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Carbon nanotube (CNT) membranes have long been considered as next-generation membranes due to

superfast water transport inside tubes. However, a large pressure loss occurs at the pore mouth, and con-

sequently water transport through the whole tubes is significantly retarded. To find out the reason behind

this, we conduct systematic non-equilibrium molecular dynamics (NEMD) simulations on water transport

through CNT membranes with various tube diameters and lengths. The whole transport resistance is con-

tributed by the interfacial and interior parts, and the interfacial contribution plays a dominating role in

short tubes and only can be ignored when the tube length reaches a scale of several micrometers. With

regard to the origin of the interfacial resistance, the hydrogen bonding rearrangement (HBR) effect

accounts for at least 45%, and the rest is attributed to the geometrical or steric crowding of water mole-

cules near the pore mouth. To reduce the dominant interfacial resistance, we change the shape of the

pore mouth from plate to hourglass by mimicking the aquaporin water channels. The interfacial resistance

is thus decreased by >27%. It is also found that the reduction is originated from the optimized HBR rather

than the subdued steric crowding of water molecules near the pore mouth.

1. Introduction

Membrane separation provides an environment friendly and
energy-efficient method for water treatment, which is distin-
guished from many other technologies.1 Although the mem-
brane technology is widely used in industry, the pursuit of the
enhanced permeability of a membrane is never-ending. It is
generally realized that such an enhancement is usually at the
expense of the selectivity. To break the trade-off between per-
meability and selectivity, new membranes are explored so as to
replace the traditional membranes.2 Among them, carbon
nanotube (CNT) membranes have drawn much attention since
the superfast transport of water molecules through CNTs was
discovered by Hummer et al.3 The experimentally observed
flow rate in CNT membranes was reported to be several orders
of magnitude greater than the value predicted by the classical
hydrodynamics.4–6 Due to the superfast water transport, as
well as their superior mechanical and chemical stabilities,7,8

CNTs are considered as one of the most promising candidates
for next-generation membranes.

It is widely accepted that the superfast water transport
usually occurs when the diameter of CNTs is no more than
several nanometers. The enhancement factor, defined as the
ratio of the measured flow rate to the predicted value with
Hagen–Poiseuille (HP) equation, is regarded as an important
parameter used to measure this superfast transport.
Experimentally, Secchi et al.9 demonstrated that the enhance-
ment factor was very low in 100 nm-diameter CNTs and
increased to 24 when the diameter decreased to 30 nm. When
the diameter of CNTs decreases, surface effects play an
increasingly important role as water molecules are more likely
to interact with the surface. Consequently, the enhanced
surface transport leads to an increased enhancement factor.
By simulation, Thomas et al.10,11 found that the enhancement
factor increased from 47 to 6500 when tube diameters were
decreased from 4.99 nm to 0.81 nm. Holt et al.4 prepared CNT
membranes with a mean diameter of 1.6 nm and calculated
that their enhancement factor was 560–9600. These exponen-
tial permeabilities are attributed to the nearly frictionless flow
inside CNTs.4,12,13

However, a number of studies reported that a large pressure
loss occurred at the pore mouth of CNT membranes having
small tube diameters.14–16 This so-called entrance effect
should not be ignored, especially for membranes with low-fric-
tion or short channels. In comparison with that in hydrophilic
pores, the interfacial resistance that resulted from the entrance
effect would be larger in the hydrophobic CNT pores.17,18 Suk
and Aluru15 observed that the enhancement factor was
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strongly weakened by the entrance effect when the membrane
thickness was less than 1 μm. Nicholls et al.16 found that water
flux in 0.95 nm-diameter CNT membranes was independent of
the membrane thickness ranging from 2 to 50 nm, implying
that the whole transport resistance was determined by the
interfacial resistance. A large pressure loss at the pore mouth
would hinder water molecules entering into CNTs19 and even
lead to non-wetting of membranes at experimental pressure
drops (ΔPs).20 In addition, as the interior friction decreases
with decreased diameters,13 the interfacial resistance will
make an increasingly large contribution to the whole transport
resistance.21

