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lon-selective nanotubes have great potential in applications such as ion separation, desalination, and power
generation. However, their performance is often limited by the deteriorated selectivity in mixed salt
solutions. To reveal the underlying mechanism of the mixture effect on ion transport through nanotubes,
we perform molecular dynamics (MD) simulations on ion transport through carbon nanotubes (CNTs)
and polymer nanopores with a pore diameter of ~1 nm and a charge density of —1 e nm~2. Based on
the simulation results, when a single salt solution is replaced by a mixed salt solution, the ionic selectivity
drops as the permeability of higher permeable ions decreases much greater than that of lower
permeable ions. This is because the adsorption of lower permeable ions on the inner surface of
nanotubes blocks the ion flux and increases the entrance barrier to the nanotube, and the adsorption is

significantly reduced in the mixed salt solution. Such a reduction results from the occupancy of higher
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Introduction

Selective ion transport has great potential in ion separation,
water desalination, and power generation."™ A variety of arti-
ficial nanostructures, e.g., carbon nanotubes (CNTs), have been
fabricated and they show ion separation capability."** However,
their performance in real applications is often limited by several
important factors. One is the generally recognized trade-off
between selectivity and permeability,»*'**” and the other is the
lack of scalability in production.'® Moreover, we need to eval-
uate the robustness of the ion separation performance in real
applications, in which solutions are much more complicated
than those in most of the laboratory experiments. Antifouling
performance has already been widely tested for separation
membranes.'*® However, other than the chemical compounds
that may deteriorate the membrane, the mixture of different
electrolytes also influences ion transport. Although the ion
separation performance is usually measured with the ideal ionic
selectivity, ie., the ratio of permeability of different ions
measured in single salt solutions,'* it has been frequently
observed that the ionic selectivity measured in mixed salt
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solutions deteriorates compared with the one measured with
single salt solutions. For example, although the selectivity of
Li*/Mg*" of polystyrene sulfonate (PSS) threaded HKUST-1
metal-organic framework (MOF) membranes is as high as
10 296 measured with single solutions of LiCl or MgCl,, it drops
by more than 80% in the binary mixtures of LiCl and MgCl,.**
Nanoporous polyethylene terephthalate (PET) membranes
fabricated with the recently developed track-UV technique show
both ultra-high permeability of alkali metal ions and high ideal
selectivity of alkali metal ions over heavy metal ions measured
in single salt solutions. However, when the feed solution is
replaced by mixed salt solutions, the ion selectivity also
encounters a decrease of 80-90%."

Previous studies have revealed some interesting mixture
effects on ionic transport. One is the charge inversion
phenomena,*® i.e., the strong electrosorption of multivalent
counter ions on charged track-etched nanopores or CNTs could
overcompensate and reverse the charge sign of the nanopore
surface. For example, the addition of a small number of
multivalent cations such as La*" or Mg®" ions reduces the
rectification ratio of KCl transporting through charged track-
etched polymer nanopores.”® And the addition of larger multi-
valent anions facilitates the permeability of small monovalent
anions through negatively charged CNTs with diameters of 0.8-
2.6 nm.” The underlying mechanism of the charge inversion
has been studied with various approaches including analytical
theories such as one-component plasma (OCP) theory,”” Monte

This journal is © The Royal Society of Chemistry 2020
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Carlo (MC) simulations,”® and molecular dynamics (MD)
simulations.* The other is the anomalous mole fraction effect
(AMFE), i.e., the conductance of the mixture of two salts through
the nanopore is less than that of the single salt at the same
concentration. This effect was first discovered in protein ion
channels with classic mole fraction experiments®** and was
suggested to originate from multiple-ion single-file transport
based on kinetic theory.* However, a model based on Poisson-
Nernst-Planck (PNP) theory challenged this interpretation and
suggested that localized preferential binding can induce the
AMFE.**»* And it was confirmed in the experiment with artificial
nanopores**** and protein ion channels.*” In addition, a sub-
mM concentration of Ca>* ions could modulate the current of
KClI through conical nanopores to show negative incremental
resistance®® and voltage-dependent ion current fluctuations,®”
and these phenomena could result from the transient binding
of Ca®" ions to the negatively charged carboxyl groups on the
pore walls.*” However, the mechanism of the mixture effect on
ion selectivity remains to be investigated.

