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a b s t r a c t
Carbon nanotubes (CNTs) have attracted considerable attention due to their extraordinary proper-
ties, which makes them very attractive in various applications such as desalination. The single-layer 
parallel arranged carbon nanotubes (SPACNTs) can form slits that allow water to pass along the 
outer wall of the CNTs while blocking salt ions. In this work, the water flow rate and desalina-
tion of SPACNTs were studied. Through molecular dynamics simulations, the filtration efficiency 
of water and ions in channels with varying radius (from 0.5 to 3.0 nm) of CNTs and slit size (from 
0.7 to 1.5 nm) was studied. When the slit between CNTs is 0.7 nm with a 3 nm radius, the maxi-
mum water flow rate of 1,200 L/(m2 h bar) and the salt rejection close to 100% are shown. This work 
provides some theoretical guidance for the study of CNT membranes for desalination.
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1. Introduction

Reliable water resources on the earth are very limited, 
and the challenge of global water shortage has attracted 
increasing attention. Although 70% of the earth’s surface is 
water, non-saline water only accounts for less than 3% [1]. 
Among the various forms of water on the earth, seawater 
accounts for 97.47% of the total, with reserves of approxi-
mately 1.35 billion km3. Not only that, but about 70% of the 
world’s population lives within 70 km of the sea according 
to statistics. Such a vast distribution of resources makes 
seawater considered the most promising source of freshwa-
ter [2]. Among different desalination technologies, reverse 
osmosis (RO) is the dominant one, with a total share of 
53%, followed by multi-stage flash distillation, multi-effect 
distillation and electrodialysis [3–5].

With the development of membrane science and 
technology, the use of nanoscale membranes for the 

desalination of seawater to prepare freshwater is consid-
ered feasible and promising [6,7]. Studies have shown that 
the permeability of 2D materials such as graphene is two 
to five orders of magnitude higher than RO [8–10]. Because 
of their excellent chemical and mechanical stability, carbon 
nanotubes (CNTs) can be used as channels for desalina-
tion [11,12]. Studies have shown that due to the smooth-
ness and regularity of CNTs, the transmission speed of its 
internal channels is several orders of magnitude faster than 
that of other nanoporous materials [13,14]. In the process 
of producing the membrane, the CNTs can be arranged 
vertically or in a mixed arrangement [15,16]. However, the 
inner diameter of CNTs must be small enough to resist salts 
and must be large enough to achieve the ideal water per-
meability [17,18]. Another way is to make water molecules 
pass through the channels between the CNTs instead of 
the inside of the CNTs to achieve the purpose of desalina-
tion. At this time, the main factors affecting salt rejection 
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and water flow rate are the spacing between CNTs and 
the arrangement of CNTs [19]. The larger the thickness of 
the membrane, the more it will hinder the water flow rate, 
so we always hope to reduce the thickness of the mem-
brane to increase the water flow rate while blocking salts.

In this article, we mainly focus on single-layer parallel 
arranged carbon nanotubes (SPACNTs) to obtain a larger 
water flow rate. The channel formed between adjacent 
CNTs is similar to the shape of an hourglass. It has been 
reported that compared with the permeability of porous 
graphene to water, the channel in the shape of an hourglass 
has better water permeability [20]. So molecular dynam-
ics (MD) simulation is used to study the resistance, desali-
nation and configuration of water molecules to reveal the 
excellent desalination performance as water molecules 
passing through the SPACNTs.

