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In this work, we employed molecular dynamics simulations of a mixture of 1:1 and 3:1 salts in order to explore
the flocculation as a prominent factor in desalination through nanoporousmembranes. The NaCl rejection by the
nanomembranes is enhanced due to the addition of the multivalent cation from ~70% to 100%. Our findings indi-
cate that themechanism behind this effect is the ionic clustering due to the presence of themultivalent ion com-
bined with the dielectric discontinuity at the nanopore. We show that the confinement increases the
sodium‑sodium aggregation and that the clusters are able to support the high pressures applied in the non-
equilibrium simulations. Our results indicate that a simple flocculant can enhance ion rejection rate of the
nanomembrane, which is consistent with recent experimental findings that the rejection sharply increases
with the particle size.

© 2018 Elsevier B.V. All rights reserved.
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1. Introduction

The carbon nanotube (CNT) membranes with diameters smaller
than 2 nm showed 100 to 1000 times higher permeability than existing
polymeric membranes [1,2]. The mechanism behind this superflow is
related to the favorable slip boundary condition found inside carbon
nanostructures [3,4], which gives rise to several structural transitions
in the confined water such as the single-file mobility found in small
nanotubes [2,5]. Consequently, CNTs became an option for building
membranes for desalination. However, the controlled production of
nanotubes with diameter below 2 nm is not trivial and it is not obvious
that the membrane of nanotubes resists to the high water pressures in-
volved in the reverse osmosis desalination processes. Since the
superflow of water observed in CNTs is not affected by the length of
the tube [6], nano-sheet-based membranes [7–13] can be used instead
of the CNT's as molecular sieving for water desalination. Two-
dimensional (2D)nanoporousmembranes have stood out in the last de-
cade as prominent materials for cleaning water since they combine the
unique molecular sieving properties with the fast permeation [14]. Re-
cent advances in thisfield have allowed the introduction of 2Dmaterials
with tunable pore diameters and shapes [15–17], which are prerequi-
sites for the industrial-scale production.
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Thesematerials, due to its single-atom thickness andmechanical ro-
bustness, becamemore attractive asmembranes than structures such as
conventional zeolite. As a consequence, several studies have focused on
the chemical functionalization of the graphene nanopores [18–20]. For
instance, Striolo and his group [21] has demonstrated that carboxyl
functional groups tethered on graphene pores can enhance the ion ex-
clusion, but the effect becomes less pronounced as both the ion concen-
tration and the pore diameter increase. In addition, 2D materials with
hydrophilic and hydrophobic sites, such as the molybdenum disulfide
(MoS2) nanopores, were investigated [13,22]. A nano-sheet of MoS2
consists of a middle layer of molybdenum sandwiched between two
sulfur layers, with thickness of ~1 nm and a robust Young's modulus
of ~300 GPa [23] (comparable to the Young's modulus of steel).

The performance of current commercial reverse osmosis (RO) poly-
meric membranes is on the order of 0.1 L/cm2·day·MPa
(1.18 g/m2·s·atm) [24]. With the aid of zeolite nanosheets, permeabil-
ity high as 1.3 L/cm2·day·MPa can be obtained [25]. Recent studies have
demonstrated that the MoS2 nanopore filters can achieve very high
water permeability of the order of 100 g/m2·s·atm [22] — two orders
of magnitude higher than the commercial RO based in polymeric mem-
branes. This is comparable with the permeability measured experimen-
tally for the graphene filter (~70 g/m2·s·atm) under similar conditions
[26]. All of these results illustrate the high potential of 2D nanoporous
membranes in desalination processes.

Although 2D membranes represent a huge step towards efficient
water filtration, there are still experimental challenges concerning the
nanopore tailoring. Some progress, however, has beenmade to produce
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Fig. 1. (a) Schematic representation of the simulation framework. The system is divided as
follows: On the left side we can see the piston (graphene) pressing the ionic solution
(water, Fe3+, Na+, Cl−) against the MoS2 (or graphene) nanopore. On the right side we
have bulk water. (b) Definition of the pore diameter for each membrane.
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sub-nanometer controlled nanopores. Methods including electron
beam [27], ion irradiation [28] and chemical etching [29] have been ap-
plied to introduce nanopores in graphene. Using a highly focused elec-
tron beam, and transmission electron microscope, versatile nanopores
with diameters ranging from subnanometer to 10 nm were sculpted
successfully in MoS2 membranes [30]. Feng et al. [31] have developed
a scalable method to controllably make nanopores in single-layer
MoS2 with subnanometer precision using electrochemical reaction
(ECR). Fabrication of individual nanopores in hexagonal boron nitride
(h-BN) with atomically precise control of the pore shape and size has
been also reported [32]. Another challenge lies in accurately measuring
the size of themanufactured nanopore. Attempts have beenmade to ex-
tract this information from the material's conductance [33]. Recently,
Wen and colleagues [34] have introduced the concept of effective trans-
port length in order to accurate determines graphene and MoS2
nanopore's diameter using conductance measurements.