Therefore, it is obvious that the decrease in the CNT dia-
meter takes two opposite effects at the same time: the enhance-
ment of water transport inside CNTs and the hindrance of
water molecules entering into CNTs. To maintain the higher
enhancement factor while facilitating water to enter the CNT
membranes, identifying the sources of the interfacial resistance
and finding effective ways to depress it is of great significance
for the design and experimental realization of superfast CNT
membranes. However, taking the entrance effect into consider-
ation, there is no equation that can reliably predict the flow rate
when the diameter of CNTs is <1.66 nm.10,11 In this ultra-con-
fined environment, non-equilibrium molecular dynamics
(NEMD) simulations will provide a comprehensive understand-
ing of transport properties, including both molecular details
and macroscopic behaviors of fluids (e.g. flux).

Herein, we conduct systematic NEMD simulations on water
transport through CNT membranes with various tube lengths
and diameters. The relationship between the flow rate (or
transport resistance) and the tube length is established. By
dividing the total resistance into interfacial and interior contri-
butions, the dominant role of interfacial resistance is revealed.
Furthermore, the origin of the interfacial resistance, including
the hydrogen bonding rearrangement and the steric crowding,
is also investigated. To depress the interfacial resistance, the
change of the pore mouth shape from plate to hourglass suc-
cessfully takes effect. The reduction in the interfacial resis-
tance is attributed to optimizing the hydrogen-bonding
rearrangement rather than relieving the steric crowding of
water molecules near the pore mouth. This work is expected to
elucidate the sources of the interfacial resistance and shed
some light on the rational design and experimental realization
of CNT membranes.

2. Simulation details

Taking the case of (6,6) CNT membranes as an example, the
construction of the simulated model is illustrated in Fig. 1.
Similar to most MD simulated studies,14,15,20 two graphene
sheets with holes of the size of the CNT diameter were
regarded as the membrane surfaces standing along the pore
mouth of CNTs. The prepared CNT membrane was placed in
the center separating the two water reservoirs. Systematic
NEMD simulations were performed with various parameters,

including the CNT length ranging from 10 to 100 nm and ΔPs
from 200 to 1000 MPa. (6,6), (10,10), and (14,14) armchair
CNTs were selected and their corresponding tube diameters
were 0.81, 1.35, and 1.90 nm, respectively. The effective dia-
meters are defined as the tube diameters minus double van
der Waals (vdW) radii of the carbon atom,22 corresponding to
0.47, 1.01, and 1.56 nm, respectively. The x and y dimensions
of the simulation box were set to be 3.19 nm and 3.40 nm,
respectively, while the z dimension varied with the CNT
length. The axis of the CNT was parallel to the z axis and the
length of each water reservoir in the z dimension was set to be
2.50 nm. The total number of water molecules in each case
were kept unchanged and they were listed in Table S1.†

All the simulations were performed with the large-scale
atomic/molecular massively parallel simulator (LAMMPS)
program.23 Cubic periodic boundary conditions were applied
in all three dimensions. The SPC/E water model24 was utilized
with the SHAKE algorithm to constrain the bonds and angles.
Electrostatic and Lennard-Jones (LJ) interactions were smoothly
truncated at 1.0 nm. All the LJ cross-interaction parameters were
determined by using the Lorentz–Berthelot mixing rules. The
particle–particle particle–mesh (PPPM) method25 was used for
long-range electrostatic interactions with an accuracy of 10−4.
The interactions between the water molecules and the carbon
atoms were used as the parameters proposed by Werder et al.26

with: σC–O = 0.319 nm, εC–O = 0.392 kJ mol−1, which corresponds
to a water contact angle on a graphene surface of 95° that is
inconsistent with experimental measurements.27,28

NEMD simulations were performed to establish constant
pressure drops across CNT membranes. Before this, equilibrium
MD simulations at 300 K were firstly applied to make sure that
CNTs were filled with water molecules. Following the most
applied “pump method”,14,29,30 water molecules in the selected
1 nm-width region were applied with external forces, as shown in
Fig. 1 (green shaded region). The external forces along the z axis
that create a pressure drop across the membrane are given by,

f ¼ ΔPA
n

ð1Þ

where ΔP is the desired pressure drop, A is the area of the mem-
brane, and n is the total number of water molecules in the
selected region. The external forces would bring a constant
energy input. In order to dissipate excess energy and to perturb
the dynamics of water molecules as little as possible, Berendsen
thermostats were applied to the atoms of CNT membranes and
those in two water reservoirs, while no thermostats on water
molecules inside CNTs. The flexible CNT wall would vibrate

