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Thickness-dependent ion rejection in nanopores 

Xin Zhang , Mingjie Wei **, Fang Xu , Yong Wang * 

State Key Laboratory of Materials-Oriented Chemical Engineering, College of Chemical Engineering, Nanjing Tech University, Nanjing, 211816, Jiangsu, PR China   

A R T I C L E  I N F O   

Keywords: 
Membrane 
Desalination 
Reverse osmosis 
Dehydration 
Non-equilibrium molecular dynamics 

A B S T R A C T   

Membrane-based desalination is playing a pivotal role in producing potable water. Tremendous efforts are made 
to reduce membrane thickness, e.g. by using ultrathin two-dimensional (2D) building blocks as the desalination 
layers, to enhance water permeance, however, reduction in membrane thickness to a certain threshold may lead 
to significant loss in ion rejection, which has generally been overlooked. Here, we perform non-equilibrium 
molecular dynamics simulations on water and ion transporting through carbon nanotube (CNT) membranes 
with various thicknesses. We reveal that there is an effect of membrane thickness on ion rejection, that is, salt 
rejection rises and then levels off with rising membrane thickness. Molecular analysis indicates that the dehy-
dration of ions when transporting the pores is the origin of this thickness effect. Increase in membrane thickness 
results in stronger degree of dehydration and consequently enhanced ion rejections. When the membrane 
thickness is below a critical value (lδ), the degree of dehydration and ion rejection keep rising and then maintain 
unchanged with further increased thickness, and lδ is therefore, defined as the critical thickness for desalination. 
Compared to atomically thin membranes, a 2.34-nm-thick membrane can exhibit nearly doubled water permance 
while maintain 100% NaCl rejection. The effect of thickness-dependent ion rejection suggests us to enhance 
water permeation at no cost of ion rejection by using membranes with thicker desalination layers but larger 
pores, which is highly important in the design of next-generation membranes for desalination.   

1. Introduction 

There is an ever-increasing demand for potable water, which has 
become one of the biggest issues globally. Among different solutions to 
this issue, membrane-based desalination via reverse osmosis (RO) is 
distinguished as an energy-efficient and cost-effective method, and has 
been accounted for more than 60% of total installed capacity of seawater 
desalination [1]. Water flux is inversely proportional to the thickness of 
membranes [2], therefore, constant efforts have been made to reduce 
the thickness to enhance water flux. For example, the state-of-the-art 
membranes are designed to possess an asymmetric structure composed 
of an ultrathin selective layer on top of a porous thick supporting layer 
[3–5]. The inherent thickness of polyamide layer synthesized by inter-
facial polymerization is around 10 nm [4], and it is technically impos-
sible to further thin selective layers while maintaining their structural 
integrity and mechanical robustness [6]. 

Alternatively, the newly emerged two-dimensional (2D) materials 
with atomic thicknesses, e.g., graphene, metal organic frameworks 
(MOFs), and covalent organic frameworks (COFs), make it possible to 

prepare infinitesimally thin desalination layers. Taking nanoporous 
graphene (NPG) as an example, the trans-membrane resistance to water 
is minimized and therefore the permeance is maximized [7,8]. Via 
molecular dynamics (MD) simulations, Cohen-Tanugi and Grossman 
predicted that the water permeance of NPG was 2–3 orders of magnitude 
higher than that of the commercial polyamide-based RO membranes 
[9]. A number of experimental efforts have been devoted to applying 
NPG to desalination [10–12]. O’Hern et al prepared NPG membranes 
that could reject multivalent ions and small molecules while having 
ultrahigh water fluxes in consistent with simulation results [13]. Sur-
wade et al prepared a NPG membrane via an oxygen plasma etching 
process, which showed a nearly 100% rejection to monovalent salts (Kþ, 
Naþ, Liþ, Cl� ) and water permeance of ~252 L m� 2 h� 1 bar� 1 which was 
1–2 orders of magnitude higher than that of commercial RO membranes 
[14]. Moreover, there are a number of other 2D materials exhibiting 
promising desalination performances. Via MD simulations, Heiranian et 
al predicted that the water fluxes through pores of molybdenum disul-
fide (MoS2) were ~70% greater than that of NPG due to the hourglass 
shape of pores with hydrophobic edges and hydrophilic centers [15]. 
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The inherently uniform and ordered nanopores of the 2D MOF enable 
100% salt rejection and one order of magnitude higher water permeance 
than that of NPG or MoS2 [16]. 

