152 4.461 2.576
(6, 6) −24752.264 −7.216 −1.844 5.372 4.530 2.686
(7, 7) −28878.628 −7.329 −1.829 5.500 4.579 2.750
(8, 0) −33000.144 −5.068 −3.391 1.677 4.229 0.839
(10, 0) −41253.453 −5.139 −3.664 1.475 4.401 0.737
(12, 0) −49506.114 −4.490 −4.262 0.228 4.376 0.114

Table 3: The energy of CNT with water, 𝐸HOMO, 𝐸LUMO, band gap, the interaction energy (𝐸int), and the change in band gap.

CNT 𝐸water+CNT (eV) HOMO (eV) LUMO (eV) Δ𝐸 (eV) 𝐸int (Kcal/mol) 𝛿Δ𝐸 (eV)
(5, 5) −22693.537 −4.467 −1.923 2.544 3.634 2.608
(6, 6) −26819.828 −6.179 −1.819 4.360 −4.738 1.013
(7, 7) −30946.226 −6.604 −1.818 4.786 −5.543 0.714
(8, 0) −35067.597 −5.059 −3.428 1.631 −2.185 0.046
(10, 0) −43320.898 −5.138 −3.667 1.471 −2.001 0.004
(12, 0) −51573.369 −4.483 −4.275 0.207 2.829 0.021

Table 4: The required pressure to complete RO process.

CNT Diameter (Å) 𝑉 (Å3) 𝑃 (MPa)
(5, 5) 6.785 88.7503758 285
(6, 6) 8.142 127.8005411 258
(7, 7) 9.499 173.9507366 221
(8, 0) 6.268 139.7187241 109
(10, 0) 7.834 218.3105064 64
(12, 0) 9.401 314.3671292 62

for zigzag CNTs. The interaction energy, hardness, and
change in band gap show that the interaction of water with
armchair CNTs is larger than that with zigzag CNTs. This
suggests that zigzag CNTs are more efficient for RO water
desalination process than armchair CNTs. The interaction
energy between water and zigzag CNTs decreases with
diameter from attractive in case of (8,0) CNT to repulsive in
case of (12,0) CNT.

The calculations for the required pressure to complete
the RO process are summarized in Table 4. The pressure was
found to be in the range 200–300MPa for the armchair CNTs,
which is the value used in the molecular dynamics simu-
lations to get accurate results without significant statistical
errors [18]. The pressure for zigzag CNTs was found to be
in the range of 60–110MPa, which clearly verifies the same
result, that zigzag CNTs are better for RO than armchair
CNTs.

4. Summary

DFT calculation was performed to view the interaction
between the CNT and water during the desalination process
using CNT. It is shown that the water molecule suffers a
strong repulsion at the wall neighborhood; few angstroms
away from the wall, the water molecule has weak interaction
that needs to be overcome by hydrostatic pressure of values

in the range of 200MPa for armchair CNTs, and this value
could be reduced to 60MPa when using zigzag CNTs. The
calculation concludes that zigzag CNTs are more efficient for
RO water desalination process over armchair CNTs.

Among zigzag CNTs, (10,0) and (12,0) CNTs might be
more suitable for the desalination process than (8,0) CNT
since they require less pressure and have a smaller change
in band gap. The fact that as the diameter increases the
salt rejection decreases provides that (10,0) CNT is more
selective for water than (12,0) CNT. Molecular dynamics
studies showed that 100% salt rejection for (5,5) and 95% salt
rejection for (7,7) are realizable [18]. Also (12,0) CNT has
almost the same diameter as (7,7) CNT suggesting a similar
salt rejection behavior.The calculated pressure and change in
band gap for (12,0) and (10,0) CNTs are very similar andmuch
better than those of (8,0) CNT, since the absolute value of the
binding energy for (10,0) CNT is smaller than that of (12,0)
and (8,0) CNTs. These data strongly recommend the use of
(10,0)CNT forwater desalination process since it provides the
weakest interaction with water among all the studied CNTs
enabling a better flow rate of water inside the CNT.
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