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Water-methanol separation with carbon nanotubes
and electric fields’

Winarto,* Daisuke Takaiwa,” Eiji Yamamoto,* and Kenji Yasuoka®*

Methanol is used in various applications, such as for fuel of transportation vehicles, fuel cells, and
in chemical industrial processes. Conventionally, separation of methanol from aqueous solution
is by distillation. However, this method consumes a large amount of energy, hence development
of a new method is needed. In this work, molecular dynamics simulations are performed to inves-
tigate the effect of an electric field on water—methanol separation by carbon nanotubes (CNTs)
with diameters of 0.81 to 4.07 nm. Without an electric field, methanol molecules fill the CNTs
in preference to water molecules. The preference of methanol to occupy the CNTs over water
results in a separation effect. This separation effect is strong for small CNT diameters and signif-
icantly decreases with increasing diameter. In contrast, under an electric field, water molecules
strongly prefer to occupy the CNTs over methanol molecules, resulting in a separation effect for
water. More interestingly, the separation effect for water does not decrease with increasing CNT
diameter. Formation of water structures in CNTs induced by an electric field has an important role

in the separation of water from methanol.

1 Introduction

Methanol is used as an alternative energy resource to reduce the
use of fossil fuels~3. Methanol blended with gasoline improves
the thermal efficiency of engines and reduces the emission of ex-

haust gas*~7.

Another application of methanol is in fuel cells
to directly convert chemical energy to electric energy, and offers
clean energy conversion®!1. In addition, methanol is important
in chemical industrial processes 12.

As renewable energy, methanol can be produced by fermenta-
tion of biomass, such as corn, sugarcane, sorghum, and microal-

13-16 " 1n the production processes, separation of methanol

gae
from aqueous solution is required. Conventionally, methanol
is separated from aqueous solution by distillation, but this pro-
cess consumes large amounts of energy !7-18,
methods have been developed and applied, such as pervapora-
19-21 " adsorption to zeolite 22-24

liquids26-27, and filtering with nanotubes28. However, it is still a

Some alternative

tion , gas stripping2®, using ionic
challenge to develop an innovative technique to more effectively
separate methanol from aqueous solution.

In the recent years, carbon nanotubes (CNTs) have shown

promise as separation membranes for gas 2%%0 desalina-
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1 Electronic Supplementary Information (ESI) available: Molecules structures in
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tion31-33 | gas—water 34, and organics-water separation3>. More-

over, study of the separation of methanol from aqueous solution
with CNTs has attracted considerable attention. Under a chemi-
cal potential gradient, methanol molecules flow through CNTs in
preference to water molecules 3, Modification of CNT hydropho-
bicity by attaching carboxyl acid (COOH) groups on the inner
wall of the CNTs slightly increases the selectivity of methanol
molecules over water molecules 3. When CNTs are immersed in
water-methanol solution, methanol molecules preferentially fill
and occupy the CNTs over water molecules, resulting in a sep-
aration effect3”. However, the selectivity significantly decreases
with increasing CNT diameter3?. Immersing CNTs in methanol
and other alcohol solutions shows that the selectivity for alcohols
over water in occupying CNTs also depends on the number of
alcohol-carbon atoms?38.

Water confined in nanoscale space under electric field has many
interesting properties which is very important for nanotechnology
and biological science. A significant number of studies concerned
with effects of electric field of the order up to 8 V/nm on wa-
ter confined in CNTs and between two-plates were reported re-
cently3946, The strength of that field is still comparable with
the typical field in biological transmembrane channel, which is
0.06 to 0.3 V/nm*“7-48, Moreover, various strategies to explore
the field effects for developing nanofluidic devices have been re-
ported as well. Nanopumping can be obtained by employing
time-dependent, vibration, and rotating electric field*®-52. In-
troducing electric field along CNT can enhance reverse osmosis
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for water purification®3. The axial field can control dynamics of
water molecules in CNT to induce flow >4,

In this work, we investigated the separation of water and
methanol from water-methanol solutions with CNTs with and
without an axial electric field using molecular dynamics (MD)
simulations. We investigate the effect of an electric field on
the selectivity of a water-methanol mixture flowing into (6,6)
to (30,30) CNTs. In the absence of an electric field, methanol
molecules preferentially enter and occupy the CNTs over water
molecules, resulting in a separation effect for methanol. How-
ever, the separation effect for methanol is only strong for small
CNT diameter and considerably decreases with increasing CNT
diameter. In contrast, when an electric field is applied, water
molecules strongly prefer to enter and occupy the CNTs over
methanol molecules, which produces a separation effect for wa-
ter. More importantly, the selectivity for water molecules does not
depend on the CNT diameter, indicating a strong separation effect
for water.