Reducing the membrane thickness to the atomic scale can obtain 
extremely high water permeance. Unfortunately, ion rejection may be 
subject to a dramatic loss, which has been usually ascribed to the 
presence of defects in the ultrathin layers [13]. However, simulations, in 
which the selective layers are always perfectly free of defects, also 
demonstrate that ion rejections drop with decreased layer thicknesses. 
Yan et al reported that the NaCl rejection was decreased from 100% to 
50% with layer numbers of graphene-like nanosheets decreased from 4 
to 1 [17]. A similar observation was made in graphene and 2D MOF 
nanosheets [16,18]. Moreover, we previously found that the MgCl2 
rejection dropped from 100% to zero when the stacking numbers of COF 
monolayers was decreased from 25 to 5 [19]. Furthermore, it was re-
ported that the ion selectivity of graphene and 18-crom-6-like graphene 
nanosheets could be tailored by changing the number of staking layers, 
also suggesting that the ion transport (i.e. ion rejection) is related to 
membrane thickness [20,21]. These studies scattered in a few very 
specific situations imply that ion rejection is strongly dependent on 
membrane thickness under certain conditions. However, in most cases, 
ion rejection is generally considered to be a result of size discrimination 
and/or electrostatic repulsion, and the effect of membrane thickness on 
ion rejection is usually overlooked, and the origin of this effect remains 
yet unknown. 

Understanding the mechanism of ion rejection in ultrathin mem-
branes is of great importance for the design of next-generation mem-
branes for desalination. In this work, carbon nanotubes (CNTs) are 
selected as models for their finely tunable diameters and lengths (i.e. 
membrane thicknesses). Moreover, the non-polar, inert and smooth 
surface of CNTs will exclude the possible adsorption of ions on pores. Via 
non-equilibrium molecular dynamics (NEMD) simulations, we investi-
gate the changes of ion rejections with length ranging from the atomic 
scale to several nanometers, and discover that there is a critical thick-
ness under which membranes exhibit increasing ion rejection with rising 
thickness. 

2. Simulation details 

A snapshot for the non-equilibrium molecular dynamics (NEMD) 
simulations is shown in Fig. 1a. Similar to many simulation works 
[22–24], to prevent water/ion passing outside the nanopores, the ends 
of CNT are enclosed by two graphene flanges with holes matching the 
CNT diameter. The CNT membrane is placed in the center separating the 
two water reservoirs. By tuning the length of CNTs, the membrane 
thickness is adjustable (Fig. 1b). The thickness of the one-atom-thick 
CNT, 0.34 nm, is considered as the thinnest CNT membrane, which is 
actually a graphene monolayer. Since the spacing between two CNT 
rings is 0.12 nm, the membrane thickness is then tailored based on this 
unit length, from 0.34 to 5.34 nm by selecting various carbon layers. (7, 
7), (8,8), (9,9), (10,10), and (12,12) armchair CNTs are selected, and 
their effective diameters are 6.1, 7.4, 8.8, 10.1, and 12.8 Å, respectively, 
after deducting the van der Waals (vdW) diameter of carbon atom (3.4 
Å). It should be noted that the unit of diameters is Å while that of lengths 
is set to nm in our simulation, so that the description of diameter and 
length can be better distinguished. The NaCl concentration of the water 
solution is 1 mol L� 1, which is higher than seawater salinity (0.599 mol 
L� 1) so as to increase the occurrence between ions and CNTs within a 
limited simulation time. The x and y dimensions of the simulation box 
are set to 3.19 and 3.40 nm, respectively, while the z dimension is 
dependent on the length. The length of each solution reservoir in z 
dimension was set to 2.50 nm. 

