
Desalination 544 (2022) 116123

Available online 27 September 2022
0011-9164/© 2022 Elsevier B.V. All rights reserved.

Vertically aligned carbon nanotubes for monovalent cation selective 
membranes designed by in silico experiments 

G. De Luca a, J. Luque Di Salvo b,*, A. Cipollina c, G.L. Luque b, A. Fuoco a, E.P.M. Leiva b, 
G. Micale c 

a Institute on Membrane Technology, ITM-CNR, Via P. Bucci 17/C, 87036 Rende, CS, Italy 
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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Hydrated cations DFT-COSMO opti
mized structures as templates for CNT 
diameters. 

• Selectivity of monovalent versus diva
lent cations: a proof of concept 

• Single cation 200 ns MD trajectories 
through 4 nm-long CNT models in water 

• Na+ 36 kJ/mol affinity vs. Mg2+ and 
Ca2+ total rejection with CNT 1.33 nm 
diameter 

• Total rejection of Cl− anions through 
zig-zag CNTs 1.33–1.96 nm diameter  
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A B S T R A C T   

Many membrane-based ion separation technologies require monovalent cations selectivity. However, available 
membranes usually show limited specific ion selectivity. In order to provide basic information on the membrane 
ion selectivity, the confinement effect on narrow pores disrupting the ion hydration is investigated in this work, 
with the aim to provide a new alternative to classical Cation Exchange Membranes (CEM). Starting from solvated 
cations structures used as templates and obtained by a quantum approach, Single-Wall Carbon Nanotubes 
(SWCNT) with ad-hoc designed diameters were chosen to perform in-silico experiments of single-cation perme
ation through CNT by means of Molecular Dynamics simulations, for which partial charges at nanotube inlets 
were parametrized through ab initio calculations. Cations' trajectories and energy decomposition analysis suggest 
that 100 % perm-selectivity towards Na+ with respect to Ca2+ and Mg2+ is virtually attainable with CNT of 1.33 
nm diameter. Interestingly, the origin of this behaviour lays on thermodynamics rather than on size exclusion 
mechanisms. Opposite to polymeric homogeneous CEM, showing higher affinity for multivalent cations, an 
inverted trend was found for CNT in terms of hydration free energies, where Na+ shows more affinity up to 36 
kJ/mol. Finally, total rejection of Cl− was observed in the range of CNT diameters investigated.  
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1. Introduction 

Various (electro)membrane-based separation technologies rely on 
the capability for selective cations transport, but their performance is 
severely affected by the presence of higher valence cations. Some 
representative examples are the Electrodialysis technology (ED) for 
water desalination [1] and related water treatment processes such as 
selectrodialysis [2], ED metathesis [3,4] or the inverse process of 
Reverse Electrodialysis (RED) to harvest energy from salinity gradients 
[5]. In some scenarios, water treatment with the aim to be used for 
agricultural irrigation requires removal of Na+ and Cl− while retaining 
Ca2+, Mg2+, SO4

2− to avoid extra addition of fertilizers [6], which can be 
achieved by Monovalent Selective ED [7]. Other processes seek tailored 
separation of high-value cations, such as Li+, from Mg2+ [8] or the re
covery of Mg2+ from Na+-rich streams [9], in which monovalent ions 
selectivity is critical. 

The impact of multivalent cations permeation through Cation Ex
change Membranes (CEMs) is directly linked to an increase on power 
consumption in Electrodialysis, due to the increase in membranes 
electrical resistance [10,11]. The accumulation of multivalent cations 
on or in the membrane also increases the risks for inorganic scaling due 
to precipitation of low solubility salts [12,13]. In the case of RED 
technology, divalent cations decrease the power output for two main 
factors, the first is the mentioned increase on membrane electrical 
resistance, and the second is the so-called “uphill transport”, where 
divalent ions move against the salinity gradient decreasing the open 
circuit voltage [14] and the generated power output. These effects on ED 
and RED are more pronounced when using real water streams with 
complex ion mixtures [1,15], in brine management processes [16,17] as 
well as wastewater reuse and valorisation [18,19]. 

The perm-selectivity between mono- and multi-valent cations de
pends on the ion exchange equilibrium constant and the cations mobility 
ratio inside the membrane phase [20]. The equilibrium constant for 
exchanging between mono- and multi-valent cations (also referred to as 
partition coefficient between a pair of counter-ions [21]), accounts for 
the different interaction strength that these cations establish with the 
membrane; higher valence cations show higher affinity compared to 
monovalent ones mainly due to the electrostatic interaction with fixed 
charge groups in the CEMs [11,22,23]. However, a stronger interaction 
means higher activation energy for the cation transport through the 
membrane phase [24,25]; consequently, multivalent cations show 
sluggish transport kinetics, whereas the monovalent cation mobilities 
are higher [22,26]. In summary, thermodynamically, multivalent cat
ions are preferably adsorbed [21,25], while kinetically, monovalent 
cations are transported faster through the CEM [21,22]. 

Although different strategies are adopted to improve monovalent 
selectivity, such as special stack configurations [2,27,28] or by using 
temperature gradients [29], nowadays the most effective approach is the 
use of monovalent selective (MVS) ion exchange membranes. Luo et al. 
[27] described different types of MVS membranes, emphasizing surface- 
modification as the most employed method [10,30], where a thin layer 
is deposited over the ion exchange membranes. At least four types of 
surface modification can be identified based on the thin layer type [27]: 
highly crosslinked, oppositely charged, layer-by-layer assembly and 
dense surface thin layers. The working principle of MVS membranes is to 
increase the energetic barrier for multi-valent cations to enter inside the 
membrane by means of sieve effect of the larger hydrated radii of multi- 
valent cations and/or higher electrostatic repulsion. This, of course, 
comes with a slight detriment on monovalent permeation too: for 
example, layer-by-layer surface modification successfully rejects Ca2+

but decreases Na+ sorption per membrane area [31], usually not fully 
rejecting divalent cations but decreasing their permeation [32]. Another 
proposed strategy is the incorporation of ad-hoc selective molecular 
adsorbents in polymeric membranes, such as inorganic nanoparticles 
[33–35] or crown-ethers [36]. However, the incorporation of highly 
specific chelating agents slows down ion transport through the 

membrane [37], because additional energy must be supplied to desorb 
the ion from a highly favourable adsorption site. Thus, boosted perfor
mance would be achieved by a monovalent selective membrane that 
simultaneously promotes fast ions transport. 