2. Simulation details

All the MD simulations were performed with a Large-
scale Atomic/Molecular Massively Parallel Simulator 
(LAMMPS) [21]. The Chemistry at HARvard Macromolecular 
Mechanics 27 (CHARMM27) force field [22] and the 
extended simple point-charge (SPC/E) water model [23] 
were used. The Lennard–Jones (LJ) parameters are summa-
rized in Table 1. Other LJ parameters were obtained by using 
the Lorentz–Berthelot rules [24]. The van der Waals (vdW) 

coupling was calculated with a cutoff of 12 Å. The Verlet 
algorithm is used to integrate Newton’s equations of motion. 
Before applying pressure to the top graphene, the system 
was thermal balanced using the canonical ensemble (NVT 
ensemble). The Nose−Hoover thermostat is used to main-
tain a constant temperature. The particle–particle–parti-
cle–mesh method was used to treat long-range electrostatic 
interactions [25]. The simulations were conducted in the NVT 
ensemble at T = 298 K with a time step of 1 fs. At the first 
part of the simulation, atmospheric pressure was applied 
to both pistons in the opposite directions to ensure the den-
sity of water is equal to 998 kg/m3, the relaxation process  
of the system is 1 ns.

The model discussed in this paper is shown in Fig. 1. 
The SPACNTs are arranged in parallel and can be regarded 
as a single-layer membrane composed of CNTs. For the 
convenience of simulation calculation and discussion, 
the CNTs are not staggered or arranged in multilayers. 
The staggered arrangement of CNTs or arrangement of 
multi-layered CNTs is more complicated to study. Based on 
the principle of simplicity to complexity, this article mainly 
discusses the SPACNTs. Relatively complex issues are 
reserved for follow-up research.

The specific model used in the simulation is shown 
in Fig. S1. Two graphene pistons are used to confine the 
salt solution and apply a pressure difference across the 
membrane. The upper graphene piston is applied with the 
downward pressure of 200 MPa, and the lower graphene 
piston is applied with an upward pressure of 0.1 MPa. 
Applying a larger pressure difference can also simulate 
a more severe situation, because the salt rejection rate 
decreases as the pressure difference increase [10,27]. The 
length of the CNT is 3.3 nm. The salt concentration of the 
feed solution is set to 0.6 mol/L, which is similar to the 
salt concentration of seawater. Because periodic boundary 
conditions can be used in the simulation, the SPACNTs 
model can be simplified to a single-channel model as 
shown in Fig. S1 in the supplementary material. The single- 
channel model is formed by placing two semicircular 

Table 1
Potential parameters of atoms [26]

Atom σ (Å) ε (kcal/mol) q (e)

C (C–C) 3.851 0.105 0
O (H2O) 3.166 0.155 –0.834
H (H2O) 0.000 0.000 +0.417
Na 2.430 0.0469 +1
Cl 4.045 0.146 –1

Fig. 1. Desalination process using horizontal array of CNTs. Under the pressure of the topmost graphene piston, water flows from top 
to bottom through a monolayer of CNTs (left). The figure on the right is the annotation of the relevant dimension parameters of the 
studied model. Black represents carbon atoms, red represents oxygen atoms, yellow represents hydrogen atoms, rose red represents 
sodium ions, and green represents chloride ions.
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CNTs facing each other. The resistance and water flow 
rate of a single nanochannel are discussed below, and then 
the water flow rate of SPACNTs is discussed.

3. Theory model

Under macro conditions, a continuous medium model 
is generally used to describe the flow of fluids. However, 
in the case of micro-nano scales (such as the fluid flow 
between graphene oxide layers), the particle nature of the 
fluid becomes impossible to ignore. The ratio of the aver-
age free path length λ of the particles to the characteristic 
size L of the object is defined as the Knudsen number Kn. 
The Knudsen number is often used to divide whether the 
flowing medium is continuous:

Kn < 10–3                  Continuum

10–3 < Kn < 10–1        Temperature jump and velocity slip

10–1 < Kn < 101         Transition

101 < Kn                    Free-molecule

When water molecules flow through the nanochan-
nel, Kn is about 0.1, so the fluid flow is in the velocity slip 
regime [28,29]. According to the former literatures [30–34], 

the entrance resistance of our model in Fig. 1 can be esti-
mated as:
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where μ is the viscosity of water. S is the slit size between 
the nanotubes. r is the radius of the nanotubes. Similar to 
the entrance resistance, the outlet resistance can be esti-
mated as:
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In the literature mentioned above, considering the slipped 
boundary, the resistance of parallel plates is shown as:
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In the above equation, ζ is the slip length; Lp is the length 
of the plate; B is the length of the CNTs in the y-direction; 
W is the different values of the slit size of carbon atoms 
on two adjacent CNTs varying with axis z, which can be 
represented by Eq. (4):

W S r r L� � � �� �2 2 2  (4)

where L is the ordinate value of the carbon atom on the 
CNT; r is the radius of the CNTs.