To understand the underlying mechanism for the
decreased ion selectivity in mixed salt solutions, we test the
mixture effect on ion permeability and selectivity in nano-
tubes using MD simulations. We choose two representative
nanotubes including a CNT and a PET nanopore. The latter is
an atomic simulation model of the PET polymer nanopore
made with the track-UV technique." The former has been not
only considered as a simplified model for PET nanopores*® but
also used to mimic the charged selective filters in other
nanostructures.*® They both have a pore diameter of ~1 nm
and a charge density of —1 e nm™?, similar to the measured
value of the PET nanopores." And previous studies show that
both simulation systems can recapitulate the essential
experimental results such as the ion selectivity order.*®'
Consistent with the experiment," simulation results show
that the selectivity of K*/Ca>" decreases in mixed salt solutions
through CNTs. This is because the higher permeable K" ions
show decreased permeability, while the lower permeable Ca**
ions show increased permeability. Further analysis reveals
that both the passing time and loading time of the Ca*>* ions
decrease significantly in the mixed salt solution due to the
reduced adsorption of Ca®>" ions on the nanotube surface. And
the reduced adsorption results from the replacement of K"
ions by Ca®" ions on the adsorption sites as the K" ions have
a higher adsorption tendency but weaker compared with Ca**
ions. Moreover, we confirm that the PET nanopores show very
similar phenomena to CNTs. These results reveal the under-
lying mechanism of the mixture effect on ion transport in
nanotubes and will help the design of the next generation of
nanostructures to show high permeability and selectivity in
real applications.

Methods

Two representative nanostructures were constructed for MD
simulations. One is the CNT model (Fig. 1a). A 4 nm long (8,8)
CNT with a diameter of 1.085 nm was chosen. Carbon atoms
inside the wall were randomly charged with —0.5e and the total
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PET (polyethylene terephthalate nanopore)

Fig. 1 MD simulation models of ionic transport through nanotubes.
Schematic illustration of ionic transport through a CNT (a) and PET
nanopore (b). K* ions and Ca?* ions are shown as blue and red spheres,
respectively. Cl™ ions are not shown. Carbon atoms in the CNT are
shown as gray spheres. The PET nanopore and water molecules are
shown in gray and light cyan transparent materials. A voltage bias of 0.5
V nm~? along the channel axis, i.e., the z-direction, is always present
during the simulation.

surface charge density is approximately —1 e nm~>. Graphene
sheets connected with the CNT on the two edges separate the
box into two electrolyte cells. The other is the atomic PET
nanopore model adapted from a previous study (Fig. 1b)."* In
brief, a polymer bulk was first built using a collapsing-anneal-
ing method, and then atoms were removed to form a 4 nm long
nanopore with a diameter of approximately 1 nm. The effective
diameter of the PET nanopore along the z axis was calculated
using the HOLE program.* Negatively charged residues (COO™)
were randomly distributed on the inner surface. The number of
negatively charged carboxyl groups is 14, corresponding to
surface charge densities of —1 e nm™?, consistent with the
experimental results. All the nanostructures were solvated with
different electrolytes (for more details, see Table S1%). In brief,
a single salt solution contains 1 M KCIl or 1 M CaCl,, while
a mixed salt solution contains both 1 M KCI and 1 M CaCl,. A
certain number of anions (Cl~) were removed from the elec-
trolyte to maintain electroneutrality of the whole system. The
sizes of the CNT and PET simulation systems were 3.6 x 3.7 X
9.7 nm® and 4.8 x 4.2 x 11.5 nm®, respectively.