One possible alternative not yet explored, that might fulfil these re
quirements, is the adoption of Vertically Aligned Carbon NanoTubes 
(VA-CNT) composite membranes, with huge potential in the field of 
desalination [38,39]. From the early developments of aligned multi
walled carbon nanotube membranes [40], nowadays, carbon nanotubes 
of small diameters (below 2 nm) can be produced via relatively easy 
routes [41,42]. This is evidenced by recent research efforts on improving 
controlled synthesis of CNT with specific chirality and thus with well- 
defined diameters [43–45], where the Chemical Vapour Deposition 
technology is adopted, thus also guaranteeing an easily scalability of the 
manufacturing process [38,46]. Another important feature of CNT is the 
ultra-fast water transport [47,48] due to the chemically smooth inner 
wall [49,50] allowing for nearly frictionless water transport. VA-CNT 
also have anti bio-fouling properties impeding bacterial adhesion to 
the surface [38]. Thus, the possibility to simultaneously reject salt and 
increase water flow rate, drove the attention to VA-CNT-based water 
permeable membranes (e.g., in reverse osmosis), in which small CNT 
diameters (below and around 1 nm) reject ions [51,52]. However, in 
spite of some works focused on CNT as bio-compatible selective ions 
channels for Na+/K+ [53,54], or pH tuneable channels for Na+/Cl−

[55], there are no basic theoretical studies devoted to the correlation 
between mono− /multi-valent ion selectivity and CNT diameter, 
although it has been observed that higher valence ions are more easily 
rejected [41,42,56–58]. The underlying effect of this phenomenon is 
cation de-solvation in confined geometries: similar to the energetic 
barrier for ion permeation in polymeric CEM requiring disruption and 
re-organization of its hydration shell [59], the same principle holds on 
narrow CNT of a radius comparable with hydrated ions radii 
[51,60–64]. 

Based on this concept, the purpose of this work is to investigate the 
correlation between ions rejection and CNT diameters, fine-tuned to the 
first ion hydration shell. Understanding this correlation is useful for 
designing vertically aligned carbon nanotubes to be used for monovalent 
cation selective membranes. As many coupled effects are present during 
ionic permeation across CNT, virtual experiments considering single 
cation permeation have been devised to reach the purpose of the work, 
so that the effects that hide the ion rejection-CNT diameter correlation 
have not been considered. Therefore, the proposed in-silico experiments 
allow to clearly highlight the investigated structure-property relation
ship. In general, it is worth noting that the rejection of light molecules 
can occur for size exclusion mechanism, however in this case CNT with 
very small diameters have to be considered; consequently, high density 
VA-CNT are required to achieve efficient rejection and high water 
permeability through VA-CNT composite membranes [65]. For this 
reason, herein, we explore the CNT based rejection not for size exclusion 
but for electrostatic interactions with the CNT inlet, showing larger di
ameters, that can destroy the first hydration shell of the ions. 

As a result, the work demonstrates how a proper tunning of the CNT 
diameter can be profited for achieving monovalent cation selectivity, 
based on the solvation differences that mono- and di-valent cations show 
in bulk water compared to when confined inside the carbon nanotube. 

2. Models and computational methods 

2.1. DFT calculations 

Quantum calculations in the frame of the Density Functional Theory 
(DFT) were performed to obtain the first hydration shell structures of 
target ions used to define the SWCNTs diameters. In particular, three 
CNT have been defined with increasingly larger diameters and in such a 
way that their diameters are larger than the minimum molecular size 
(dmin) that defines the minimum-cross section (MCS) of the hydrated 
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structures. An accurate morphological analysis of the optimized geom
etries of the hydrated ions was carried out in order to evaluate the MCS 
of each solute. Each optimized hydrated ion was modeled as a van der 
Waals hard sphere with a specific radius (C 1.5 Å, H 1.2 Å). The MCS was 
then calculated as the minimum rectangle enclosing the orthogonal 
projections of all atoms on a plane perpendicular to the principal mo
lecular axis of the solutes (i.e., the distance between the two most distant 
atoms) [66,67]. The minimum enclosing rectangle allows to minimize 
the empty space, unlike a circular domain which overestimates the 
minimal cross-section of the molecules [66], thus, this approach ensures 
that the shape of the solute is not lost. For a detailed description of the 
algorithm used to calculate the minimal cross size and the validation of 
this geometrical descriptor see reference [66,67]. In general, the kinetic 
diameter is used in phenomena to describe molecular transport when 
passing through a membrane pore and it reflects the smallest effective 
size of the structure. It takes into account the non-spherical character of 
a solute, so that a long linear molecule can permeate better than a 
smaller spherical molecule. As shown in the aforementioned references, 
the agreement between experimental kinetic diameters of several mol
ecules and dmin was found good. The usage of an ab-initio approach to 
evaluate dmin offers several benefits over the kinetic diameter: it requires 
only the chemical structure so that no experimental data is necessary; 
the dmin ab-initio values are also homogeneous, in fact, often the liter
ature data, when available, is obtained under different conditions which 
makes difficult to compare them. 