It can be assumed that the hourglass channel is com-
posed of an infinite number of parallel plates. The resistance 
of each tiny plate resistance can be written as follows:
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Then the resistance formula of the hourglass channel is 
obtained by integrating the resistance of all the tiny plates 
along the CNT wall:
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The resistances at the entrance, inner and outlet of the 
channel all had impacts on the flow. All those resistances 
should be added to the total resistance. The three factors 
were considered in a series connection form, as shown 
in Eq. (7):
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Salt rejection is calculated as follows:

R
c
c
p

f

� �
�

�
�
�

�

�
�
�
�1 100%  (8)

where cp and cf are the concentrations of the permeate and 
feed solution, respectively.

Assuming that the width of SPACNTs is M. For com-
parison, suppose there are two types of CNTs with differ-
ent radii, r1 and r2. The numbers of the two types of CNTs 
contained in the membranes are N1 and N2, respectively. 
The calculation formula is shown in Eq. (9). S is the dis-
tance between adjacent CNTs.
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The total resistance is composed of the resistance of all 
single channels in parallel. In the cross-section of the entire 
channel through which water flows, the total resistances 
R1 and R2 of the two types of CNT membranes mentioned 
above are shown by Eq. (10). C1 and C2 are the resistance of 
a single channel formed by two CNTs with different radii.
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4. Results and discussion

MD simulation was carried out to initially study the 
single channel of SPACNTs. The radius of CNT consid-
ered was 0.5, 1.0, 2.0, and 3.0 nm and the slit size between 
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CNTs was 0.7, 0.9, 1.1, 1.3, and 1.5 nm. It can be seen from 
Eq. (2) that there is an inversely proportional relation-
ship between slit resistance and slit size. So as the slit size 
gets larger, the water flow increases accordingly which 
is shown in Fig. 2. When the radius of CNTs is less than 
2.0 nm, the water flow rate shows a downward trend. 
The water flow rate reaches the maximum value while 
the radius of CNTs is 2.0 nm, and as the CNTs radius 
increases to 3.0 nm, the water flow rate remains basically 
unchanged. The influence of the change of CNTs radius on 
the water flow rate will be discussed later.

Using Eqs. (1)–(7), the effect of different CNT radii 
and different slip coefficients on the water flow rate are 
illustrated in Fig. S2. In Fig. S2, when the slip coefficient 
is close to 0, the CNT radius increases, and the water flow 
rate goes through a process of increasing first and then 
decreasing. This trend is inconsistent with the trend of MD 
simulation results. The study has reported that the slip 
length of fluid flow in CNTs is several nanometers [35]. 
Here the slip coefficient of a single channel is assumed to 
be about 5 nm. Fig. 2b is the water flow rate change under 
different CNT radius when the channel slip coefficient is 
5 nm. It can be seen from the figure that under the same 
radius, the water flow rate increases as the slit size. Under 
the same slit size, and the water flow rate experiences a 
trend of increasing first and then basically unchanged. 
This trend is in good agreement with the trend of MD sim-
ulation results. Actually, the slip coefficient of the single 
channel of SPACNTs is unknown. Because the slip coef-
ficient is related to the diffuse reflection coefficient, the 
relationship between the diffuse reflection coefficient and 
the surface curvature of the CNTs needs to be studied to 
determine the slip coefficient. This will be the next research 
topic and will not be discussed in this paper.