Fig. 1 Snapshot of the simulated water transport through the (6,6) CNT
membrane.
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slightly and remove the excess energy, which is more reasonable
in comparison with the rigid walls.31 The temperature of the
system remained at 300 K. In addition, ∼5% atoms of the CNT
membrane were pinned in their position to avoid it moving
with water molecules in the z direction. The large ΔPs
(200–1000 MPa) used in the NEMD simulations are two orders
of magnitude higher than the experimental values because a
large force leads to a high signal-to-noise ratio, so that the
sampling time is controlled by the simulated scale. The NEMD
simulations ran for an additional 10 ns with a time step of 1 fs.
The first 3 ns was used to let the system reach the steady state
and the last 7 ns was collected for obtaining the water flux and
molecular details. The water flux was calculated by directly
counting the net number of water molecules passing through
the CNT during a span of simulated time.

3. Results and discussion
3.1. The dependence of the water flux on ΔPs and CNT
lengths

Since the flux divided by the ΔP is the permeability, the depen-
dence of the water flux on the ΔPs is firstly investigated to
obtain permeability for each membrane. Fig. 2 shows the pure
water flux (PWF) of the 10 nm-long (6,6) CNT membrane as a
function of ΔPs. The PWF rises from 24.7 to 129 ns−1 while
the ΔP increases from 200 to 1000 MPa, which is in good
agreement with 23.4 ns−1 at 208 MPa obtained by Corry in his
simulation.32 It is obvious that there is a linear and zero axial
relationship between the PWF and the ΔP, which indicates
that the PWF is proportional to the ΔP. This finding obeys
Darcy’s law, which is defined as,

J ¼ kΔP
μL

ð2Þ

where J is the pure water flux, κ is the intrinsic permeability of
the membrane medium, ΔP is the pressure drop through the
membrane, µ = 0.91 × 10−3 Pa s is the dynamic viscosity of
SPC/E water and L is the thickness of the membrane. Even
though the classical continuum framework is broken11 and
the zero axial linear expression is empirical, the dependence of
the water flux on ΔP in all cases in this work obeys eqn (2), as
shown in Fig. S1–S3.† The same relationship was also reported
in the previous studies of CNTs,32 graphene silts30 and polya-
mide (PA) reverse osmosis (RO)33 membranes.

From eqn (2), the PWF should be inversely proportional to
the membrane thickness, which is the CNT length in this
work. However, the dependence of the PWFs on the CNT
length is unexpected as shown in Fig. 3a. In the case of (14,14)
CNT membranes, when the CNT length grows from 10 to
30 nm, there is a slight decline in the PWF. The declining ten-
dency of the PWFs becomes unobvious as the CNT length
grows from 10 to 40 nm in (10,10) CNT membranes. In the
case of (6,6) CNT membranes, no evident decline of PWFs can
be observed with the CNT length increased from 10 to 100 nm.
This unobvious decline of PWFs was also observed in (7,7)
CNT membranes, whose length ranged from 2 to 50 nm.16 The
reason for the almost constant PWF with an increased CNT
length is the nearly frictionless transport inside the CNTs,
which can be negligible in comparison with the dominant
entrance effect.

To compare the inside and entrance/exit resistances of
membranes, we need to distinguish these two types of resist-
ances. From eqn (2), the total resistance (R) can be calculated
as,

R ¼ ΔP
μJ

ð3Þ

To separate the interfacial resistance from the total resis-
tance, we divide the total resistance (Rtotal) into the interfacial
resistance (Rinterfacial) and the interior resistance (Rinterior) as
described in eqn (4a) and (b). Herein, the Rinterfacial is regarded
as a constant value that is independent of the membrane
thickness, while the Rinterior is proportional to the CNT length
because of the homogeneous structure of CNT membranes.