All the simulations were carried out with the large-scale atomic/ 
molecular massively parallel simulator (LAMMPS) package [25]. To 
reduce the computational cost, all carbon atoms were held rigid. The 
atom interactions included the 12-6 Lennard-Jones (LJ) and the 

electrostatic terms. The SPC/E water model [26] was selected and 
coupled with the SHAKE algorithm to constrain the bonds and angles. 
The LJ parameters between carbon and oxygen atoms were used as the 
parameters proposed by Werder et al [27] with: σC-O ¼ 0.319 nm, εC-O ¼

0.392 kJ mol� 1, which corresponds to the water contact angle on a 
graphene surface of 95� that is consistent with experimental measure-
ments [28,29]. The parameters for Naþ and Cl� were proposed by Joung 
et al [30]. The LJ cross-interaction parameters between different ele-
ments were determined by the Lorentz-Berthelot combination rules. LJ 
and electrostatic interactions were smoothly truncated at 1.0 and 1.2 
nm, respectively. The particle-particle particle-mesh (PPPM) method 
[31] was used for long-range electrostatic interactions with the accuracy 
of 10� 4. Periodic boundary conditions were applied in three dimensions. 

Initially, energy minimization was performed to each simulation 
with a tolerance of 10� 5. Pre-equilibration was then performed to ensure 
that CNTs were filled with water molecules. In the NEMD simulations, 
the pressure drop (ΔP) across the membrane was produced by applying 
external forces to the water molecules in the selected 1 nm-width region 
(green shadings in Fig. 1a). The external forces along z axis are given by 
f ¼ ΔPA/n, where ΔP is the desired pressure drop, A is the cross- 
sectional area of the membrane, and n is the total number of water 
molecules in the selected region. The ΔP of 100 MPa used in the NEMD 
simulations is much higher than experimental values because a large ΔP 
leads to a high signal-to-noise ratio, which is commonly used to control 
the simulation time in a reasonable scale [23,32,33]. The temperature of 
the system were remained at 300 K with a Nos�e-Hoover thermostat. The 
temperature was calculated after subtracting the value of the 
center-of-mass velocity of water molecules. The NEMD simulations ran 
for 40–80 ns with a time step of 1 fs. The first 10 ns was used to let the 
simulation reach the steady state and the rest was collected for a further 
analysis. As shown in Fig. S1, the filtered water molecules increases 
linealy with the sampling time, which indicates that the simulation 
system reaches the steady state. The calculation details of ion rejections 

Fig. 1. Schematic of the simulation model. (a) Snapshot of the simulated salty 
water transport through a CNT membrane. Atomic colors: carbon, cyan; water, 
transparent blue; Naþ, yellow; Cl� , green. Water molecules in the green shad-
ings were applied with external forces. (b) Lateral views of CNTs with different 
lengths of 0.34, 0.46, 0.58, …2.34 nm, respectively. Two carbon layers of CNTs 
can be regarded as a structure unit with the thickness of 0.12 nm. (For inter-
pretation of the references to color in this figure legend, the reader is referred to 
the Web version of this article.) 
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are in the Supporting Information. 

3. Results and discussion 

3.1. Thickness-dependent ion rejections 

Since the desalination performance is strongly related to the pore 
size, the performance of CNTs with various pore diameters is firstly 
investigated. Fig. 2 shows the NaCl rejections of CNTs with two distinct 
thicknesses while the pore diameter is increased from 6.1 to 12.8 Å. 
When the pore size is 6.1 Å, the rejections are all 100%, indicating the 
complete rejection to ions despite of the length. However, when the pore 
diameter rises to 7.1 and 8.8 Å, the rejection performances are signifi-
cantly different. While the 5.34-nm-thick CNTs keep the complete 
rejection to NaCl, the 0.34-nm-thick CNTs exhibit reduced rejections of 
91.8% and 62.5% for CNTs with the diameter of 7.1 and 8.8 Å, 
respectively. In the case of CNTs with the diameter of 10.1 Å (denoted as 
10.1-Å-wide CNTs), the NaCl rejection is increased from 34.1% to 73.6% 
when the length is increased from 0.34 to 5.34 nm. If the diameter is 
further increased to 12.8 Å, the rejection enhancement becomes smaller 
with increased lengths. In general, these results demonstrate that 5.34- 
nm-thick CNTs have higher salt rejections than the atomically thin (0.34 
nm) CNTs. Higher rejections were also observed in thicker multilayers of 
2D materials, e.g. graphyne and COFs, the staking structure of which can 
be treated as one-dimensional straight pores like CNTs [17,19]. 