Despite the experimental efforts, the nanopores are often larger than
the ion hydration radius. One way to get around this is to reduce the
nanopore accessible area, but this lowers the water flux, which is not
desirable. Another way to induce larger desalination rates is to increase
the ionic cross section to avoid ion passage through the membrane.
Joshi et al. [35] have reported experimental evidence that graphene
oxide membranes can block all solutes with hydrated radii larger than
~0.45 nm. The ultrafast separation of small salts is attributed to an
“ion sponge” effect that results in highly concentrated salt solutions in-
side graphene capillaries. Additionally, molecular dynamics (MD) simu-
lations have confirmed that nanopores with ~1 nm in diameter allows
the passage of monovalent ions but inhibits the passage of larger parti-
cles [35].

In this paper, we report a large increase in the salt rejection by
graphene and MoS2 membranes by promoting clusterization of the
ions and increasing the ionic cross section. Instead of just pressing a
NaCl solution against the nanomembrane, a flocculant ingredient, the
ferric chloride (Fe3+Cl3−), is added to the solution. The idea is to induce
the monovalent ions to aggregate to the trivalent cation through a
charge reversionmechanism [36,37]. Although in recent years a consid-
erable amount of interest has been dedicated to the investigation of de-
salination processes using nanomembranes, to the best of our
knowledge, the nanopore plus nano flocculant approach has not been
investigated so far.We choose ferric chloride as flocculant once it is eas-
ily accessible, have a low cost, is an essential element for living organ-
isms at low concentrations, and when at high concentrations can be
easily removed from water.

2. Models and methods

We implementedMD simulations using the Large-scale Atomic/Mo-
lecularMassively Parallel Simulator (LAMMPS) package [38]. For the ion
removal from water, two types of membranes are analyzed: MoS2 and
graphene. For analyzing the non-equilibrium flow the simulation box
was built with a graphene sheet at one end acting as a rigid piston
which applies an external force (pressure) on the ionic solution. The
pressure gradient forces the solution against the 2D nanopore at the
membrane located at the center of the box, as depicted in the Fig. 1
(a). The nanopore, with an accessible diameter of ~1 nm and illustrated
in the Fig. 1(b), is located at the center of both the MoS2 and the
graphene sheets. The system contains 22,000 atoms distributed in a
boxwith dimensions 5 × 5 × 13nm in x, y and z directions, respectively.

The ionic solution – pure sodium chloride or mixture of sodium and
ferric chloride – has a total molarity of 1 M in all simulations. Although
larger than the salinity of seawater (~0.6M), it is in the same scale range
and still reduces the computational cost associated with low-molarity
solutions. We do not expect that this difference would change the be-
havior of the macroions. In order to study the effect of adding the ferric
chloride to the NaCl solution, we investigate solutions with 20, 35 and
50% of Fe3+ ions.
The TIP4P/2005 [39] water model was used and the SHAKE algo-
rithm [40] was employed to maintain the rigidity of the water mole-
cules. The non-bonded interactions are described by the Lennard-
Jones (LJ) potential with a cutoff distance of 1 nm. The reader is referred
to our previous work, reference [41], for more details about the param-
eters used in the simulations. The long-range electrostatic interactions
were calculated by the Particle Particle Particle Mesh method [42] and
periodic boundary conditions were applied in all directions.

For each non-equilibrium simulationwith nanopore, the systemwas
first equilibrated in the NPT ensemble for 10 ns at P = 1 atm and T =
300 K. Graphene and MoS2 atoms were held fixed in the space during
equilibration and the NPT simulations allow water to reach its equilib-
rium density (1 g/cm3). After the pressure equilibration, a 10 ns simula-
tion in the NVT ensemble was performed to further equilibrate the
system at the same T=300 K. Finally, a 10 ns production run were car-
ried out, also in the NVT ensemble. Then different external pressures
(ΔP = 10, 50 and 100 MPa) were applied on the rigid piston to charac-
terize the water filtration through the 2D (graphene and MoS2)
nanopores. We use such high pressures at MD simulations because
low water flux would not go above the statistical error. The Nosé-Hoo-
ver thermostat [43,44]was used at each 0.1 ps in bothNPT andNVT sim-
ulations, and the Nosé-Hoover barostat [45] was used to keep the
pressure constant in the NPT simulations. For simplicity, the pores
were held fixed in space to study solely the water transport and ion re-
jection properties of these materials. We carried out three independent
simulations for each system collecting the trajectories of atoms every
picosecond.