2 Methods

Similar to our previous study>>, the simulation system consisted
of a CNT, two graphene sheets, and water—-methanol reservoirs
on both sides (Figure 1A and B), which differs from other stud-
ies3738  In the simulation system, the length of the CNT was
2.95 nm with various diameters: 0.81, 0.95, 1.08, 1.22, 1.36,
1.63, 2.03, 2.71, 3.39, and 4.07 nm for (6,6), (7,7), (8,8), (9,9),
(10,10), (12,12), (15,15), (20,20), (25,25), and (30,30) CNTS, re-
spectively. The reservoirs were filled with a mixture of water
and methanol molecules. In the reservoirs, we considered mole
fractions of water molecules (¥water) of 0.81 and 0.19, which are
equivalent to 70% and 12% mass fractions, respectively. Periodic
boundary conditions were applied in all directions (x, y, and z
axes).

The SPC model3® was used for water and the OPLS united-
atom potentials>7-58
atom force field has been widely used for molecular simula-
tion studies3637°9. The Lennard—Jones (LJ) parameters are
0o = 0.3166 nm and &p = 0.6500 kJ/mol for the oxygen of wa-
ter, oc = 0.3400 nm and &- = 0.3612 kJ/mol for carbon of the
CNT, 6o = 0.3070 nm and &5 = 0.7113 kJ/mol for the oxygen of
methanol, and ocy, = 0.3775 nm and ecp, = 0.8661 kJ/mol for
CHj; (methyl). The LJ parameters for determining the interac-
tions between different atoms were calculated with the combina-
tion rule oy = (Gicrj)% and g; = (Sisj)%. A homogeneous electric
field of up to E = 2 V/nm was applied in the direction of the
positive z axis. Here, the magnitude of the electric field was still
lower than the threshold value of E = 3.5 V/nm where dissoci-
0 and within the range of an

were used for methanol. The OPLS united-

ation of water molecules occurs
experimental study of graphene 1.

The MD simulations were carried out using GROMACS 4.5.5
software 62,
1.5 nm, and electrostatics interactions were treated using the
particle mesh Ewald method®® with the real space cutoff set to
1.5 nm. The length of the chemical bonds of the water and
methanol molecules and the angles between the bonds were kept

constant with the SHAKE algorithm®. The CNTs and graphene

The van der Waals interactions were cut off at
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were made rigid by fixing the lengths and angles of the chemical
bonds. The simulations were performed with NLL,P,T, where
the temperature (T) was kept at 300 K with the Nosé-Hoover cou-
pling scheme 5%:6¢, The pressure in the axial direction (z axis) was
maintained at 0.1 MPa using the Parrinello-Rahman technique 7.
The time step was set to 2 fs and the simulations were run for a
minimum of 25 ns, where the systems reached an equilibrium
state at around 2 ns.

Q Reservoir's:

Fig. 1 (A) Molecular dynamics (MD) simulation system consisting of two
graphene sheets, a CNT, and reservoirs filled with a water—-methanol
mixiure. (B) Magnified image of the MD system. A homogeneous
electric field E was applied in the z axis direction.

3 Results and discussion

To determine the preferential occupancy of molecules in the
CNTs, we calculated the mole fractions in the CNTs and com-
pared them with those in the reservoirs, as shown in Figure 2.
With no electric field (i.e., E = 0 V/nm), Ywater in the CNTs is
lower (Or Ymethanol i the CNTs is higher) than that in the reser-
voirs for both Ywaer = 0.81 and 0.19 (black dotted lines) in the
reservoirs, as shown in Figure 2A and B, respectively. The pref-
erence for methanol molecules to occupy the CNTs over water
molecules produces a separation effect for methanol. This sepa-
ration effect is strong for the (6,6) CNT. Howevey, it significantly
decreases with increasing CNT diameter, confirming the results of
a previous study>”.