In this way, we have fixed the CNT diameter in such a way that a size 
exclusion rejection is forbidden as all the hydrated structures can well be 
allocated inside the CNT. DFT calculations were also used to evaluate 
the distribution of charges along the considered SWCNTs. Correct values 
of charges at the mouth of the nanotube are important to reproduce the 
breakdown of the first ion hydration shell. 

Concerning the geometry optimization of the water-ion clusters, the 
DFT calculations were performed using X3LYP hybrid functional 
implemented in the NWChem code [68,69]. Double-ζ basis sets plus 
polarization and diffuse functions (6–31 + G*) on H, O, Na+, Mg2+, Ca2+

and Cl− was used in conjunction to 10− 6 a.u. as energy convergence 
threshold for the self-consistent field procedure with the root means 
square of the electron density equal to 10− 5 a.u. Diffuse function is 
required for a better description of cations and oxygen-containing sys
tems. The reliability of the basis sets and functional was proven in 
previous studies [70,71]. The water-ion clusters were fully optimized 
using analytical energy gradients and the quasi-Newton optimization 
with approximate energy Hessian updates [69]. The maximum and root- 
mean-square of total energy gradients equal to 4.5 × 10− 4 and 3.0 ×
10− 4 a.u., respectively in addition to the maximum and root-mean- 
square of the Cartesian displacement vectors equal to 1.8 × 10− 3 and 
1.2 × 10− 3 a.u., respectively were used as criteria for the geometry 
optimizations. Finally, the COnductor-like Screening MOdel (COSMO) 
[68,72] around the water-ion clusters was used in the optimizations 
considering a water dielectric permittivity equal to 80. 

The hydration of ions was computed by adding water molecules to 
ions one by one and optimizing the entire structures of the complexes, 
obtained after each water insertion. DFT optimizations allow the 
relaxation of the entire water-ion cluster. More details on the procedure 
can be found elsewhere [70,71]. We have indicated with coordination 
number (CN) the total number of water molecules directly interacting 
with the target ions. A water molecule is considered directly interacting 
with the central ion if the ion-water distance is <2.8 Å. This distance 
threshold used to establish the H-bond formation is taken from previous 
work [70,71,73–79]. 

Models of the CNT were built using the Saito-based code on periodic 
DFT calculations on CNT of various diameters [66,80]. Three types of 
zig-zag CNT were considered, the diameters were chosen based on the 
minimal cross diameter of the hydrated structures, obtained according 
to the above ab-initio procedure; they are (17, 0), (21,0) and (25, 0) 
CNTs, with corresponding diameters of 13.3, 16.4 and 19.6 Å 

respectively, without considering the van der Waals radius of carbon. 
During the DFT calculations of partial charges, the length of the nano
tube must be sufficient so that in the all-electron quantum calculations 
the edges do not affect each other. This was done by stretching the 
nanotube until negligible charges were obtained in the carbon atoms of 
the middle. The number of atoms in the CNT models were 374, 462 and 
550 for (17, 0), (21, 0) and (25, 0), respectively, representing large 
systems for DFT calculations. Point charges of the SWCNTs were also 
calculated in the frame of DFT. In this case, the Perdew, Burke and 
Enzerhof [69] (PBE) functional was used. This functional is one of the 
most used for carbon nanotube and related the graphene-based struc
tures. Double-ζ basis sets plus polarization function (3-21G*) on H and C 
was implemented. The criteria used for the energy convergence 
threshold in the self-consistent field procedure and the square of the root 
mean of the electron density are equal to those used to obtain the hy
drate ion structures. The partial charges in the CNT mouth obtained 
were + 0.21 a.u. for Hydrogen and from − 0.16 to − 0.18 a.u. for the first 
row Carbon atoms. As reported in Table S1, only the first row of the 
carbon ring shows a significant partial charge value whereas the second, 
third and fourth show values ranging from − 0.03 to <10− 3 which have 
been considered zero. 

2.2. MD simulations 

2.2.1. Force field and simulation settings 
The in-silico experiments to model the ion permeation through 

different CNTs consisted in unbiased simulations, i.e., one single cation 
was inserted in the CNT-water biphasic model systems (Fig. 1a-b) and its 
trajectory was traced in equilibrium MD run without the application of 
external forces. The main idea of this work is to devise a virtual exper
iment to highlight and then study an important correlation. This proof of 
concept will help to understand the selectivity of nanotubes towards 
mono-valent ions over divalent ones, which cannot simply be separated 
by size exclusion or different solubility. Based on this aim, the inclusion 
of counter-ions in the system would interfere with the phenomenon we 
want to highlight, i.e., the correlation between cation selectivity and 
CNT diameter, which is fine-tuned for the first hydration shell of the 
cations evaluated at the quantum level. Therefore, the effect of counter- 
ions and salt concentrations on cation selectivity would make what we 
want to highlight difficult. 

The CNT length used in MD simulations was chosen to be larger than 
the Lennard-Jones and electrostatic cutoff (1.2 nm) to avoid edge effects 
so that an ion in the middle of the nanotube does no to “feel” the pres
ence of the borders. At the same time, nanotube length was kept as short 
as possible for the sake of computational efficiency. Starting from the 
CNT models, used in the quantum calculation of the partial charges and 
having length of 2.1 nm, the length was doubled to 4.2 nm. In this way, 
increasing the length by an integer factor avoids breaking the CNT at an 
arbitrary point, keeping its chirality and periodicity intact. This gua
rantees that the calculated quantum partial charges, depending on the 
configuration of the local CNT edge atoms, are well reproduced at the 
inlets. 