All simulations were performed using GROMACS4.6 (ref. 40)
with the Charmma36 force field** and the TIP3P water model.*?
Electrostatic interactions were calculated with the particle-mesh
Edward method. Van der Waals interactions were calculated
using a cutoff of 1 nm. The temperature was maintained at 300
K using a v-rescale. The simulation step was 1 fs. Simulations
were first equilibrated for 200 ps in a constant particle number,
pressure, and temperature (NPT) ensemble at a pressure of 1
atm with the membrane constrained. The last frame of the MD
equilibration was used as the starting structure for further
simulations with the constant particle number, volume, and
temperature (NVT) ensemble. Periodic boundary conditions
were applied to all three directions. During the NVT simulation,
a voltage bias of 0.5 V nm™" was applied along the z axis. The
whole simulation time was 40 ns, but the first 5 ns were

Nanoscale Adv., 2020, 2, 3834-3840 | 3835
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excluded for data analysis to ensure the system was in a steady
state.

Results and discussion

The simulation results show that the permeability of K* ions is
higher than that of Ca*>* ions, but it is reduced to a much greater
degree due to the mixture effect. For example, during a 35 ns
simulation, the number of K" ions transporting through CNTs
is 277, nearly 17 times larger than that of Ca®" ions, ie., the
selectivity of K'/Ca®" is ~17 in single salt solutions. But after
switching to mixed salt solutions, the permeability of K ions
decreases by 40% to 196 (Fig. 2a), whereas the permeability of
Ca”" ions surprisingly increases 3.6 folds from 16 to 58 (Fig. 2b).
Hence the selectivity of K*/Ca>* drops from ~17 in the single
salt solution to ~3 in the mixed salt solution (Fig. 2c). And the
decrease of the selectivity in the mixed salt solution is unlikely
to be attributed to the decreased Debye length resulting from
the increased ionic strength. And the selectivity of K*/Ca>*
increases to 67 in the single salt solution with the same ionic
strength as the mixed salt solution (for more details, see Table
S2+).

To investigate the opposite mixture effect on the perme-
ability of K" ions and Ca** ions, we further characterize the ionic
transport by calculating the passing time (the time elapsed
between one cation entering and leaving the nanopore) and
loading time (the time elapsed between two cations sequentially
entering the nanopore) for different cations in both single and
mixed salt solutions.'®**** The passing time characterizes the
transport process inside the nanopore, and a longer passing
time means a slower transport velocity, which leads to a lower
transport flux. The loading time evaluates the transport process
at around the entrance of the nanopore, and a longer loading
time indicates a higher barrier hence lower accessibility for the
ions to enter the pore, which also leads to a lower ion flux. For
K" ions, both the average passing time and loading time are
almost the same in both single and mixed salt solutions (Fig. 3).
These results indicate that the height of the barrier for K" ions
to enter the nanotube or the transport speed inside the nano-
tube is uninfluenced by Ca®" ions. Hence the reduced perme-
ability of K" ions is induced by the less accessibility to enter the
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Fig.2 Comparison of the permeability and selectivity of ions in single
and mixed salt solutions. (a) The permeability of K* ions is lower in
mixed salt solutions than in single salt solutions. (b) The permeability of
Ca* ions is higher in mixed salt solutions than in single salt solutions.
Error bars in (a) and (b) represent standard deviation of the three
independent simulations. (c) The selectivity of K*/Ca®* decreases in
mixed salt solutions compared with in single salt solutions. The data
from single (mixed) salt solutions are shown in colored (blank) bars.
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Fig.3 The passing and loading time of Ca®* ions transporting through
CNTs decrease much greater than those of K* ions. The passing time
(a) and loading time (b) of K* (blue) and Ca* (red) ions in different
simulation systems. The subscripts s and m denote the single and
mixed salt solutions, respectively (unless otherwise specified). Each
circle represents one ion in the simulation. The width of the data points
in the x direction indicates the number of ions with similar passing
times. The average values of the passing or loading time are shown as
black bars.

nanotube due to the competition at the entrance from the Ca**
ions in the mixture. The accessibility of K' ions depends on the
probability to diffuse into the entrance of the nanotube. In the
single salt solution, the loading time is approximately inversely
proportional to the ion concentration (Fig. Siat). But in the
mixed salt solution, the entrance can also be occupied by Ca**
ions, which have a longer loading time than K" ions. Thus the
time elapsed between two sequential K' ions increases by
approximately 40% from 0.13 ns to 0.18 ns due to the mixture
(Table S37). As for Ca® ions, in the single salt solution, the
passing time and loading time are about 5 times and 9 times
longer than those of K ions, respectively (Fig. 3). But in the
mixed salt solutions, the passing time drops to nearly the same
as that of K' ions (Fig. 3a), and the loading time also drops by
approximately 80% to nearly the same level as that of K" ions
(Fig. 3b). Hence the decreased loading and passing time can be
attributed to the increased permeability of Ca** ions in the
mixed salt solution.