In contrast, with an electric field, water molecules occupy the
CNTs in preference to methanol molecules. With E = 0.25 V/nm,
Kwater in the CNTs increases with increasing CNT diameter. With
the stronger electric fields of E = 1 V/nm and 2 V/nm, Ywater =
1.0 for all CNT diameters (Figure 2A). In Figure 2B, even though
Kwater il the reservoirs is very low (0.19), ¥water = 1.0 in the CNTs
with 2 V/nm for (6,6) to (15,15) CNTs. For the larger CNT di-
ameters, it slightly decreases to 0.95, 0.99, and 0.86 for (20,20),
(25,25), and (30,30) CNTs, respectively. These results indicate
that an electric field makes the preference for water molecules in
the CNTs very strong. As a result, it produces a strong separa-
tion effect for water. Moreover, the separation effect for water is
strong for a wide range of CNT diameters. This is advantageous
because practical synthesis of CNTs results in various diameters,

This journal is © The Royal Society of Chemistry [year]

Page 2 of 7



Page 3 of 7

Nanoscale
and not uniformly small CNTs %870, A
10
A ot - 10 2 102
0.8 | -yl e 102 5 104 %
= g 6,6) —=—  (15,15) =
5 L i = 7,7) == (20,20 J
§§3 0.6 04 ;E ES,S; —— 525,25; e | 00 F
9,0) —=—  (30,30) —=—
X 04 1 0.6 ?;é (10(,10)) (inres). """ 108
(12,12)
L 0V/am =—%— 1 V/nm | J
0.2 025 Viim —s—= 2 V/nm --m- 0.8 B OFr . . . . (1)'0
0 ki 0.5 V/nm in res. ===== 110
B 1.0 | ewsmm-—me—me. —— - 40 102
. . =
0.8 102 e 104 2
—_— X | o
5 06 f 104 2 0.6 &
Z E 1038
x - i .
04 )’f/}\*/‘\. 06 XS 1.0
02 ¥ 1 0.8 ’
1, 0 0.5 1.0 15 20
0 L} s . ! L1 1.0 E [V/nm]
0.8 1.6 2.4 3.2 4.0
dCNT [nm] Fig. 3 Dependency of Xwater (OF Xmethanol) ON the eleciric field strength

Fig. 2 Mole fraction inside CNTs in the diameter range 0.81-4.07 nm
with E =0, 0.25, 0.5, 1, and 2 V/nm. The left vertical axis shows the
mole fraction of water molecules (xwater) @and the right axis shows the
mole fraction of methanol molecules (¥methanol)- {(A) Xwater = 0.81 (black
dotted line) in the reservoirs and (B) Ywater = 0.19 (black dotted line) in
the reservoirs. The error bars represent the standard deviation.

The separation effect for water in the CNTs is clear by plotting
Xwater against E, as shown in Figure 3. With E = 0.25 V/nm, the
electric field effect is observed, where Ywater in the CNTs is high,
except for CNT (6,6). For E = 0.5 V/nm, Ywaer = 1.0in (7,7) to
(30,30) CNTs, but in the (6,6) CNT it is still very low (Figure 3A).
Similarly, for Ywaer = 0.19 in the reservoir and E = 0.5 V/nm,
Xwater 1S high in all of the CNTs, except for the (6,6) CNT (Fig-
ure 3B). The electric field effect in the (6,6) CNT is strong for
E > 1 V/nm. The results in Figure 3 show that for E < 0.5 V/nm
the electric field effect on water-methanol separation in the (6,6)
CNT is weaker than that in the other CNTs. Methanol molecules
in the (6,6) CNT are more stable than water molecules, as seen
in the case with no electric field. This strongly depends on the
water molecule structure in the CNTs, which will be discussed in
the following paragraph.