Two graphene sheets with holes in the middle were placed close to 
both ends of each CNT. In particular, since the effect of the CNT mouth is 
crucial for the ions' permeation [41,81–83], the graphene sheets were 
placed on the plane perpendicular to the axial CNT axis at 3.87 Å from 
the plane containing the ending hydrogen atoms, in order to leave 
exposed the CNT mouths towards the water reservoirs. The MD simu
lation box was periodically repeated in all three dimensions by placing 
the CNT axis parallel to the z axis. We start with the CNT empty and two 
adjacent pre-equilibrated water boxes: in particular, each solvent box 
consisted in 1555 water molecules randomly inserted in 5 × 5 nm 3D 
periodic box, to yield a target density of 1 g/cm3, and subjected to 200 ps 
NVT run. Then, two water boxes were placed on both sides of the CNT. 
The water/CNT/water biphasic systems were subjected to 1 ns NVT to 
allow for water to spontaneously fill the CNT, followed by 2 ns in NPT. In 
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order to check the reliability of the systems, we checked the density of 
water inside the nanotubes (Fig. S1), which was found in agreement 
(within 10 %) with the density/CNT-diameter relation derived by 
Alexiadis [84]. Once reached equilibration, the hydrated ions were 
placed in the CNT mouths, at the radial centre in the xy plane containing 
the ending Hydrogen atoms of CNT, by removing the required water 
molecules to fit the hydrated cation, and run 200 ns in the NVT 
ensemble. Since the models consisted of single cation dissolved in 3110 
water molecules, yielding a concentration of 0.035 M (i.e., in the range 
of river water salinity), possible artefacts due to the charged system were 
considered negligible. However, it should be noted that the excess 
positive charge was counter-balanced by an opposite charge uniformly 
distributed in the background, as a requirement for the Particle Mesh 
Ewald (PME) computation, thus yielding an electroneutral system. 
Furthermore, a similar system has been used in the calculation of free 
energies of hydration by the thermodynamic integration procedure 
[85], which is also implemented in this work (see Section 2.2.2). 

The rigid water model TIP-3P was employed in all cases, the force- 
field parameters for Carbon and Hydrogen atoms were from 
CHARMM, except for Carbon atoms of the graphene sheets that show 
reduced Lennard-Jones (LJ) parameters σ = 0.18 nm and ε = 0.0029288 
kJ/mol in order to lower the attractive potential field. Thus, the gra
phene sheets serve mainly as a physical barrier for ions and water. 
Keeping in mind that ion solvation is crucial for their permeation 
through narrow carbon nanotubes [60], cation parameters were taken 
from Mamatkulov and Schwierz [85], which were parametrized to 
reproduce solvation free energy as well as the first shell water molecules 
residence time of the considered monovalent and divalent cations. As it 
is common practice in this kind of model [51,53,57,60,86,87], position 
restraints with harmonic potential (k = 2 × 104 kJ/mol.nm2) were 

applied to CNT and graphene atoms, these umbrella constraints allowed 
the CNT atoms to vibrate around an equilibrium position. All MD sim
ulations were performed in GROMACS [88] using the Verlet integrator, 
time-step 1 fs, Lorentz-Berthelot mixing rule, cut-off 1.2 nm for both 
Lennard-Jones (LJ) and coulombic terms and PME for long-range in
teractions. For NPT runs we used the modified Berendsen thermostat 
[89] and the Berendsen barostat with time coupling constants of 0.1 and 
5 ps, respectively. For the NVT runs we used the Nosè-Hoover thermo
stat with a time constant of 0.5 ps. As pointed out in the introduction, we 
are aware that many coupled effects are present during ion permeation 
across CNT. However, we aim to clarify ion rejection-CNT diameter 
relationship, for this reason the models have been devised to reach this 
purpose so that the effects that hide the above correlation have not been 
considered. 

2.2.2. CNT-ion energy profiles and solvation free energy 
The energy analysis of the systems was split into two contributions: 

CNT-cation interactions and solvation energy, correlated to H2O-cation 
interactions. 

For the CNT-cation contribution, mono-dimensional potential en
ergy profiles along the z axis, parallel to the axial CNT axis, were eval
uated from the LJ and the coulombic pair-wise interactions between the 
cation and CNT atoms (C, H). These interactions were extracted from 
200 ns runs using all the (xi,yi) coordinates satisfying the condition 
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(xi − x0)
2
+
(

yj − y0

)2
√

≤ rCNT, where (x0,y0) is the radial centre of the 

CNT and rCNT the CNT radius, respectively. To complete the energy 
profiles when the cation does not permeate inside the CNT, the latter 
was pulled along z at fixed (x0,y0) from water bulk using a restraint force 
constant 103 kJ/mol.nm2 and velocity of 0.01 nm/ps. 

Fig. 1. (a) Water/CNT/water system to model ion permeation, water molecules in all-atom representation. (b) Same system of (a) with simplified representation of 
water molecules to highlight CNT mouths showing the simulation box dimensions. (c) Na+ in water bulk to compute ΔGwater. (d) Na+ inside a periodic carbon 
nanotube used to compute ΔGCNT. 
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Concerning the second contribution, we use the Benet Acceptance 
Ratio (BAR) method to compute the solvation free-energy of the cation 
(H2O-cation interactions). To gradually turn on the van der Waals (σ and 
ε) and coulomb cation parameters, a coupling parameter, λ, is used. In 
particular, the Mamatkulov and Schwierz procedure was followed: 
running 1 ns simulation for each value of λ, turning on van der Waals 
parameters in 10 steps, then the ionic charge in subsequent 10 steps, 
except for Mg2+ and Ca2+ in which the ionic charge was gradually 
turned on in 20 steps [85]. 