In order to assess whether the clusterization phenomenon is due to
the confinement or rather an intrinsic behavior of the cations in solution
we have further investigated the variation of Fe3+ concentration in
equilibriumMD simulations for bulk or confined between two graphene
sheets. The clusters properties were then compared with the non-
equilibrium nanoporous simulation results. For the bulk and confined
equilibrium systems, we have implemented 10 ns of NPT simulations
followed by 30 ns of NVT simulations for data collection, in order to ac-
count for the equilibrium density of the ionic solution. The same



Fig. 4. Percentage of ion rejection as a function of the ferric chloride concentration
(keeping NaCl molarity at 1 M) for MoS2 and graphene nanopores under applied
pressure ΔP = 10 MPa.

Fig. 2. Percentage of ion rejection as a function of the applied pressure for (a) MoS2 and
(b) graphene with distinct concentrations of ferric chloride. The dotted lines are a guide
to the eye.
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procedurewas also adopted to simulate the confined systems. Again, we
performed three independent simulations for each sample.

3. Results and discussion

The efficiency of a water desalination process is measured by the
ability of themembrane to reject ions. The ion rejection depends on fac-
tors such as the nanopore's chemistry, size and shape, as well as the
Fig. 3. (On the top) side view snapshots after 5 ns of simulations of NaCl passing through (a) M
formation preventing the ion passage through (c) MoS2 and (d) graphene nanopores. These co
valence of the ion to be blocked [41]. Although the finite pore length
has a minor effect in the water flow, it is quite relevant for the ionic
structures [46]. The dielectric discontinuity –which has important con-
sequences for the ion rejection – decreases as the length of the channel
decreases and increases as the valence of the ion increases [47]. There-
fore, the clusterization of ions in the solution leads to an increase of
ion rejection both due to size and electrostatic effects.

3.1. Ionic rejection

The percentage of total ions rejected by the MoS2 and graphene
nanopores is plotted as a function of the applied pressure in Fig. 2. For
low iron concentrations, Fig. 2(a) and (b) shows that the ion rejection
decreaseswith the increase of pressure for bothmembranes. The higher
pressures induce higher forces on the ions, allowing them to overcome
the entropic and the dielectric barrier at the pore entrance. For higher
iron concentrations, however, this is not the case. A complete ion rejec-
tion is observed for 35 and 50% of ferric chloride for the MoS2 mem-
brane and 50% of ferric chloride for the graphene membrane. The
addition of ferric chloride increases the ion rejection by ~30% for the
MoS2 and ~32% for the graphene membranes when compared with
the systemwithout the flocculant. Additionally, the overall desalination
is higher for the MoS2 membrane compared with graphene, which is a
consequence of the nozzle-like shape of the former and the
oS2 and (b) graphene nanopore without any trace of clusterization. (Bottom) FeCl3 cluster
nfigurations are for applied pressures of 50 MPa.



Fig. 5. Na\\Na Radial distribution function for the ionic solution in (a) bulk, and confined between (a) graphene sheets and (c) nanoporous graphene. Different ferric chloride
concentrations are considered.
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hydrophilic-hydrophobic competition at the MoS2 pore's edge [13]. In
fact, the competition between hydrophilic and hydrophobic states is de-
terminant for adhesion andblockage of ionic solutions in solid-liquid in-
terfaces [48]. This would be useful, for instance, in nanopore power
generators, with giant osmotic effects induced by ionic concentration
bias [49].

The efficiency of desalination through nanoporous membranes is
usually limited by the size of the pore: as the area of the pore increases,
the efficiency of rejection decreases [13]. Here, we have used effective
pore diameters (discounted the van der Waals radii) of ~1 nm, larger
than that used by most of simulations with nanopores [13,22,50,51].
By adding ferric chloride to the solution we have achieved 100% of ion
blockage, which is not observed in simple saline solutions even with
functionalization of the nanopore [50,51]. The mechanism behind this
new behavior is that adding FeCl3 in the NaCl solution leads to the for-
mation of ionic clusters. This clusterization is mainly regulated by the
charge inversion phenomenon occurring when the Cl− anions are
attracted by Fe3+, causing the excess of negative charge and the conse-
quently inversion of sign in the charge distribution profile. Then, the
Na+ cation is attracted to this cluster. As result, the cross section of
the clusters is larger than the accessible diameter of the pore. This phe-
nomenon can be better observed in the snapshots depicted in Fig. 3.
While in the absence of FeCl3, Fig. 3(a) and (b), the ions spread out
through the simulation box, when the ferric chloride is added to the so-
lution the ions assemble to form big clusters, avoiding the ion passage
through the membrane. The rejection is then mainly dictated by the
size of these clusters: when we add enough Fe3+ to the system the
Fig. 6.Na\\NaRDF for the ionic solution (1MNaCl) innanoporous graphenewith different
ferric chloride concentrations (0, 0.2 and 0.5 M FeCl3).
cross section of the clusters becomes larger than the accessible area
within the nanopore. Since the membrane rejection is most dependent
on the ion/pore diameter ratio, with the addition of FeCl3 we have
highly increased the desalination efficiency of the nanopore.