Since more pronounced enhancement in rejections with increased 
thicknesses occurs in the 8.8- and 10.1-Å-wide CNTs, we then investi-
gate the influence of tube length in these two CNTs. In the case of 8.8-Å- 
wide CNTs, the Naþ and Cl� rejections increase from ~60% to 100% 
with the length increased from 0.34 to 2.34 nm, and then keep complete 
rejection with further increased lengths (Fig. 3a). For 10.1-Å-wide CNTs, 
when the length was increased from 0.34 to 1.34 nm, the Naþ rejection 
increases from 34.1% to 61.4% and the Cl� rejection increases from 
22.9% to 71.8% (Fig. 3b). They both maintain their maximum rejections 
with further increased lengths. In general, when the length increases 
from 0.34 to 5.34 nm, both Naþ and Cl� rejections increase sharply, and 
then maintain a relatively constant value regardless of the length. 

3.2. Molecular mechanisms of various rejections 

It is usually considered that atomically thin membranes maximize 
water permeance without sacrificing the rejection [7,8,34]. However, 
this conclusion is based on the molecular sieving mechanism, i.e., 
rejecting all species larger than the pore size. This mechanism is not 
applicable to small ions passing through hydrophobic pores like CNTs. 
For example, Naþ with the size of ~2 Å cannot transport through CNTs 
with the diameter of 3.5 Å [35,36]. Obviously, there is no electrostatic 
repulsion due to the neutral carbon atoms. Excluding the mechanisms of 

both the molecular sieving and the electrostatic repulsion, the effect of 
ion dehydration is likely to play a significant role in this sub-nanometer 
scale [36–38]. 

In bulk aqueous solutions, ion will attract surrounding water mole-
cules to form hydration shells because of the strong interaction between 
ions and water dipoles. To enter a smaller hydrophobic pore, the ion has 
to reduce its hydration sphere by peeling off some water molecules. This 
process is at the expense of an energy cost. To investigate the dehy-
dration process, we first need to know the hydration size of ions. The 
radial distribution functions (RDFs) of oxygen atoms of water (O) with 
Naþ and Cl� in the bulk aqueous solution are plotted in Fig. 4a. The 
distinct peaks and valleys of RDF curves indicate the formation of 
concentric hydration shells around the ions. As shown in Table 1, the 
diameters of the first hydration shell for Naþ and Cl� are 6.4 and 7.6 Å, 
while the second are 10.9 and 12.1 Å, respectively, which are in good 
agreement with reported results [39,40]. It is found that the hydrated 
diameter of Cl� is slightly larger than that of Naþ. While entering a 
smaller nanopore, the hydrated Cl� will lose more hydrated water 
molecules and overcome higher energy barrier. Such process will 
consequently result in a higher rejection to Cl� than to Naþ (Fig. 3a and 
b). 

To observe the whole dehydration process, it is important to choose a 
suitable pore diameter that not only the ion dehydration occurs while 
entering nanopores, but also ions can permeate through the nanopore. 
To this end, we choose 10.1-Å-wide CNTs. As shown in Fig. 4b, the 
profiles of the average number of water molecules (nwater) inside the first 
and second hydration shells of Naþ are plotted along the z axis. For the 
first hydration shell of each membrane, nwater is 6.4 outside the CNTs, 
and maintains this value while Naþmoves inside CNTs. It is obvious that 
nwater always keeps 6.4 no matter how the length changes, suggesting 
that CNTs with the diameter of 10.1 Å take little effect on the first hy-
dration shell. 

For the second hydration shell, nwater is 18.9 when Naþ is outside 
CNTs, and then declines to the minimum value in the center of the 
membrane, and finally recovers to 18.9 while leaving the pore. The 
smaller value of nwater indicates the more serious dehydration. The 
minimum value of nwater rises with the length increased from 0.34 to 
1.34 nm, indicating that the dehydration degree of the second hydration 
shell is increased. When the length is further increased to 2.34 nm, the 
dehydration degree keeps the same as the one with thickness of 1.34 nm. 