To better explain the influence of the channel on the 
water flow, it is necessary to study the spatial configura-
tion of the water inside the channel. By studying the ori-
entation of water molecules relative to the channel the 

reason why the water flow rate tends to decrease as the 
radius decrease will further explain. Fig. S3 shows the 
definition of the two angles, α and θ, where α is related 
to the direction of the dipole moment of water molecules, 
and θ is related to the direction of the normal vector of 
the water molecule plane. Fig. 3 displays the distribu-
tion of θ under different slit sizes and radii, it can be 
seen that as the radius of CNTs increases, θ will be more 
near 90°. This phenomenon is more obvious with a bigger 
radius. In other words, water is more likely to be in the 
configuration shown in Fig. S4 and as the radius of CNTs 
increases, the water molecules become more ordered. 
It has been reported that the ordered structure of water 
molecules formed in parallel channels enables water mol-
ecules to pass through the channels quickly [36,37]. This 
work is consistent with the results of previous literature. 
The larger radius makes the water molecules more orderly, 
and the flow rate is bigger. For the same outlet size, the 
inlet of SPACNTs is wider than that of parallel channels, 
making it easier for water molecules to transition from a 
disordered configuration to an ordered one. In addition, 
it can be imagined that when the radius of CNTs becomes 
larger, the exit of the channel will be closer to the paral-
lel channel, and the water molecules will be more orderly. 
Therefore, when the radius of CNTs becomes larger, the 
flow rate increases. However, with the increase of CNTs 
radius, the water molecules are subjected to greater resis-
tance along the path, which can explain why the flow rate 
does not further increase with the increase of CNTs radius.

Figs. 4 and 5 list the θ and α distributions of water 
molecules in the channels with slit sizes of 0.7 and 1.5 nm 
and radii of 0.5 and 3.0 nm. The angular frequency distribu-
tion diagrams in other cases can be referred to Figs. S5–S9. 
Different from Fig. 3, it can be seen from Fig. 4 that chang-
ing the slit size or radius of the CNTs has a less obvious 
influence on the distribution of α. The configuration of 
water molecules passing through the channel is more con-
centrated in the vicinity of α = 90°, which means that the 

Fig. 2. (a) The water flow rate of the single channel of SPACNTs under different radii and different slit size. (b) The theoretically cal-
culated water flow rate.
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water molecules pass through the channel more in a con-
figuration with a dipole moment perpendicular to the xy 
plane. The change in the slit size or radius of the CNTs will 
affect the freedom of water molecules to rotate around their 
own dipole moment, but will not affect the directionality 

of the water molecule dipole moment. When the slit size 
of CNTs decreases or the radius becomes bigger, the free-
dom of water molecules to rotate around their own dipole 
moment is restricted, and the water molecules are bound by 
the channel. It can be seen from Fig. 5 that the highlighted 

Fig. 3. Distribution of θ under different slit sizes and radii.
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area become more concentrated with a smaller distance 
between CNTs or the bigger radius, meaning that the 
distribution of angles becomes more concentrated.

It can be seen from Fig. 6 that the salt rejection rate is 
obviously affected by the change of the slit size, but not by 
the change of the radius. When the slit size is 0.7 nm, the 
salt rejection rate is basically close to 100%. In other cases, 
the salt rejection rate is lower. According to Koneshan et al. 
[38], the hydration radius of sodium ions is about 0.32 nm. 
When the hydration diameter of sodium ions is close to the 
narrowest part of the nanochannel (0.7 nm), the permeability 
of ions in the channel is significantly inhibited.