Two systems were considered: in the first system, the cation was 
placed in a 5 nm cubic water box (bulk water) equilibrated by 5 ns NPT 
simulation (Fig. 1c); in the second it was placed at (x0,y0), applying 
position restraints (k = 5 × 103 kJ/mol.nm2), in a periodic CNT of length 
102.3 Å (Fig. 1d) filled with water molecules to the target equilibrium 
density equilibrated using water/CNT/water biphasic systems (Section 
2.2.1, Fig. S1). In both cases the volume was fixed using NVT ensemble 
assuming that the PV contribution can be safely neglected [90], as 
confirmed by comparing the computed values for Na+ in water obtained 
from NPT, in NVT, and in NVT simulations with the application of po
sition restraints and finding negligible differences among the three 
values (see table S1). The difference between the free energy of the 
cation inside the carbon nanotube (ΔGCNT) and in the water bulk 
(ΔGwater) is then calculated as: 

ΔΔGhyd = ΔGCNT − ΔGwater (1)  

3. Results and discussion 

3.1. Ion permeation through designed carbon nanotubes 

In order to highlight the correlation between ion rejection and CNT 
diameter, fine-tuned to the first ions hydration shell, the first step is the 
proper choice of the target carbon nanotubes diameters. Starting from 
the DFT hydrated cations structures, the corresponding minimum mo
lecular sizes were calculated by an in-house algorithm and then used as a 
template to choose different CNT diameters. Table 1 summarizes the dmin 
of the hydrated ions and their CN values; the CNT diameters (dCNT) 
obtained from chiral indexes by the Saito formula [91] and effective 
diameters (dCNT, eff) corrected by accounting for van der Waals carbon 
radius of from Bondi [92]. In Table 1, we wanted to emphasize that the 
chosen CNT diameters fulfil the relation dmin ≤ dCNT, eff perfectly fitting 
the hydrated ions, as a result CNT with diameters larger than the largest 
one would be too large for the size of the hydrated ions, conversely, CNT 
showing diameters smaller than the smallest chosen does not allow to 
perfectly allocate the first hydration shell of ions. The top view of the 
hydrated cations in the mouth of the selected CNT, shown in Fig. 2, 
indicates that all hydrated cations fit inside all the carbon nanotubes, 
although in the smaller tubes the fit is tight, especially for the hydrated 
Ca2+. Notably, the chosen nanotubes have diameters capable of allowing 
ionic currents (ion permeation). In fact, as reported in ref. [52] this 
happens for CNT (8, 8) showing dCNT≥ 1.09 nm (dCNT, eff≥ 0.94 nm). 

In Fig. 3, there are reported the z-coordinates of the three cations as a 
function of the simulation time and related to nine independent MD 
simulations, one for each cation (Na+, Mg2+ and Ca2+) and each of the 
three carbon nanotubes. It should be noted that the upper and lower z- 
coordinates are connected through periodic boundary conditions, so 
that the ion moving towards negative z-coordinates appears on the other 
side of the simulation box, at the top of z-coordinate, and vice-versa. 
Hence, given the symmetry of the models, it has been considered 
equivalent if the cation enters (exits) on one side or another of the CNT. 
When a cation passes through the CNT inlet, either entering or exiting, 
this is considered a crossing event because no correlation was found 
among cation residence times inside CNT. The details of all crossing 
events are reported on Table S2 in Supplementary Information. More
over, to increase the statistics of the crossing events, the simulations 
were extended to 1 microsecond for the smallest CNT as shown in Fig. S2 
of the Supplementary Information. These figures provide a visual 
impression of ionic motion in the nanotube. 

Fig. 3 shows that the sodium cation is the only one that permeates all 
of the CNT, with decreasing difficulty at increasing CNT diameter. In 
fact, in the smallest nanotube, CNT-(17, 0), Na+ enters three times (the 
number of times a cation enters the CNT was counted by the number of 
trajectory bands in the nanotube) with residences times 24.1, 4.4 and 
24.9 ns (Fig. 3a), however, the last one might be longer since the cation 
remained inside when the simulation time ended. For the middle CNT- 
(21, 0), Na+ enters and exits seven times, with lower residence times 
around 2.6 ns, although it moves back and forth along the nanotube 
finding difficulties to exit, remaining as much as 33.5 ns once (Fig. 3b). 
These effects vanish on the largest CNT-(25,0), where Na+ does not 
remain blocked inside the nanotube, entering and exiting with no dif
ficulty ten times with a mean residence time of 4.7 ns and maximum of 
9.3 ns (Fig. 3c). 

The magnesium cation does not enter the CNT-(17,0), although it 
reaches the nanotube mouth two times and rattles stuck for very large 
times of 5.4 and 32.8 ns (Fig. 3d). It would be expected, based on the 
large sampling time that Mg2+ spends in the nanotube mouth, that the 
cation should eventually permeate inside. The fact that it does not, is 
indicative of an energy barrier unbeatable under the equilibrium con
ditions, so that, based on the above accurate dimension analysis per
formed to select the CNT diameters, the rejection should be related to 
cation de-hydration requirements [60], and probably related to the high 
residence time of water molecules in the first hydration shell of Mg2+

(10− 6 s) [85]. In the case of CNT-(21,0), Mg2+ exhibits a similar 
behaviour to Na+ on the smallest nanotube, entering the CNT three 
times but exhibiting higher residence times 81.7, 39.6 and 16.3 ns, the 
last one might be longer since the cation remained inside when the 
simulation time ended (Fig. 3e). The back-and-forth movement of Mg2+

inside the nanotube still prevails on the larger CNT-(25,0), however, the 
number of crossing events is twice as high and residence times shorter 
compared to the previous one, evidencing easier way of exiting (Fig. 3f). 