In order to test whether the ionic rejection efficiency of the
nanopore is due to the addition of the flocculant agent (FeCl3) or due
to the reduction of theNaClmolarity we have implemented simulations
of 1 M NaCl solution with the addition of different amounts of ferric
chloride (corresponding to 0, 0.2 and 0.5 M FeCl3), thus increasing the
total molarity of the solution. The ion rejection as a function of the ferric
chloride molarity is shown in Fig. 4. We can observe that, as in the case
of Fig. 2, the increase in the amount of FeCl3 in the solution leads to an
increase in the desalination rate. The difference is that while in the
nanoporous graphene we observe a linear increase in the ion rejection
until it reaches ~90%, the MoS2 system is able to reject more than 90%
of the ions by adding just 0.2 M of ferric chloride to the ionic solution.
This result shows that regardless of keeping the overall solution molar-
ity or adding the flocculant agent to a 1 M NaCl solution we observe a
promising increase in the capability of the membrane to reject ions.

3.2. Ionic radial distribution and clustering

In order to understand if this clusterization is an artifact of the con-
finement or of the non-equilibrium nature of the flow we compared
three cases: (i) bulk, (ii) confined between graphene sheets and (iii)
the non-equilibriumnanopore case used for thewater desalination sim-
ulations. Each case is represented in the insets of Fig. 5(a)–(c),
respectively.

The Na\\Na radial distribution functions (RDF) presented in Fig. 5
highlights the ionic clusterization process as we increase the Fe3+ con-
centration. For the bulk system, Fig. 5(a), we can observe that the so-
dium atoms become closer as the number of Fe3+ cations added to the
solution increases. The same behavior is found for the other systems: re-
gardless of the confinement (equilibrium graphene or non-equilibrium
nanoporous graphene), the RDF shows the narrowing of Na\\Na aver-
age distances as we increase the fraction of FeCl3 in solution. The
trend follows until the extreme situation in which we have 50% of ferric
chloride, whenwe observe this highly packed ionic clusters both in bulk
and in the confined solutions, as depicted in the insets of Fig. 5.

The fact that the ion clusters come through all the non-equilibrium
simulations, with high applied pressures, is remarkable. In fact, solution
neutron and X-ray diffraction have indicated that tri-valent ions do not
significantly alter the density or orientation of water more than two
water molecules (0.5 nm) away [52]. The short-range character of the
ionic clusters in solution is therefore determinant for their survival
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either in bulk or under applied pressures. This result is also corroborated
by a recent investigation on the solvation of trivalent Al3+ both in bulk
and confined between graphene sheets [53], where the trivalent cation
do not significantly change the microstructure of the mixture. Despite
the great interest on the structure and dynamics of ions in bulk water
[54–57], very few experiments have been reported at the nanoscale
confinement of ionic solutions. For the best of our knowledge, this is
the first study reporting on the flocculation effect applied to water
nanofiltration.

In Fig. 6 we show the Na\\Na RDF for the 1MNaCl solutionwithout
ferric chloride, and with the addition of 0.2 and 0.5 M FeCl3. The curves
show that independently of the NaCl to FeCl3 ratio (if keeping the over-
all FeCl3 + NaCl molarity at 1 M or keeping the 1 M NaCl solution with
the addition of ferric chloride) we can observe the clustering of the Na
atoms. The mechanism indicates again the flocculation capability of
the FeCl3, and therefore highlights the application of this ingredient in
nanomembranes for efficient desalination.

All the results show that the ionic clusterization phenomenon is due
to the ionic inversion effect associated with the addition of FeCl3 to the
solution. These clusters are then responsible for the increase in the ion
rejection rate from a combination of size and repulsion due to the di-
electric discontinuity. The flocculation represents therefore a potential
method for improving desalination nanotechnologies.

4. Conclusions

Usingmolecular dynamics simulationswe showed that adding ferric
chloride to a salt water solution can significantly increase the salt rejec-
tion by the nanoporous membrane. Even for nanopores beyond 1 nm,
where the efficiency of the membranes is low, the clustering process
lead to a 100% salt rejection. Additionally, we have found a relation be-
tween the increase in ionic rejection and the percentage of FeCl3 added
to the NaCl solution. As we increase the proportion of ferric chloride the
Na+ ions aggregates forming large clusters, which is crucial for the ion
blockage at the nanopore interface.

The flocculation phenomenon was found to be intrinsic of these
ionic solutions (ferric chloride, sodium chloride and water) since we
have observed large clusterization from the bulk phase to non-
equilibrium confined systems. This result shows how we can improve
the efficiency of nanoporous membranes for water desalination using
flocculant chemicals.
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