Figure 4 shows snapshots of the structures of molecules in the
(8,8) CNT with E = 0, 0.25, 0.5, and 2 V/nm. With E = 0 and
0.25 V/nm, both water and methanol molecules occupy the CNTs.
With stronger electric fields (E = 0.5 and 2 V/nm), only wa-
ter molecules occupy the CNT. Interestingly, the water molecules
form helical structures, which are ordered solid-like structures.
These structures are ice-nanotube structures induced by the elec-
tric fields 40424455 Ag previously reported, the dipole moments
of water molecules align parallel to the electric field, increasing
the density of water molecules in the CNTs and inducing the for-
mation of ordered solid-like structures3?>>. Although the water
molecules form solid-like structures in the CNTs, but permeation
analysis showed that they can flow like liquid>>. The formation of

This journal is © The Royal Society of Chemistry [year]

(E) in (6,6)—(30,30) CNTs. (A) Xwater = 0.81 (black dotted line) in the
reservoirs. (B) xwaer = 0.19 (black dotted line) in the reservoirs.

ordered structures induced by an electric field plays an important
role in the separation of water—-methanol solution. The ordered
structures can be helical or non-helical depending on the CNT
diameter and strength of the field. As an example, structure in
(10,10) CNT with 1 V/nm is helical, and with 2 V/nm it is not he-
lical where the structure index is n = m >>. Snapshots of structures
in (7,7) to (30,30) CNTs with 2 V/nm are shown in Figure S1 (see
Supplementary Information).

To investigate the formation of the ordered structures, we cal-
culated the radial density distributions of the atoms in the CNTs.
For the (8,8) CNT with E = 0.25 V/nm, Ywater = 0.67 in the CNT
(Figure 5A and B). Water and methanol molecules are concen-
trated in a narrow region around the center axis of the CNT.
The orthographic projection of the snapshot in Figure 5B con-
firms the results. With no electric field, the radial density dis-
tribution shows the same tendency as E = 0.25 V/nm. For an
electric field of E > 0.5 V/nm, the width of the peak of the distri-
bution is narrower and the peak position shifts towards the CNT
(see Figures S2 and S3 in the Supplementary Information)t.

An electric field aligns the orientation of the water and
methanol molecules. For the water molecules, because they have
the same orientation and are close together, it is easy to form
an ordered hydrogen bonded network. Unlike water molecules,
methanol molecules are not symmetrical. Moreover, for bulk
methanol, hydrogen bonds only form between the oxygen and
hydrogen atoms, while it is difficult for the methyl groups to form
7172 Thus, methanol molecules in the CNTs
cannot form an ordered hydrogen bonded network with all of
their atoms, such as that formed by water molecules. The num-
ber of hydrogen bonds per methanol molecule in the methanol
molecule structure is less than the number of hydrogen bonds per
water molecule in the water molecule structure. In other words,

hydrogen bonds

Journal Name, [year], [vol.], 1-7 |3
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CNT (8,8), 0 V/nm

CNT (8,8), 0.25 V/nm

Fig. 4 Structures of molecules in the (8,8) CNT with E = 0, 0.25, 0.5,
and 2 V/nm. Red and white atoms denote water molecules. Methanol
molecules are represented by yellow, green, and pink for oxygen,
hydrogen, and methyl, respectively. xwater = 0.81 in the reservoirs.

the water molecule structures are more stable than the methanol
molecule structures in CNTs under an electric field.

Two-dimensional (2D) structures of the molecules in the (8,8)
CNT for E = 0, 0.25, and 0.5 V/nm are shown in Figure 6. All
of the atoms in the CNT were radially projected on the tube sur-
face, as shown in Figure 5. The 2D structures were obtained by
unrolling the tube. The directions of the dipole moments of both
water and methanol molecules with E = 0.25 V/nm are more
uniform than with no electric field. For E = 0.25 V/nm, it is
noticeable that the water molecules begin to form a hydrogen
bonded network, whereas methanol molecules form a linear hy-
drogen bonded structure where only the oxygen and hydrogen
atoms form hydrogen bonds with neighboring molecules. The
methyl groups do not contribute to the hydrogen bonded net-
work. With E = 0.5 V/nm, the density of water molecules in the
CNT increases compared with no electric field, and they form an
ordered hydrogen bonded network with the (4,2) ice structure.