The calcium cation shows similar behaviour as Mg2+ but with 
stronger effects, most likely related to its bigger size and coordination 
number, solvated by 8 water molecules in its first hydration shell respect 
to magnesium coordinated by 6 water molecules (Table 1) [71]. In fact, 
Ca2+ is heavily rejected by CNT-(17, 0) not even approaching the CNT 
mouth as Mg2+ does (Fig. 3g). In the case of CNT-(21, 0), Ca2+ perme
ates once at 8.8 ns and remains blocked inside for the rest of the simu
lation time (Fig. 3h), indicating a barrier not only to permeate inside but 
also to exit the nanotube. It is important to emphasize that it is more 
difficult for the ions to exit than to enter the nanotube, which has been 
noticed in experimental [93] and theoretical works [94], so that the 
exiting of ions from carbon nanotubes is the rate-limiting step for ion 
conductance through narrow nanotubes, with diameters comparable to 
the ones considered in this study. For the wider CNT-(25, 0), the effect of 
Ca2+ remaining blocked inside still prevails, but at lower extent with 
residences times up to 32.3 ns and as lower as 2.5 ns, thus the Ca2+

cation is allowed to exit to the bulk (Fig. 3i). 

Table 1 
Hydrated ions and CNT models considered in the study for which the relation 
dmin ≤ dCNT, eff, which considers van der Waals radii, is fulfilled. In parentheses, 
the minimum molecular sizes of hydrated ions are reported. The CNT radii are 
calculated geometrically considering centre-to-centre distance [91], and cor
rected by accounting for van der Waals radius taken from Bondi [92].  

Hydrated 
ion 

Water 
CN 

dmin 

(nm) 
CNT (17,0) 
dCNT = 1.33 
nm 
dCNT,eff =

0.99 nm 

CNT (21,0) 
dCNT = 1.64 
nm 
dCNT,eff =

1.30 nm 

CNT (25,0) 
dCNT = 1.96 
nm 
dCNT.eff =

1.62 nm 

Na+ 5  0.84 Yes Yes Yes 
Mg2+ 6  0.80 Yes Yes Yes 
Ca2+ 8  0.92 Yes Yes Yes  
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3.2. Analysis of energy contributions 

In order to explain the different behaviour of the studied cations, two 
energy contributions, related to the CNT mouth [61] and inside the 
carbon nanotube [52,94] regions are evaluated. The first is the potential 
energy profile showing an energy barrier for the hydrated cation due to 
the nanotube inlet effect that has been observed experimentally to block 
the nanopore entrance [95], although at high current densities [93] and 
at a high external concentration of alkali cations [96]. The second is 
related to the difference in energy correlated to the solvation of the ion 
inside the CNT and in the water bulk. 

Two types of potential curves are depicted in Fig. 4. One curve is 
obtained from cation random movement during equilibrium MD runs, 
coming directly from the trajectory's analysis, hereafter referred to as 
equilibrium profiles. Additional energy curves were performed by 
pulling the cation along the z axis, at a fixed xy-coordinate corre
sponding to the radial centre of the nanotube, hereafter referred to as 
pulling profiles (see Section 2.2.1). Overall, the energy profiles clearly 
show the aforementioned energy barrier followed by an attractive po
tential well, corresponding to the predominance of the electrostatic 
cation‑hydrogen(CNT) repulsion and cation‑carbon(CNT) coulombic 
attraction, respectively. The shape of these potential curves emphasizes 
the crucial effect on the ion permeation [41,56,81] of the electron po
larization at the nanotubes entrances, hence the importance of atomic 
partial charges at the CNT ends [83]. The barrier followed by a well in 
the energy profiles explains why it is more difficult for the cation to exit 
the CNT once it gets over the barrier [93,94], due to the attractive po
tential well. 

Looking into more details, a qualitative assessment of the cation 
radial position when it is inside the carbon nanotube (i.e., if it prefers to 
be in the centre or near the CNT walls) can be carried out. In the middle 
of the CNT, pulling profiles show nearly-zero (albeit mildly attractive) 
LJ energies (see red lines in Fig. 4), whereas the equilibrium profiles 
show slightly more attractive LJ energies, due to the neutral charge of 
the carbon atoms in the middle of the CNT (Table S1). This difference 
indicates that the cations tend to randomly approximate to the CNT 
inner walls, instead of remaining in the nanotube centre, probably due 
to favourable non-covalent cation-π interactions [97,98]. 

It is interesting to note that in all cases, the equilibrium profiles show 
similar maximum values around 40 kJ/mol, independently from the 
cation or CNT diameter. This value is an estimative of the maximum 
(electrostatic) repulsion that the cation can withstand before being 
repelled. In any case, it should be noted that not only does the cation- 
CNT interaction influence ion permeation, but also the cation solva
tion in the CNT is an important factor. Once the cation has reached the 
minimum (around the charged Carbon atoms), it should be easier to go 
inside the nanotube rather than go back and surmount the energy 
maximum of the Hydrogen atoms, as could be inferred from the po
tential energy profiles. But this is not what happens, as readily demon
strated in Fig. 3d, in which Mg2+ rattles around this minimum, but 
encounters another energetic barrier impeding it to permeate inside the 
nanotube. This second barrier is due to the effect of the CNT on cation 
hydration. 

The differences between the solvation free energies of the cations 
inside CNT and in water bulk are summarized in Fig. 5. Comparing the 
ΔΔGhyd values per CNT, the results are in perfect agreement with the 

Fig. 2. Top-view of the hydrated cations in 
the mouth of the considered carbon nano
tubes. The atomic radii are van der Waals 
from Bondi [92] and Shanon ionic radii from 
the database.a Upfront water molecules are 
contoured and empty-filled to show the 
buried cations. Colors are grey (Carbon), red 
(Oxygen), white (Hydrogen), black (Na+), 
magenta (Mg2+) and green (Ca2+). (For 
interpretation of the references to colour in 
this figure legend, the reader is referred to 
the web version of this article.) 
aDatabase of Ionic Radii, http://abulafia.mt. 
ic.ac.uk/shannon/ptable.php (accessed May 
26, 2022).   
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above in-silico experiments of ion permeation, in which a strong divalent 
cations' rejection is observed in the smallest CNT-(17, 0), which grad
ually vanishes when increasing CNT diameter. A clear trend unfav
ourable for divalent cations co-existence inside the CNT with respect to 
monovalent Na+ is observed in all cases. In order to reinforce this 
conclusion, we calculated the free energy change of cation insertion in 
umbrella-constrained windows, along the z-axis when pulling the cation 
inside the nanotube, finding a good agreement with the highlighted 

monovalent selectivity (Fig. S3). It is important to underline that the 
model used to get the change in solvation free energy with the ion po
sition along the z-axis (Fig. S3) is different from the models used to 
obtain the values in Fig. 5. In particular, whereas ΔΔGhyd were 
computed by inserting the cations inside infinitely water bulk (Fig. 1c) 
and periodic CNT (Fig. 1d), the ΔG values reported in Fig. S3 were ob
tained on the model of Fig. 1a, which correlates with the effective 
entrance of the cation in the CNT. From the analysis of the Fig. S3 it is 