Rtotal ¼ Rinterfacial þ Rinterior ð4aÞ

Rinterior / L ð4bÞ

Based on eqn (3), the Rtotal for each case can be obtained
from the relationship of ΔP with J, which is the slope of the
fitting curves in Fig. S1–S3.† Using eqn (5a)–(d), we could cal-
culate the Rinterfacial and Rinterior based on the Rtotal of CNT
membranes with various lengths, as well as the proportion of
the Rinterfacial in the Rtotal.

Rinterior

L
¼ Rtotal;L1 � Rtotal;L2

L1 � L2
ð5aÞ

Rinterior;L1 ¼
Rinterior

L
L1 ð5bÞFig. 2 PWF of the 10 nm-long (6,6) CNT membranes as a function of

ΔPs. The errors bars represent the standard error.
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Rinterfacial ¼ Rtotal;L1 �
Rinterior

L
L1 ð5cÞ

Rinterfacial

Rtotal;L1
¼ 1� Rinterior

Rtotal;L1
L1

� �
� 100% ð5dÞ

where L is the unit length of the CNT, L1 and L2 are the specific

CNT lengths (L1 > L2),
Rinterior

L
is the Rinterior of the unit length

(L),
Rinterior

L
L1 is the Rinterior of the specific CNT length (L1),

Rinterfacial

Rtotal;L1
is the proportion of Rinterfacial in the Rtotal of the

specific CNT length (L1). The calculated resistances of three
CNT types are shown in Fig. 3b (more details are shown in
Table S2†). In the case of (6,6) CNT membranes, with the CNT
length increased from 10, 50 to 100 nm, the Rtotal changed
from 3.12 × 1012, 3.30 × 1012 to 3.34 × 1012 m−1, respectively.
Meanwhile, the calculated Rinterior increases from 2.52 × 1010,
1.26 × 1011 to 2.52 × 1011 m−1 and the calculated Rinterfacial is
3.12 × 1012 m−1. It is evident that the Rinterfacial is 1–2 orders of
magnitude higher than the Rinterior. The proportion of the
Rinterfacial remains as high as 92%, even though the CNT length
is 100 nm. A similar dominant Rinterfacial was found in the
(10,10) and (14,14) CNT membranes, and an increased dia-
meter would lead to a decreased proportion of the Rinterfacial
with a constant CNT length because of the less confined
environment. By this method, we can establish the relation-
ship between the total resistance and the CNT length, and

further predict the water flux of a membrane with a larger
thickness.

To illuminate the role of the Rinterfacial in the experiment
scale, we present the ratio of the Rinterfacial as a function of the
CNT length in Fig. 4, which is calculated based on eqn (5d). It
is obvious that the Rinterfacial dominates until the CNT length

Fig. 3 (a) PWF as a function of the CNT length at different ΔPs in (6,6), (10,10), and (14,14) CNT membranes, respectively; (b) the Rtotal with the
relationship of the CNT length in the (6,6), (10,10), and (14,14) CNT membranes, respectively. The Rtotal is divided into the Rinterfacial and Rinterior.

Fig. 4 The ratio of the interfacial resistance
Rinterfacial

Rtotal

� �
as a function of

the CNT length. The critical length (lδ) is defined as the length where the
Rinterfacial accounts for 5% and can be negligible.
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grows to ∼1 μm. After that, the ratio of the Rinterfacial experi-
ences a rapid decline. If this ratio is lower than 5%, we assume
that the Rinterfacial can be ignored and the corresponding
length is defined as the critical length (lδ). Herein, the lδ of the
(6,6), (10,10), and (14,14) CNT membranes is 23.5, 18.6, and
6.08 μm, respectively. Since the CNT length determines the
membrane thickness and a thinner membrane is usually
desired, no one expects the thickness of the CNT membrane
larger than several micrometers. Hence, it is necessary to
figure out the sources of the Rinterfacial and to find effective
ways to reduce it.