The above discussion is for a single nanochannel in 
SPACNTs. In the following, the water flow rate of SPACNTs 
was studied using Eqs. (9) and (10). For the sake of compar-
ison, CNTs with two radii of r1 and r2 were used to form two 

kinds of SPACNTs membranes. As shown in Fig. 2, it can 
be known that the ratio Q2/Q1 of the water flow of the sin-
gle nanochannel of SPACNTs of r1 = 0.5 nm and r2 = 2.0 nm 
is ~1.2. Under the same pressure difference, the resistance 
ratio C2/C1 of these two single nanochannels is ~0.83. When 
S = 1.5 nm, N1/N2 = 2.2 can be calculated by Eq. (9), so R2/
R1 = ~1.83 can be obtained by Eq. (10). Therefore, the water 
flow rate of SPACNTs with r1 = 0.5 nm will be ~1.83 times the 
water flow rate with r2 = 2.0 nm. If r1 = 2.0 nm and r2 = 5.0 nm, 
when S = 1.5 nm, N1/N2 = ~2, C2/C1 is ~1.0. At this time, R2/
R1 = ~2 can be calculated by Eq. (10). Therefore, the water 
flow rate of SPACNTs with r1 = 2.0 nm will be ~2 times 
the water flow rate with r2 = 5.0 nm.

As shown in Fig. 7, the MD simulation results of this 
work are compared with the data in the previous literature. 
Here is to compare the water flow rate of the model with a 

Fig. 4. Distribution of α. To make more obvious, four figures are chosen from Figs. S5–S9 for comparison. The slits between CNTs 
and the radii of CNTs are marked above the figures.
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Fig. 5. Bivariate joint distribution of θ and α. To make more obvious, four figures are chosen from Figs. S5–S9 for comparison. The slits 
between CNTs and the radii of CNTs are marked above the figures.

Fig. 6. Salt rejection with different radii under different slits.

Fig. 7. The salt rejection and water permeability for various 
membranes (Hydrogenated graphene [39]; g-C3N4 [40]; function-
alized graphene [41]; graphene oxide nanosheets [42]; multilayer 
graphene membrane [43]; nanoporous MoS2 [44].)
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radius of 3.0 nm and a slit of 0.7 nm with other data. The 
picture contains different materials and structures. There 
are C3N4, MoS2, graphene oxide nanosheets, graphene with 
functional groups and multilayer graphene structures. 
Through comparison, it is found that the water flow rate 
of the SPACNTs used in this article is at a relatively high 
level. In the case of a high water flow rate, the salt rejection 
rate can be maintained above 95%.

5. Conclusion

In this paper, MD simulation is used to study the water 
flow rate and desalination effect of SPACNTS. Through 
simulation studies, it is found that for a single channel in 
SPACNTS, the water flow rate increases as the CNT slit size 
increases, but exactly the opposite for the salt rejection rate. 
On the other hand, the water flow rate gradually increases 
with the radius of CNTs become larger and when CNTs 
radius increases to 2~3 nm, the maximum flow appears. It 
depends on the configuration of the water molecules in the 
channel. However, for SPACNTs, the water flow rate with 
small radii of CNTs is higher than that with large radii. 
Even if the SPACNTs are still in the computational design 
stage, we hope that the relevant results shown in this 
work can inspire further work to make this concept a real-
ity. Further experiments are needed to verify the mechan-
ical stability of the membrane and the effects of fouling 
and concentration polarization.
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Supplementary information

 
 

 

Fig. S1. The specific model used in the simulation. The radii of CNT shown in the figure are 0.5, 1.0, 2.0, and 3.0 nm from top to bottom. 
The slits between CNTs are 0.7, 0.9, 1.1, 1.3, and 1.5 nm from left to right. Black represents carbon atoms, red represents oxygen atoms, 
yellow represents hydrogen atoms, rose red represents sodium ions, and green represents chloride ions.



 

 

 

 

 

Fig. S2. The water flux of the single channel in SPACNTs under different radii and slip coefficients. (a1)–(e1) correspond to the slit size 
of 0.7, 0.9, 1.1, 1.3, and 1.5 nm, respectively. (a2)–(e2) correspond to the change of water flux with CNTs radius for six different slip 
coefficients under different slits respectively.
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 Fig. S3. The definition of θ and ϕ, r represents the normal vec-
tor of the yz plane, 

rm represents the dipole moment of the water 
molecule, 

rn  is the normal vector of the water molecule plane, 
and 

rHH  is the vector connecting the two hydrogen atoms.