Fig. 3. Cation z-coordinates, parallel to the CNTs axial axis, as a function of the simulation time for the nine independent equilibrium MD runs. The horizontal lines 
indicate the position of the Carbon atoms at the end of the tubes (continuous blue lines) bonded to the ending Hydrogen atoms (dashed red lines) of both CNT 
mouths. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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clearly evidenced that Na+ is more stable than Ca2+ and Mg2+, which 
show ΔG values markedly larger than sodium. 

This is the most sounding result, because it demonstrates an opposite 
behaviour compared to polymeric CEMs [21,25], in which monovalent 
selectivity is hindered thermodynamically. Given that perm-selectivity 
is an interplay between cation-membrane affinity and cation transport 
[20], this result suggests that boosted performance could be achieved by 
adopting vertically aligned CNT membranes in technologies requiring 
monovalent cation selectivity based on the higher affinity of monovalent 
Na+ compared to Ca2+ and Mg2+. 

In particular, we observe Na+ stability inside wider CNT-(21, 0) and 
CNT-(25, 0) with respect to water bulk. One possible explanation is the 
formation of ordered water clusters inside CNT [99,100] with specific 
orientations of water molecules [97] due to cation-water and cation- 
CNT inner walls interactions that might stabilize cation hydration. As 
pointed out, the equilibrium profiles show attractive LJ energies, due to 
the neutral charge of the carbon atoms in the middle of the CNT. This is 
in agreement with the Na+ stability observed in Fig. 5. Additional 
studies are required to shed light on this issue. Nonetheless, the same 
simulation conditions were adopted for the three cations, and in all 

Fig. 4. Cation-CNT energy profiles from equilibrium MD simulations (black dots), and energy profiles from pulling simulations decomposed into coulombic (blue 
line-circles) and Lennard-Jones (red lines-circles) contributions. The insets show details for the two larger-diameter CNTs. Vertical grey lines indicate the position of 
charged Carbon atoms (continuous line) and Hydrogen atoms (dashed line). (For interpretation of the references to colour in this figure legend, the reader is referred 
to the web version of this article.) 
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cases, the Na+ hydration inside the nanotube is more favourable, which 
make us conclude this result is due to confinement effects on ion 
solvation. 

3.3. Monovalent cation selectivity 

In order to estimate the ion selectivity among Na+, Mg2+ and Ca2+, 
we count the number of effective crossing events (detailed in Table S1). 
We consider an effective ion entry when the cation enters the CNT 
interior 0.9 nm away from the charged Carbons which define the CNT 
entrance i.e., roughly reaching the range of z-coordinates between 3 and 
5 nm (see Fig. 3). Likewise, we consider an effective exit of the cation 
when it goes beyond 0.5 nm of the plane containing the ending hydrogen 
atoms, which have positive partial charge and thus repel cations (dashed 
lines in Fig. 3). The choice of these cutoff is based on this criterium: 
when cations go inside beyond 0.9 nm, the LJ interactions with CNT 
walls contribute to the cation stabilization more than electrostatic 
attraction with the positively charged Carbons at the CNT mouth. This 
differentiates when the cation rattles in the CNT mouth, overcoming 
only the first potential barrier but not going inside the nanotube (Mg2+

in the smallest CNT, Fig. 3d and Fig. 4d), compared to when the cation 
coexists inside the CNT overcoming the potential well. 

Similarly, when the cation exits from the nanotube towards the water 
reservoirs, at 0.5 nm away from the hydrogen atoms' plane, the CNT- 

cation interaction energy is half of the maximum, so that an extra en
ergy must be supplied to surmount the maximum back forth. Fig. 6 
shows the number of crossing events for the three cations and the three 
CNT. It is important to emphasize that simulations up to 1 μs for the 
smallest CNT (Fig. S2) show crossing events for Na+ but not for Mg2+

and Ca2+, reinforcing our conclusion. 
The results show that a complete rejection of divalent cations could 

be achieved with aligned carbon nanotubes of 1.33 nm diameter, 
although it is valid for the conditions of the in-silico experiments. The 
middle nanotube of 1.64 nm diameter shows effective permeation of 
divalent cations, then an estimation of the sodium perm-selectivity 
compared to divalent cations can be estimated as the ratio of crossing 
events. The enhancement in monovalent selectivity thus obtained is 2.8 
for Na+/Mg2+, bigger than the selectivity of tailored layer-by-layer 
monovalent CEMs of 1.7 [101], while a selectivity of 14.0 for Na+/ 
Ca2+ is obtained which is much higher than state-of-the-art MVS 
membranes, e.g., made of polyethylene imide layer modified CEM 
showing a Na+/Ca2+ selectivity of 8.0 [32]. The monovalent selectivity 
still prevails for the largest CNT (25,0) with an estimated factor around 
2:1 towards Na+, and no appreciable difference between Mg2+ and Ca2+

as observed in the smaller CNT. It is worth noting that the Na+–O(water) 
radial distribution function, analyzed in water bulk and inside the (17, 
0) CNT (Fig. S4) shows a similar first peak as well as water coordination 
number (C.N.), observing a difference in the second peak related to the 
second hydration shell. This indicates that the driving force of selectivity 
is not a loss or decrease on the C.N., but rather to re-arrangement of 
water molecules around the ion. 