3.2. The hydrogen bonding rearrangement (HBR) effect on
the Rinterfacial

A hydrogen bond is considered to exist between two water
molecules by the geometrical criterion.30,34 In this work, the
average number of hydrogen bonds per water molecule is cal-
culated as 3.5 in the bulk reservoir and changes to 1.9, 3.1,
and 3.2 inside (6,6), (10,10), and (14,14) CNTs, respectively. It
was also reported that, in an ultra-confined environment,
similar to the layer structure in confined graphene slits, the
water structure inside the CNT exhibits concentric circles (D =
0.95–1.35 nm) and finally the single-file molecular chain (D ≤
0.81 nm).11,35 That is, a highly ordered hydrogen bonding
structure is formed inside CNTs instead of disordered arrange-
ments in bulk water. Thus, in both simulations36 and experi-
ments,37 many researchers pointed that the hydrogen bonding
rearrangement (HBR) played a significant role in the Rinterfacial.
In order to investigate the HBR effect, various compounds that
either strengthened or broke down the intermolecular hydro-
gen bonding network of water were added in the experi-
ments.37 Similarly but more thoroughly, we eliminate the HBR
effect by removing the polarity of water molecules in simu-
lations. Following Strong and Eaves,38 we define “apolar water”
as that has the same parameters like mass, temperature, vdW
potential and so on as the normal water but no partial charges
are applied to the atoms of water. Same as the normal water,
apolar water transport through CNT membranes with different
lengths at different ΔPs was also investigated.

In the case of (6,6) CNT membranes, when the CNT length
increases from 10, 50 to 100 nm, the Rtotal,apolar is 9.09 × 1011,
9.35 × 1011, and 9.52 × 1011 m−1, respectively, which shows a
slight increase. Based on eqn (5a)–(c), the Rinterfacial,apolar is cal-
culated to be 9.06 × 1011 m−1, which shows an apparent
decline in comparison with Rinterfacial,normal = 3.12 × 1012 m−1.
The losing part of the Rinterfacial (Rinterfacial,normal −
Rinterfacial,apolar) should be attributed to the HBR effect. Hence,
as shown in Fig. 7a, the proportion of the HBR effect
Rinterfacial;normal � Rinterfacial;apolar

Rinterfacial;normal

� �
is calculated as 71%, 56%,

and 45% in the Rinterfacial of (6,6), (10,10), and (14,14) CNT
membranes, respectively. Even the bulk-like water structure is
observed inside (14,14) CNTs,11 the HBR effect still accounts
for 45% in the Rinterfacial. Besides, the decreased proportion of
the HBR effect should be caused by the less stringent hydrogen

bonding network with increased diameters. Fortunately, these
results are in good agreement with the recent experimental
results where the HBR effect is dominant in narrow 0.8 nm-
diameter CNT biological membranes, while it becomes weaker
and difficult to make a quantitative analysis with a wider dia-
meter of 1.5 nm.37 It is also believable that the HBR effect will
further decrease and even be negligible as the CNT diameter
increases because the bulk properties of water gradually
become dominant inside CNTs.

3.3. The steric crowding effect on the Rinterfacial

Apart from the HBR effect, there is still the large remaining
Rinterfacial. Based on eqn (5a)–(d), for the apolar water, the pro-
portion of the Rinterfacial,apolar was calculated as 99.5%, 91.0%,
and 94.5% in the 10 nm-long (6,6), (10,10), and (14,14) CNT
membranes, respectively. Besides, for methane gases transport
through CNT membranes, where hydrogen bonds do not exist
between these molecules, the dominant Rinterfacial also exists39

and accounts for >99.8% in a 10 nm-long (10,10) CNT mem-
brane.40 To investigate the source of the remaining Rinterfacial,
we further analyzed normal and apolar water density profiles
in the selected 0.81 nm-diameter cylinder along the z axis in
the 10 nm-long (6,6) CNT membrane at 200 MPa. This selected
region does not include the perpendicular graphene, so that it
can exclude the effect of the membrane surface.