      
Fig. S4. The configuration of water molecules when they pass through the channels between CNTs. (a) View from a perspective par-
allel to the x-axis. (b) View from a perspective parallel to the y-axis.

  

  

  

  

(Continued)
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Fig. S5. The slit between CNTs is 0.7 nm, from top to bottom, each row corresponds to r = 0.5, 1.0, 2.0, and 3.0 nm, from left to right, 
each column corresponds to distribution of θ, distribution of α, bivariate joint distribution of θ and α.

 

 

 

 

(Continued)
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Fig. S6. The slits between CNTs is 0.9 nm, from top to bottom, each row corresponds to r = 0.5, 1.0, 2.0, and 3.0 nm, from left to right, 
each column corresponds to distribution of θ, distribution of α, bivariate joint distribution of θ and α.

  

  

  

 
Fig. S7. The slits between CNTs is 1.1 nm, from top to bottom, each row corresponds to r = 0.5, 1.0, 2.0, and 3.0 nm, from left to right, 
each column corresponds to distribution of θ, distribution of α, bivariate joint distribution of θ and α.
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Fig. S8. The slits between CNTs is 1.3 nm, from top to bottom, each row corresponds to r = 0.5, 1.0, 2.0, and 3.0 nm, from left to right, 
each column corresponds to distribution of θ, distribution of α, bivariate joint distribution of θ and α.
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Fig. S9. The slits between CNTs is 1.5 nm, from top to bottom, each row corresponds to r = 0.5, 1.0, 2.0, and 3.0 nm, from left to right, 
each column corresponds to distribution of θ, distribution of α, bivariate joint distribution of θ and α.


	OLE_LINK23
	OLE_LINK21
	OLE_LINK22
	OLE_LINK55
	OLE_LINK9
	OLE_LINK20
	OLE_LINK56
	OLE_LINK57
	_Hlk52806564
	OLE_LINK12
	OLE_LINK11
	OLE_LINK5
	OLE_LINK10
	OLE_LINK2
	OLE_LINK7
	OLE_LINK6
	OLE_LINK13
	_Hlk52808538
	OLE_LINK24
	OLE_LINK25
	_Hlk52810193
	OLE_LINK14
	OLE_LINK17
	_Hlk52813904
	OLE_LINK4
	OLE_LINK16
	OLE_LINK19
	_Hlk52816205
	OLE_LINK58
	OLE_LINK59
	_Hlk52817133
	OLE_LINK32
	OLE_LINK33
	OLE_LINK30
	OLE_LINK31
	OLE_LINK1
	OLE_LINK3
	OLE_LINK26
	OLE_LINK27
	OLE_LINK34
	OLE_LINK28
	OLE_LINK29
	OLE_LINK8
	_Hlk52820687
	_Hlk52820856
	OLE_LINK35
	OLE_LINK36
	OLE_LINK37
	_ENREF_1
	_ENREF_2
	_ENREF_3
	_ENREF_4
	_ENREF_5
	_ENREF_6
	_ENREF_7
	_ENREF_8
	_ENREF_9
	_ENREF_10
	_ENREF_11
	_ENREF_12
	_ENREF_13
	_ENREF_14
	_ENREF_15
	_ENREF_16
	_ENREF_17
	_ENREF_18
	_ENREF_19
	_ENREF_20
	_ENREF_21
	_ENREF_22
	_ENREF_23
	_ENREF_24
	_ENREF_25
	_ENREF_26
	_ENREF_27
	_ENREF_28
	_ENREF_29
	_ENREF_30
	_ENREF_31
	_ENREF_32
	_ENREF_33
	_ENREF_34
	_ENREF_35
	_ENREF_36
	_ENREF_37
	_ENREF_38
	_ENREF_39
	_ENREF_40
	_ENREF_41
	_ENREF_42
	_ENREF_43
	_ENREF_44