Under an electric field and confined between the CNT walls,
the water molecule structures in the CNTs are stable. Moreover,
the electric field increases the density of water molecules in the
CNTs compared with no electric field. This removes methanol
molecules from the CNTs, and the methanol molecules cannot
disrupt the water structures to permeate into the CNTs from the
reservoirs. Confinement between the CNT walls is weaker with
increasing CNT diameter. The stability of the water structures
decrease with increasing CNT diameter. As a result, the sepa-
ration effect for water decreases with increasing CNT diameter
(Figure 2B).

Figure 3 shows that the separation effect for water with an elec-
tric field of E < 0.5 V/nm in the (6,6) CNT is weaker than that in
the larger CNTs. The water structure in a narrow CNT, such as
CNT (6,6), is a single-file structure7>~7°, This means that water

4| Journal Name, [year], [vol.],1—7
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Fig. 5 Radial density distribution of atoms in the (8,8) CNT with E =
0.25 V/nm and xwaer = 0.81 in the reservoirs for (A) water molecules,
and (B) methanol molecules. O-water, H-water, O-methanol, and
H-methanol indicate oxygen and hydrogen atoms of the water and
methanol molecules. Water and methanol molecules are concentrated
in a narrow region in the radial direction, as confirmed by the snapshot
in (B).

molecules form a linear hydrogen bonded structure. Only one
hydrogen atom of a water molecule forms a hydrogen bond with
another water molecule. Thus, the maximum number of hydro-
gen bonds per water molecule is two. This differs from the water
structures in the wider CNTs, where both hydrogen atoms of a
water molecule can form hydrogen bonds with other molecules,
making the water structures stable. As a result, the separation
effect for water in the (6,6) CNT with E < 0.5 V/nm is weaker
than that in the larger CNTs (Figure 3). With E > 1 V/nm, the
water structure in the (6,6) CNT is a zig-zag single-file structure
(see Figure S4 in the Supplementary Information)j. As shown
in Figure S4, for E = 0-0.5 V/nm, methanol molecules prefer to
fill the (6,6) CNT with single-file structures. For E = 1 V/nm,
water molecules rather than methanol molecules occupy the CNT
and form a zig-zag structure. The dipole moments of the water
molecules are aligned parallel to the electric field with hydrogen
bonds between water molecules, which makes the structure more
stable than methanol molecule structures. With a stronger field of
E = 2 V/nm, the density of water molecules in the CNT is higher
than with weaker electric fields.

To clarify the separation process, we performed additional sim-
ulation by filling the reservoir with methanol molecules only (the
system consisted of CNT, graphene, and methanol). We investi-
gated the effect of electric field on the methanol molecules in-
side CNTs and compared with that on water molecules. (See
Figure S5-S11 and Table S1-S3 in the Supplementary Informa-
tion for more detail)7. Electric field aligns the dipole moment
of methanol molecules parallel to the field. As a result, occu-

This journal is © The Royal Society of Chemistry [year]
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0 V/nm

0.25 V/nm 0.5 V/nm

Fig. 6 Two-dimensional structures of molecules in the (8,8) CNT for E =
0, 0.25 and 0.5 V/nM. Ywaer = 0.81 in the reservoirs.

pancy of methanol molecules in CNTs increases even in a small
(6,6) CNT. Methanol molecules prefer to fill in the CNTs under
the electric field. Those results are same as effect of the field on
water molecules. Difference of potential energy in CNT (Ucnr)
and in the reservoir (Ures), AU = Ucnt — Ures, decreases with the
field. That facilitates water and methanol molecules to fill into
CNT. Thus, the potential energy analysis supports the notion that
water and methanol molecules prefer to occupy in the CNT under
the electric field.

As shown in the previous study 7, the van der Waals attraction
for methanol-CNT is stronger than that for water—-CNT. The at-
traction for methanol-CNT decreases slightly with electric field.
In contrast, with electric field, van der Waals interaction between
water and CNT becomes repulsive. This implies that preferential
occupancy of water molecules in CNTs over methanol molecules is
not due to the interaction of water—-CNT. The result suggests that
hydrogen bond network in the water structure is a key factor for
the separation effect with electric field. Because methyl groups
cannot form hydrogen bond, the average number of hydrogen
bond per molecule for water is larger than that for methanol,
which are 2.77 and 1.83 in (8,8) CNT with 2 V/nm, respec-
tively. Moreover, water molecules structure consists of some line-
structures that are hydrogen bonded to each other, such as a net
structure. Meanwhile, methanol molecules structure is composed
of independent line-structures that are not hydrogen bonded to
one another. As a result, water structure in CNTs is more stable
than methanol structure. With 2 V/nm, AU of coulomb potential
energy per molecule for water is lower than that for methanol,
which are —31.55 kJ/mol and —17.97 kJ/mol, respectively. Those
data imply that electrostatic interaction in the water structure is
stronger than that in the methanol structure.