To establish the relationship between the dehydration degree and the 
length, we then analyze the dehydration degree (ηd) of ions in the middle 
of the nanopores where the most serious dehydration occurs, which is 
defined as: 

ηd ¼ 1 �
np

nb
(1)  

where np and nb are the average water molecules in the hydration shells 
of ions inside and outside nanopores, respectively. ηd of ions as a func-
tion of lengths is shown in Fig. 4c. Generally, ηd of Cl� is larger than that 
of the Naþ because the larger hydration sphere of Cl� has to lose more 
hydration to fit the nanopore. For the first hydration shell, ηd of the Naþ

and Cl� is only ~5% and ~6%, respectively. ηd of the first hydration 
shell is independent on length and its effect is negligible. Nevertheless, 
for the second hydration shell, ηd of Naþ increases from 15.4% to 27.9%, 
and ηd of Cl� increases from 19.1% to 36.8% when the length rises from 
0.34 nm to 1.34 nm. After that, ηd of both Naþ and Cl� maintain nearly 
constant with length increased from 1.34 to 5.34 nm. Since ηd is directly 
proportional to the energy barrier for ion transport in nanopores [39, 
41], the ion rejection rises when the membranes become thicker until 
the thickness reaches 1.34 nm and then keeps constant while the length 
further increases (Fig. 3b). Moreover, the increased ηd of the first hy-
dration shell with rising lengths may also be observed in narrower pores. 
However, this dehydration barrier is very high, which is not commonly 
observed in pressure-driven experiments. Fig. 2. The apparent NaCl rejection. NaCl rejections of the 0.34- and 5.34-nm- 

thick CNTs with various diameters. The errors bars represent the standard error. 

X. Zhang et al.                                                                                                                                                                                                                                   



Journal of Membrane Science 601 (2020) 117899

4

The potential of mean forces (PMFs) of Naþ along the z axis are 
shown in Fig. 4d. The details of the calculation are given in the Sup-
porting Information. In the 0.34-nm-thick CNT, the PMFs of Naþ in the 
bulk aqueous solution are zero as a reference, and sharply increase to the 
maximum around the middle of nanopores where the most serious 
dehydration occurs (Fig. 4b). As the length increases from 0.34 to 1.34 
nm, the energy barrier for ions increases and the ion rejection is 
consequently increased. Schematic illustrations of the hydrated Naþ in 
the middle of nanopores with different thicknesses are shown in Fig. 4e. 

Fig. 3. The apparent NaCl rejection. Naþ (blue) and Cl� (red) rejections of 8.8-Å-wide (a) and 10.1-Å-wide (b) CNTs as a function of lengths. (For interpretation of 
the references to color in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 4. Behaviors of ion transport in nanopores. (a) 
Radial distribution functions (RDFs) of oxygen atoms 
of water (O) with Naþ and Cl� in the bulk aqueous 
solution. The inset is the illustration of the hydrated 
Naþ. (b) The profiles of average number of water 
molecules (nwater) inside the first and second hydra-
tion shells of the Naþ along the z axis with lengths of 
0.34, 0.58, 1.34, and 2.34 nm, respectively. The light 
orange and light blue shadings represent the first and 
second hydration shells, respectively. (c) Dehydration 
degree (ηd) of ions in the middle of nanopores as a 
function of lengths. (d) The PMFs for Naþ passing 
through CNTs with lengths of 0.34, 0.58, 1.34, and 
2.34 nm, respectively. The gray dashed lines in the 
hydration and PMF profiles (b and d) are the entrance 
of CNTs (z ¼ 0 nm). (e) Schematic illustrations of 
different dehydration degrees of Naþ in the middle of 
CNTs with lengths of 0.34, 0.58, 1.34, and 2.34 nm, 
respectively. The corresponding ηd of the second hy-
drated shell of ions is increased from 15.4% to 27.6%. 
The green and gray shadings represent the first and 
second hydration shells, respectively. (For interpre-
tation of the references to color in this figure legend, 
the reader is referred to the Web version of this 
article.)   