To investigate the underlying mechanism for the reduced
passing time and loading time, we also obtain some clues from
the ion flux plots (Fig. S21). The ions with different permeability
show distinguishable flux curves. In a single salt solution, the
number of K' ions transporting through CNTs or PET nano-
pores increases almost linearly with time, indicating a stable
and continuous ion flow. In contrast, the flux curves of Ca** ions
are not linear but zigzag. They show many plateaus with the
time elapse from several nanoseconds to nearly 20 ns, indi-
cating a blocked and discontinuous flow. Such a stochastic
transport of Ca®* ions suggests that if the simulation time is
insufficiently long the average permeability rates might be
underestimated (Fig. S31). In the mixed salt solution, the flux
curve of K" ions is still a linear line, but its slope is smaller than
that in the single salt solution, consistent with the lower
permeability. Interestingly, as the time elapses of the plateau
significantly shorten, the flux curves of Ca** ions in CNTs look
like smooth linear lines with profoundly increased slopes,
consistent with the higher permeability.

Several studies show that adsorption has a strong effect on
ionic transport in nanopores.****?”* We speculate that the
plateau in the flux curve may be associated with the trapped or

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 The relative amount of Ca®* ions near the CNT wall decreases
in mixed salt solutions compared with that in single salt solutions.
Radial distribution of K* (a) and Ca" (b) ions inside the CNT as
a function of the distance from the CNT wall in single (blue) or mixed
(orange) salt solutions.

adsorbed ions inside CNTs. The radial distribution of cations
inside the channel shows two well-separated peaks for both K*
and Ca”" ions (Fig. 4). One of the peaks is adjacent to the
nanotube surface, and the distance for K* ions and Ca** ions is
approximately 0.3 nm and 0.2 nm, respectively. Notably, these
distances are smaller than the hydration radius of both ions.
The speed of the ions in this peak is less than half of the average
speed of the ions in the peak close to the CNT center. Hence we
count ions close to the surface charges with distances of less
than 0.32 nm and 0.25 nm as adsorbed K" and Ca*' ions,
respectively. Indeed, the plateau in the flux curve of Ca®" ions is
associated with the adsorption events of Ca>" ions (Fig. S2e and
f, Movie S1t).

The passing time of Ca®>' ions is strongly affected by the
adsorbed Ca>" ions. As the single salt solution is replaced by the
mixed salt solution, the average number of the Ca®" ions inside
the CNT changes from 5.3 to 1.6, the percentage of adsorbed
Ca?" jons decreases from 40% to 16%, and hence the number of
adsorbed Ca”>* ions decreases from 2 to 1 or 0 (Fig. 5a).
Furthermore, the adsorption time of Ca®>' ions decreases
dramatically from 8.39 ns to 1.99 ns (Fig. 5b). Consequently, the
passing time of Ca*>* ions dramatically decreases from 0.5 ns in
the single salt solution to 0.09 ns in the mixed salt solution
(Fig. 3a and Table S37). Hence the increased ion flux of Ca**
ions in the mixed salt solution can be attributed to the greatly
decreased adsorption events. On the other hand, the number of
adsorbed K" ions is 8, much greater than that of Ca®>" ions in the
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Fig. 5 The adsorption of Ca®* ions on the CNT wall decreases much
more significantly than that of K* ions. (a) The average number of the
adsorbed Ca®* ions decreases from 2 to 0.3, whereas that of K* ions
only changes from 8 to 6. (b) The adsorption time of K* ions does not
change but the adsorption time of Ca®" ions decreases greatly inside
the CNT when the single salt solution is replaced by the mixed salt
solution. Error bars represent standard deviations.
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single salt solution (Fig. 5a) but their adsorption time is only
0.44 ns, much less than that of Ca®" ions (Fig. 5b). Hence the
adsorption does not strongly affect the passing time of K* ions.
Furthermore, after switching to mixed salt solutions, the radial
distribution of K" ions is nearly unchanged (Fig. 4a), the
number of adsorbed K' ions decreases slightly to 6 (Fig. 5a), and
the adsorption time of the K" ions is almost unchanged in both
single and mixed salt solutions (Fig. 5b). Hence, the passing
time of K" ions is nearly unchanged too.