Structure of water molecules confined in nano space is strongly
influenced by orientation of electric field. The axial field induces
the formation of ordered structures, whereas perpendicular elec-
tric field disrupts hydrogen bond structure in CNT7® and between
two parallel plates’”. Thus, the separation effect could be af-
fected by changing the direction of electric field.

To determine the electric field effect on the mole fraction in the
CNTs, we calculated the axial density distributions of the atoms

This journal is © The Royal Society of Chemistry [year]
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Fig. 7 Axial density distribution of the atoms of water and methanol
molecules: (A) E=0V/nm, (B) E=0.25V/nm, and (C) E=1 V/nm.
The simulation system was a (8,8) CNT with Yyaer = 0.81 in the
reservoirs. Only the region from O—rcnt (CNT radius) from the center
axis in the z direction was considered in the calculation, as shown by the
dark area. The vertical black dotted lines show the positions of the
graphene sheets. O-water and O-methanol denote oxygen atoms of
water and methanol, respectively.

around the original z axis (Figure 7). We considered water and
methanol molecules in the region from O to rent (CNT radius),
as shown by the dark area in Figure 7B. As shown in Figure 7A,
for no electric field, the density of methanol molecules near the
CNT entrance (vertical black dotted line) is much higher than
that in the reservoir region. On the other hand, the density of
water molecules is much lower than that in the reservoirs. This
is because the van der Waals attraction between the CNT (and
graphene) and methanol molecules is stronger than between the
CNT (and graphene) and water molecules®?. For E = 0.25 V/nm,
the effect of the electric field on the mole fraction in the CNT
occurs and Ywater increases (Figure 7B). However, under these
conditions, Ywater in the CNT is not uniform, where Ywaeer in the
right region is higher than that in the left region. As expected,
under an electric field, the density of methanol near the right en-
trance to the CNT is lower than that near the left entrance. On
the other hand, the density of water near the right side is higher
than that near the left side. That makes ¥yater in the right region
of the CNT higher than that in the left region. Under an elec-
tric field, the dipole moments of water and methanol molecules

Journal Name, [year], [vol.], 1-7 |5



Nanoscale

are parallel to the field. The methyl group of methanol is far
away from the right graphene sheet but close to the left graphene
sheet. Thus, the van der Waals interactions between the right
sheet and the methanol molecules are weaker. As a result, the
density of methanol molecules near the right sheet is lower than
that near the left sheet. This can affect the mole fraction in the
CNTs. With the higher electric field of 1 V/nm, the condition com-
pletely changes, where the densities of water molecules near the
entrances at both sides are much higher than that in the reservoir
region (Figure 7C). Consequently, only water molecules occupy
the CNT.

4 Conclusions

MD simulations have been performed to a system consisting of
a CNT, graphene sheets, and water-methanol reservoirs to in-
vestigate the effect of electric fields on the separation of water
and methanol molecules. Without an electric field, methanol
molecules fill the CNTs in preference to water molecules, result-
ing in a separation effect for methanol. However, the separation
for methanol significantly decreases with increasing CNT diame-
ter. In contrast, under an electric field, water molecules occupy
the CNTs in preference to methanol molecules. The preference
for water molecules to flow through the CNTs over methanol
molecules produces a separation effect for water. Interestingly,
the separation effect for water is strong and does not significantly
depend on the CNT diameter. The electric field induces the for-
mation of ordered structures of water molecules in the CNTs. This
makes the number of hydrogen bonds per molecule for the water
molecule structures higher than that for the methanol molecule
structures. Consequently, the water molecule structures are stable
and methanol molecules are removed from the CNTs. Moreover,
methanol molecules from the reservoirs cannot disrupt the water
molecule structures and permeate into the CNTs.
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