Table 1 
The first and second hydration diameters (D1, D2), and the average number of 
water molecules (n1, n2) in the first and second hydration shells of ions, which 
were obtained as the first and second minimums of the RDF curves in Fig. 4a, 
respectively.  

Species D1 (Å) n1 D2 (Å) n2 

Naþ 6.4 5.9 10.9 18.9 
Cl� 7.6 7.2 12.1 24.6  
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For the whole process of ion transport through nanopores, it will reduce 
its hydration sphere while entering the nanopores and recover its fully 
hydrated state while leaving the nanopores. When the membrane 
thickness is very thin (e.g. 0.34 nm), Naþ reduces the hydration sphere 
and recovers its hydrated state at the same time while transporting 
through the nanopores. As the length increases, the dehydration degree 
increases. The energy barrier is thus increased because it is proportional 
to the dehydration degree, which finally leads to increased salt re-
jections. When the thickness is 1.34 nm, the PMF increases to a certain 
value inside nanopores where the dehydrated ion adopts a stable 
configuration. With further increased length to 2.34 nm, the dehydra-
tion degree of ions and the peaks of the PMF remain unchanged. 
Therefore, when the length is larger than a certain value, the dehydrated 
energy is maximized and does not change any longer, and the ion 
rejection keeps nearly constant. 

To explain that the energy barrier is the origin of ion rejection, we 
also made a theoretical calculation. Ion rejection can be calculated as: 

R¼ 1 �
Fi=Fw

c0
(2)  

where Fi and Fw are ion and water fluxes, respectively. c0 is the initial ion 
concentration. The relationship between Fi and energy barrier (ΔG) can 
be described by [42,43]: 

Fi∝e� ΔG
kT (3)  

where, k is the Boltzmann’s constant of 1.381 � 10� 23 J K� 1, and T is the 
system temperature of 300 K. With increased length from 0.34 to 1.34 
nm, the energy barrier for Naþ is increased from 2.88 to 3.28 kcal mol� 1 

(Fig. 4d), and the calculated ion flux is around halved based on Eq. (3). 
Besides, the nearly frictionless water transport in CNTs allow water flux 
nearly independent on lengths [22], which is ~128 ns� 1 in 10.1-Å-wide 
CNTs. Taking the changes of Fi and Fw into Eq. (2), it is reasonable to 
observe that the Naþ rejection is increased from ~35% to ~60% 
(Fig. 3b). 

3.3. Discussions on the critical thickness for desalination 

As discussed above, atomically thin membranes are expected to 
exhibit maximal water permeances, their ion rejections are unfortu-
nately reduced. There might be a critical thickness (lδ) where the water 
permeance is maximized without sacrificing the NaCl rejection. When 
the membrane thickness is less than lδ, the salt rejection rises with 
increased thicknesses. When the membrane thickness is large than lδ, the 
salt rejection keeps constant. For a given pore size, there correspond-
ingly should be a certain lδ. Based on Fig. 2 and our further calculated 
data, we summarized the lδ corresponding to various pore diameters in 
Table 2. When the pore diameter is less than 6.4 Å, the atomically thin 
CNT can achieve 100% rejection and thus lδ is 0.34 nm. When the pore 
diameters are 7.4 and 8.8 Å, the lδ are 0.58 and 2.34 nm, respectively, 
and the NaCl rejection will maintain 100% while exceeding the corre-
sponding lδ. When the pore diameter is 10.1 Å, the lδ is 1.34 nm and the 
corresponding maximum rejection is 72.5%. When the pore diameter is 
large than 12.8 Å, the lδ is approximately equal to 0.34 nm. In this sit-
uation, this pore diameter is larger than the second hydrated diameter 
(12.1 Å in Table 1) and ions can pass through nanopores with a fully 
hydrated state, which means that increasing the membrane thickness 

will show little effect to increase rejections. In general, lδ increases and 
then decreases with increased diameters from 6.1 to 12.8 Å, and the 
maximum value of lδ is 2.34 nm. In realistic experiments, the diameters 
of CNTs spread over a certain range. Therefore, in order to maximize the 
NaCl rejection for the design of ultrathin membranes, the critical 
thickness is dependent on the maximum value of lδ, which is 2.34 nm. 