The adsorbed ions affect not only the passing time but also
the loading time of Ca** ions as the number of the adsorbed
ions is the only factor found to be strongly correlated with the
loading time. First, the loading time should be anti-propor-
tional to the ion concentration. As shown in Fig. S2a,t for K"
ions, with the increase of ion concentration (from 0.5 M to 1 M)
or addition of other ions (0.5 M single salt solutions to 0.5 M
mixed salt solutions), the loading time decreases. However, for
Ca®" ions, their loading time in the single salt solution with
a higher concentration (1 M) does not show an expected
decrease (Fig. S1bt). Second, the loading time could also
increase if the net positive charge of the CNT is greater due to
the electrostatic repulsion, but we find that the loading time is
insensitive to the total charge inside the CNT (Fig. S41). Inter-
estingly, for both single and mixed salt solutions, the loading
time of Ca®" ions is positively correlated with the number of
adsorbed Ca®" ions inside the channel (Fig. 6). As the number of
adsorbed Ca** ions increases from 0 to 1 in the mixed salt
solution and from 1 to 2 in the single salt solution, the loading
time of Ca®>" ions increases from 0.18 ns to 0.36 ns and 1.29 ns.

It seems to be strange that the adsorption inside the CNT
could affect the loading at the entrance. We speculate that the
electrostatic repulsion from the adsorbed Ca** ions could play
an important role. To test this idea, we change the distance
between the adsorption sites and the entrance. For example, if
we swap the direction of the electric field and increase the
shortest distance between the adsorption site and the entrance
from 1 nm to 3 nm, the loading time of Ca>* jons in single salt
solutions indeed decreases from 1.17 ns to 0.65 ns. If we reduce
the shortest distance between the adsorption site and the
entrance to 0.5 nm while keeping the other charge distribution
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Fig. 6 The dependence of the loading time of Ca" ions on the
adsorbed Ca®* ions. (a) The loading time of Ca?* ions is positively
correlated with the number of the absorbed ions on the CNT wall.
Each circle represents one ion, and the bar represents the average
value. The dashed line connecting the average value is an eye guide. (b)
The loading time of Ca?* ions increases as the shortest distance
between the adsorbed Ca®* ions and the CNT entrance decreases.
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unchanged, the loading time increases to 2.11 ns (Fig. 6b). This
is because the adsorbed Ca”>* ions repel the mobile Ca®>" ions
away from the entrance, but it is difficult for the latter to kick
the former away from the adsorption sites.

Interestingly, K" ions show an adsorption behavior quite
different from that of Ca®" ions. On the one hand, K* ions are
more easily adsorbed than Ca®>" ions as the radial distribution
shows that in the single salt solution nearly 91% K" ions are
trapped close to the nanotube surface but this number for Ca**
ions is only 40%. On the other hand, K' ions more easily
dissociate from the adsorption sites than Ca®" ions as the
average adsorption time of K* ions is only 5% of that of Ca**
ions. This difference could be attributed to the coupling
between the dehydration effect of the ions and the electrostatic
interaction between the dehydrated ions and the adsorption
sites. Notably, all the adsorbed ions are partially dehydrated
(Fig. S51). Since K* ions have less dehydration energy than Ca**
ions, they more easily bind to the negatively charged adsorption
sites after squeezing approximately half of the hydration water
molecules. Meanwhile, K" ions have weaker electrostatic inter-
actions with the charged adsorption sites as they are mono-
valent and the absorption peak of K" ions is more than 0.1 nm
away from the surface compared with that of Ca®" ions (Fig. 4).
Hence their desorption tendency is higher than that of Ca**
ions. Based on these results, we estimate the two-state free
energy landscapes of K™ ions and Ca*" ions (Fig. 7). Though the
relative free energy difference between the adsorption state and
desorption state is slightly larger for K' ions, the free energy
barrier for adsorption and desorption is much higher for Ca**
ions.