For the normal water (shown in Fig. 5a), the density slightly
fluctuates around 1.1 g cm−3 in the bulk reservoir, and then
jumps to the highest value of 2.4 g cm−3 near the pore
entrance. After eliminating the hydrogen bonding effect, the
apolar water transport in CNT membranes can be treated as a
granular system. As shown in Fig. 5b, the density fluctuation
of apolar water becomes increasingly stronger from the bulk
reservoir to the pore entrance with a highest value of 2.4
g cm−3 near the pore entrance. Comparably, the density fluctu-
ation in the bulk reservoir becomes more apparent in the
system of the apolar water. The same phenomena exist in the
symmetrical exit region. Since the density is not affected by
the membrane surface, this high density of water molecules in
the confined entrance/exit region should be attributed to the
geometrical or steric crowding of water molecules in the
entrance/exit region. For both the apolar water and the normal
water, the same peak density of 2.4 g cm−3 indicates the same
steric crowding state. Besides, as shown in Fig. S4,† the same
tendency of density profiles is also observed in the (10,10) and
(14,14) CNT membranes with a peak density of 1.8 g cm−3 and
1.6 g cm−3, respectively. The lower peak density indicates that
the Rinterfacial from the steric crowding contribution becomes
weak as the diameter increases. This geometrical or steric
crowding of molecules should be the nature of water–carbon
interactions and exist commonly in the system of molecule
transport through CNT membranes.

3.4. Reducing the Rinterfacial by using the hourglass-shaped
pore mouth

Since the origin of the dominant Rinterfacial in CNT membranes
is figured out, we are expected to find effective methods to
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diminish it. Inspired by biological water channels, conical
nanopores were reported to attain higher water fluxes than
cylindrical pores.41,42 Hence, we intend to use this hourglass-
shaped pore mouth to reduce the Rinterfacial. As shown in
Fig. 6, the original plate-shaped pore mouth was tailored to
the hourglass-shaped pore mouth with an opening angle of
45°, a median between 0° of the tubular tubes and 90° of the
plate-shaped pore mouth. In the case of (6,6) CNT membranes,
by changing to the hourglass-shaped pore mouth, the
Rinterfacial decreases by 34%. Furthermore, as shown in Fig. 7a,
the HBR contribution in the Rinterfacial decreases from 2.11 ×
1012 to 1.16 × 1012 m−1, while the steric crowding contribution
is nearly constant around 8.96 × 1011 m−1. Consequently, the
proportion of the HBR effect in the Rinterfacial decreases from
71% to 57%. In (10,10) and (14,14) CNT membranes, the
Rinterfacial decreases by 32% and 27%, respectively, and the
same phenomena are also observed. That is, the hourglass-
shaped pore mouth can effectively reduce the Rinterfacial

because it facilitates the HBR, but does not relieve the steric
crowding of water molecules in the confined entrance/exit
region. This conclusion can be explained by the analysis of
hydrogen bonds and the dipole orientation of water molecules
around the entrance of the (6,6) CNT membrane in the
coming paragraphs.

To observe the changing process around the entrance, axial
hydrogen bonding profiles are investigated. As shown in
Fig. 7b, for the plate-shaped pore mouth, the average number
of hydrogen bonds per molecule maintains at 3.5 in the bulk

reservoir and then decreases with fluctuation near the
entrance and finally drops sharply to 1.9 inside the CNT. For
the hourglass-shaped pore mouth, the average number of
hydrogen bonds drops gradually from 3.5 to 3.0 inside the
hourglass-shaped region and then fluctuates slightly near the
entrance and finally decreases abruptly to 1.9 inside the CNT.
Apparently, the hourglass-shaped region helps water molecules
remove some hydrogen bonds before entering the CNT.

Besides the changes in the average number of hydrogen
bonds, the HBR process also contains the changes of the
dipole orientation of water molecules. The dipole orientation

Fig. 5 Density profiles of the normal (a) and apolar (b) water in the selected 0.81 nm-diameter cylinder along the z axis of the (6,6) CNT membrane.
The region of the CNT and its elongated region into water reservoirs are selected, i.e., the region where the perpendicular graphene sheets located
is excluded. The two gray dashed lines represent the entrance and exit of the membrane. The insets are amplificatory patterns of the entrance
region.

Fig. 6 Snapshot of the water transport through the (6,6) CNT mem-
brane with the hourglass-shaped pore mouth. This pore mouth with an
opening angle of 45° replaces the perpendicular graphene, leading to an
increase in the total membrane thickness of ∼2 nm.