Based on the above analysis, we then compare the desalination 
performance between atomically thin and 2.34-nm-thick CNTs. For 
CNTs with a given length, there must be a maximum diameter to hinder 
the passage of every NaCl ion but to permeate water molecules as many 
as possible. Beyond this maximum diameter, a portion of ions is able to 
pass though CNTs. In order to achieve a 100% salt rejection, the 
maximum diameter of atomically thin membranes is 6.1 Å, while that of 
2.34-nm-thick membranes is 8.8 Å (Table 2). Due to a larger diameter, 
the water flux of the 2.34-nm-thick CNT is up to 55.1 ns� 1, which is 
nearly one time higher than that of atomically thin CNTs (29.7 ns� 1). 
That is, such 2.34-nm-thick CNTs will exhibit water permance as high as 
546 L m� 2 h� 1 bar� 1 (LMHB) while maintain 100% salt rejection. The 
water permeance of a CNT membrane is highly dependent on the 
porosity, which is only ~6% in our simulations. If the porosity reaches to 
the theoretically maximum value of ~30% [44], the water permeance 
can reach 2932 LMHB, which is not only 2 to 3 orders of magnitude 
higher than that of conventional RO membranes [45], but also higher 
than that of functionalized graphene (1375–2750 LMHB) [9]. 

Moreover, the elaborate design of membrane thickness can be ach-
ieved by preparing few-layer 2D materials. Unlike the non-polar and 
inert CNT channels, many factors affecting ion transport through the 
multilayered 2D materials need further investigations, e.g. electrostatic 
repulsion, adsorption of ions on pores with specific functional groups 
and the shape of the pore. Apart from the effect of dehydration, our 
previous studies have revealed that the oxygen atoms on the pore wall in 
COF nanosheets will slow down the transport of Naþ ions, which is the 
origin of the rejections [46]. 

4. Conclusions 

In summary, we perform non-equilibrium molecular dynamics 
(NEMD) simulations on water and NaCl transporting across carbon 
nanotube (CNT) membranes with various diameters (6.1–12.8 Å) and 
thicknesses (0.34–5.34 nm). The atomically thin CNTs have lower salt 
rejections than the 5.34-nm-thick CNTs with various diameters. With 
thicknesses increased from 0.34 to 5.34 nm, the NaCl rejection will rise 
and then level off. After analyzing the molecular details, it is found that 
the dehydration degree plays a key role. The dehydration degree in-
creases with increased CNT lengths (i.e. membrane thicknesses), and 
consequently leads to enhanced salt rejections. When the length in-
creases to a certain value (lδ), the dehydration degree maintains constant 
and the ion rejection also keeps unchanged. The lδ is calculated to be 
2.34 nm, which is a critical length for desalination in CNTs. By 
increasing the length from 0.34 to 2.34 nm, the NaCl rejection of the 8.8- 
Å-wide CNT reaches 100%. At the same time, its water permeance is 
nearly twice as much as the 6.1-Å-wide atomically thin CNT that ach-
ieves 100% NaCl rejection. 

Compared to atomically thin thickness, thicker membranes are also 
desired in terms of eliminating defects and enhancing mechanical sta-
bility. Besides the separation of salts, the enhanced rejection with 
increased membrane thicknesses is expected to be a universal phe-
nomenon in the separation of many species that have hydration shells, 
such as heavy metal ions and organic molecules. The critical membrane 
thickness should be dependent on the size and strength of the hydration 
shells of target solutes. Moreover, although the present work used CNTs 
as the model system, we believe the effect of membrane thickness also 
play a role in determining the ion rejections of other desalination 
membranes with various compositions. 

Table 2 
The lδ of CNTs with various pore diameters and the corresponding NaCl re-
jections (Rδ) and water fluxes (Fδ).  

Pore Dia. (Å) 6.1 7.4 8.8 10.1 12.8 

lδ (nm) 0.34 0.58 2.34 1.34 �0.34 
Rδ (%) 100 100 100 72.5 26.5 
Fδ (ns� 1) 29.7 39.9 55.1 125.2 303.7  
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