We confirm that the decrease of the selectivity due to the
mixture effect can also be observed in different random charge
distributions (Fig. S6f), reduced surface charge density
(Fig. S7at), and reduced external electric field (Fig. S7bt), but
this effect could diminish if the CNT is uniformly charged
(Fig. S8t). These results suggest that the discrete preferential
adsorption sites in the nanopore might be key for the observed
mixture effect, resonating the new interpretation of the
AMFE.32’33

@ Ca2*ion

° K*ion

water

9.0 kgT

Fig.7 The adsorption and desorption free energy landscape of K* ions
and Ca?* ions. The relative free energy difference between the
adsorption and desorption state is estimated with the ratio between
the two peaks in the radial distribution (Fig. 4). And the barrier height of
desorption is estimated with the adsorption time (Fig. 5b) according to
the Arrhenius law assuming the pre-factor to be 1 ps.
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Fig. 8 Mixture effect on the ion transport in PET nanopores is
consistent with that of the CNT. The passing (a) and loading time (b) of
Ca2* ions in single salt solution decrease compared with those in
mixed salt solutions whereas those of K* ions increase. The expanding
width of the scatter graph in the x direction indicates the relative
distribution of the calculated ions. The average values of the passing/
loading time are shown as black bars.

We find that PET nanopores show a very similar mixture
effect on ionic transportation to CNTs. The selectivity of K*/Ca®*
decreases from 179 to 20 due to the mixture effect (Fig. 2c),
which is consistent with the experimental value." The loading
time and passing time of Ca®" ions decrease in the mixed salt
solution (Fig. 8) and the adsorption number of Ca®" ions
decreases (Fig. S10at). But the mixture effect on ionic transport
through PET nanopores also shows different trends compared
with that of CNTs (Fig. 8, S9 and S107). For example, K* ions
show both increased passing and loading time in the mixture
(Fig. 8), and the adsorption time of Ca** ions changes very little
in the mixture (Fig. S10bt). These observations might be
attributed to the rough inner surface and denser discrete charge
distribution in PET nanopores.

Conclusions

In conclusion, we test the mixture effect on ion permeability
and selectivity in nanotubes including CNTs and PET nano-
pores using MD simulations. As PET nanopores with a pore
diameter of ~1 nm and a charge density of —1 e nm > show
both high selectivity and permeability, the nanotubes in the
simulation are set with these parameters. Simulation results
show that in both nanotubes, in single salt solutions, the
permeability of the K* ions is much higher than that of Ca®*
ions and hence the selectivity of K'/Ca®" is high. This is because
the adsorption of Ca®>" ions is stronger than that of K ions, and,
as a result, the ion flux is more frequently blocked for a signif-
icant period and the passing time and loading time of Ca** ions
are much greater than those of K' ions. However, in mixed salt
solutions, the selectivity of K*/Ca** significantly decreases as the
permeability of the K' ions decreases and the permeability of
the Ca®* ions increases. On the one hand, the decrease in the
permeability of K* ions can be attributed to the decreased
effective concentration. On the other hand, the reduced
adsorption of Ca** ions on the nanotube surface results in
a significant decrease in the passing time and loading time of
Ca”" ions in the mixed salt solution. This is because weakly
adsorbed K" ions have a higher adsorption tendency, and this
prevents Ca®" ions from binding on the adsorption sites in the
mixed salt solution. These results shed light on the underlying

This journal is © The Royal Society of Chemistry 2020
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mechanism of the mixture effect on ion transport in nanotubes.
With more systematic studies, we hope the next generation of
nanostructures could overcome this mixture effect and show
high permeability and selectivity in real applications.
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