A final aspect, concerning the cation/anion selectivity, should be 
considered for the design of VACNT-based monovalent cation selective 
membranes. Therefore, in order to verify the correlation between 
cation/anion selectivity and CNT diameters, fine-tuned to the first ions 
hydration shell and useful to predict monovalent cation selectivity, 
equilibrium MD simulations of chloride anion (Cl− ) on the three CNT 
models were performed. The trajectories are shown in Fig. 7. Beyond 
any expectation, the Cl− anion does not permeate through either carbon 
nanotube, which is in good agreement with available literature data. 
This finding is correlated to an electrostatic effect. Although hydrogen 
atoms are positively charged, the energy barrier imposed by the nega
tively charged carbon atoms was not overcome at the simulation tem
perature. Experimental works attributed ionic current on single-wall 
CNT to cation flow instead of anion flow inside carbon nanotubes 
[61,95,96]. At low concentrations of external solutions, CNTs exhibit 
higher anions rejection than cations due to Donnan exclusion through 
sub-2 nm diameter double-wall VACNT membranes [41,42]. The cation 
selectivity was attributed to negatively charged groups introduced on 
the O2 plasma-etching final step, which is the most commonly employed 
method to prepare VACNT in Chemical Vapour Deposition reactors. 
Moreover, non-equilibrium MD simulations of similar CNT models 
under the application of electric fields [102,103] and hydrostatic pres
sure [39] observed higher cation flux compared to anion flux for a wide 
range of CNT diameters 1.09–3.00 nm. 

We are aware that other aspects should be taken into consideration 
for a better choice of VACNT to increase ion selectivity, such as the 
correlation between CNT diameter and ion diffusion rate, ion concen
tration and ion-pairing effects, presence of external driving forces, etc. 
Concerning the effect of electrolyte solutions on selectivity, the data of 
Fig. 7 indicates that CNT having diameter calibrated on the first cation 
hydration shell would lead to Donnan exclusion of Cl− anions. As a 
matter of fact, some theoretical works considered NaCl solutions and ion 
permeation through similar diameter CNT, observing Na+ flux twice as 
higher than Cl− in the range of 0.25–2.8 mol/l [99], and a stronger 
Donnan exclusion for more dilute solutions [103], which is consistent 
with our results. All these aspects are beyond the scope of this work, 
which is focused on highlighting the hydrated cation-CNT diameter 
correlation that allows to find a relationship based on rejection mech
anism and ion hydration with CNT structure property. This correlation is 

Fig. 5. Differences between the solvation free energies of the cations inside 
CNT and in the water bulk computed by the BAR method (Eq. (1)) as a function 
of the CNT diameter. The chiral indexes of the carbon nanotubes are (17, 0), 
(21, 0) and (25, 0). Error bars are in the order of 0.01–0.02 %. 

Fig. 6. Number of cation-crossing events in the 200 ns independent MD sim
ulations determined from the plots of Fig. 3. No crossing events were observed 
in the smallest CNT-(17, 0) for Mg2+ and Ca2+. 

G. De Luca et al.                                                                                                                                                                                                                                



Desalination 544 (2022) 116123

10

important as guidance to the correct choice of VACNT to be used in the 
preparation of ion selective membranes. 

4. Conclusions 

With the aid of in silico experiments, single cation trajectories 
through carbon nanotubes with fine-tuned diameters calibrated by hy
drated ion sizes, were traced in order to describe the correlation between 
CNT diameter and monovalent cation selectivity. Such correlation is 
very difficult to identify when many coupled effects are present. Thus, to 
achieve this goal, we have followed an ab initio approach, starting from 
DFT optimized structures of hydrated cations and using them as tem
plates to define CNT diameters that fit the first hydration shell of Na+, 
Mg2+ and Ca2+. 

The simulation results show that carbon nanotubes exhibit inherent 
monovalent cation selectivity. We have demonstrated that the basis for 
this outcome are thermodynamic and electrostatic effects, but not 
related to size-exclusion mechanism. An energy analysis based on two 
types of contributions, namely cation-CNT interactions and cation sol
vation differences, was further carried out to explain these findings. 

Concerning cation-CNT interactions, an energy decomposition 
analysis allowed to identify a potential energy barrier at the CNT inlet, 
which is mainly electrostatic. Regarding cation solvation, the difference 
between hydration free energy of the cations inside CNT and in water 
bulk, was computed by the Bennet Acceptance Ratio method. In sharp 
contrast with polymeric-based cation exchange membranes, in which 
multivalent cations absorption is thermodynamically favourable, carbon 
nanotubes show an opposite behaviour, with preference for monovalent 
over divalent cations by up to 36 kJ/mol. 

An estimation of monovalent enhancement selectivity, based on the 
ratio of sodium crossing events against magnesium and calcium, in
dicates that total rejection of divalent cations is virtually affordable with 
CNT diameter of 1.33 nm, whereas using CNT diameter of 1.64 nm it is 
comparable to the state-of-the-art monovalent selective membranes. 
Notably, a total rejection of chloride anion was observed in the range of 
CNT diameters investigated, which is in agreement with literature data 
on cation over anion selectivity of carbon nanotubes. 

It is worth noting that this study completes a previous work focused 
on the VACNT density in membranes and the enhancement of water 
permeability [65]. In fact, the investigated correlation between CNT 
diameters, fine-tuned to the first ions hydration shell, and ion rejection 
helps to define an optimal VACNT density to achieve an efficient 
rejection of monovalent cation as well as a high water permeability via 
composite membranes. 
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