Fig. 7 With the plate-shaped or hourglass-shaped pore mouth, (a) the
HBR and the steric crowding contributions in the Rinterfacial of the (6,6),
(10,10), and (14,14) CNT membranes. The analysis of the HBR around the
entrance of (6,6) CNT membranes: axial hydrogen bonding profiles (b)
and axial dipole orientation profiles (c). The right gray dashed line rep-
resents the entrance position. Between the two gray dashed lines is the
hourglass-shaped entrance region.
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is defined as the angle between the water dipole vector and the
z axis.43 The disordered dipole orientation of water molecules
in the bulk water scatters over 0–180° and the average value
maintains at 90° with a small deviation. While inside the (6,6)
CNT, the ordered dipole orientation of each water molecule is
∼32°.14 As shown in Fig. 7c, axial dipole orientation profiles
around the entrance are also investigated. For the plate-shaped
pore mouth, the dipole orientation maintains 90° in the bulk
reservoir and then slightly increases and finally decreases
abruptly to the ordered 32° inside the CNT. For the hourglass-
shaped pore mouth, the dipole orientation decreases gradually
from 90° in the bulk reservoir to the 32° inside the CNT.
Comparatively, the smoother decline of the dipole orientation
in the hourglass-shaped entrance indicates that it facilitates
water molecules to rearrange the ordered structure before
entering the CNT.

It is obvious that the hourglass-shaped pore mouth effec-
tively reduces the Rinterfacial because it could facilitate the HBR
by helping water molecules to prepare the molecular structure
to enter the CNT, but does not relieve the steric crowding of
water molecules in the confined entrance/exit region at all.
That is, the hourglass-shaped pore mouth will fail to diminish
the Rinterfacial of molecular transport without hydrogen
bonding interactions, e.g., gas molecules. Besides, as the
change of the number of hydrogen bonds from the bulk to
CNTs diminishes with increased diameters, the HBR contri-
bution in the Rinterfacial decreases with increased CNT dia-
meters, which indicates the weak effect of the hourglass-
shaped pore mouth on reducing the Rinterfacial while diameters
increase. It was also reported that adjusting the opening angle
of the hourglass could further enhance the water flux.44–46

However, the debate of these published studies demonstrates
that the optimum opening angle may be related to the CNT
diameter.

Moreover, Ritos et al.47 reported that applying electric fields
around the entrance region would also effectively reduce the
Rinterfacial. The reason is that the water density decreases but
the average number of hydrogen bonds per water molecule is
nearly unchanged around the entrance region. In other words,
this method is likely to relieve the steric crowding but do not
facilitate the HBR. It should be very meaningful to apply elec-
tric fields to the hourglass-shaped entrance region. Thus, the
Rinterfacial will be further reduced from both facilitating the
HBR and relieving the steric crowding around the entrance
region.

4. Conclusions

The transport resistance of water passing through CNT mem-
branes is systemically investigated. The total resistance is con-
sidered as two parts, the interfacial one (Rinterfacial) and the
interior one (Rinterior). By analyzing the relationship between
the flux and CNT length, we obtain the values of these two
kinds of resistances for every case of various diameters. After
comparing these two kinds of resistances, it is found that the

Rinterfacial accounts for >99% from the total resistance of a
10 nm-long (6,6) CNT membrane. The ratio of the Rinterfacial is
too large to neglect until the CNT length reaches 23.5, 18.6,
and 6.08 μm in the (6,6), (10,10), and (14,14) CNT membranes,
respectively. Since it is generally considered that the Rinterfacial

is related to the hydrogen-bonding rearrangement (HBR), we
conduct simulations with apolar water molecules that have no
hydrogen bonds between them. By comparing the results from
the simulations of both normal and apolar water, it is found
that the HBR effect accounts for 71%, 56%, and 45% in the
Rinterfacial of the (6,6), (10,10), and (14,14) CNT membranes,
respectively, which is in good agreement with the experimental
results published recently. The remaining part of the Rinterfacial

is attributed to the effect of the steric crowding, which is the
nature of fluid–solid interactions. Inspired by the aquaporin
channels, we change the shape of the pore mouth into hour-
glass to reduce the Rinterfacial. It actually reduces by 34%, 32%,
and 27% in the (6,6), (10,10), and (14,14) CNT membranes,
respectively. After comparing these reductions from the cases
of normal and apolar water, the reduction of the Rinterfacial

should be attributed to the HBR effect rather than the steric
crowding. These findings are expected to provide helpful
insights for the rational design and experimental realization of
CNT membranes for superfast water transport.
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