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"Water is a precious resource,
crucial to realizing the Sustainable Development Goals,

which at their heart aim to eradicate poverty."
Ban Ki-moon





Resumo
A escassez de água é um dos mais maiores desafios dos tempos atuais, e os prognósticos
realizados por cientistas indicam que o cenário irá piorar nas próximas décadas. Novas
tecnologias baseadas em dessalinização do mar podem ajudar a prevenir os piores cenários.
Com esse intuito, materiais nanoporosos têm sido sugeridos nos últimos anos. Um dos
materiais propostos é o dissulfeto de molibdênio (MoS2). Para entender a dinâmica da
água-ion-nanoporo e inspirar como projetar novos nanomateriais para a dessalinização,
a Dinâmica Molecular clássica se apresenta como uma das ferramentas mais poderosas
para esse propósito. Diferentes maneiras de comparar a influência da química e geometria
do poro foram desenvolvidas neste trabalho. Foi analisado o quão sensível é a vazão da
água e a rejeição do sal com relação a variações nos tamanhos e química do nanoporo. Em
alguns casos, o fenômeno de bloqueamento do poro emerge. Para esclarecer esse ponto,
conduzimos estudos sobre como diferentes modelos de íons podem afetar o fluxo da água e
a rejeição iônica. O papel da blindagem da interação Coulombiana no transporte da água e
no bloqueamento iônico foi elucidado. Além disso, aprendemos que a química do poro tem
enorme impacto na rede de ligações de hidrogênio perto e dentro do nanoporo. Quando a
rede de ligações de hidrogênio é favorecida, o transporte de água é melhorado. Por meio da
análise de densidade de nanoporos, não fora observado nenhum efeito de maior ordem devido
a proximidade de nanoporos vizinhos. Os resultados obtidos são inéditos e futuros estudos
na área são promissores. Em termos de tecnologia de dessalinização em geral, a próxima
geração de membranas precisa ser muito seletiva e resistente a bloqueamentos. Acreditamos
que esse trabalho contribui para guiar futuros desenvolvimento de nanomateriais para
dessalinização da água.

Palavras-chave: Nanotecnologia. Nanofluídica. Dessalinização da Água. Dinâmica
Molecular. Membrana Nanoporosa de MoS2.





Abstract
Water scarcity is one of the most significant challenges of our time, and scenarios predicted
by leading scientists in this area indicate that it will worsen in the next decades. New
technologies based on seawater desalination can prevent the worst scenarios. With this
goal, membranes based in nanoporous materials have been suggested in recent years. One
of the materials proposed is molybdenum disulfide (MoS2). To understand the water-
ions-nanopore relationship and get insights into how to design new nanomaterials for
desalination, classical Molecular Dynamics (MD) simulation is one of the most powerful
tools to explore it. Different ways to compare the influence of pore chemistry and geometry
were evaluated in this work. It was analyzed how sensitive the water flow and salt rejection
are due to nanopore sizes and pore chemistry changes. In some cases, the chloride blocking
effect may emerge. To clarify this point, we conducted studies on how the selection of the
ionic model can affect the water flux and ionic rejection. The role of the screening factor
in the Coulomb interaction in water transport and ionic blockage was elucidated. Also, we
have learned that pore chemistry has immense effects on the hydrogen bonding network
near and inside nanopores. When the hydrogen bond network is favorable, the water
transport is enhanced. From a nanopore density analysis, no higher-order effect due to
the proximity between neighbors nanopores was observed. The outcomes of these analyses
are unprecedented and the prospects for further studies on this subject are promising. In
terms of desalination technology in general, the next-generation membranes need to be
very selective and membrane fouling resistant. We hope this work supports to guide future
developments in nanomaterials for water desalination.

Keywords: Nanotechnology. Nanofluidics. Water Desalination. Molecular Dynamics.
MoS2 Nanoporous Membrane.
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1 Introduction

Scarcity is measured by the amount of freshwater available illustrated in Figure 1-
(right panel) and population need. One of the most significant challenges of our time is
concerned with water scarcity. Currently, our freshwater resources are dwindling at an
unprecedented rate due to a high imbalance between clean water demand and total water
supply, as can be seen in Figure 1-(left panel) [1]. The lack of freshwater is a reality in
our society. Although the access of water increased in past decades, from 76 % of the
population having access in 1990 to 91 % in 2015, over 700 million people yet has no
guarantee water supply option.

Figure 1: Economic and physical water scarcity around the globe in 2007 [2].

Different factors impact water availability, such as high industrial usage, the rapid
world growth population, high agriculture usage, among others. The problem tends to
multiply due to the climate change: with more thermal energy stuck in the earth, it
increases the water vapor levels and brings uncertainties to the hydrological cycle [1].

It is worth to mention that ≈ 97 % of the total available water on earth is in the
oceans. Just a tiny amount, only ≈ 0.3 % is available on surface to human use. About ≈
70 % of water is used for agriculture, ≈ 22 % in industry ≈ 8 % in domestic use [3].

Different approaches can be used to tackle the water scarcity problem, such as
improving water conservation systems, water reuse and recycling, increasing water use
efficiency in all major water use sectors, improving the caption and distribution systems,
and so on. The fact is that the human lifestyle is demanding more resources than the
earth can sustain [1]. In the face of growing water scarcity and the human population,
it is critical to understand the potential of saltwater desalination as a long-term water
supply option [4]. The Reverse Osmosis (RO) system is considered the leading desalination
process and the best available option in terms of energy consumption [5].
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This technique is based on a membrane separation method, which goes as follows:
the picture consists of two reservoirs, one with a salty system and one with freshwater
separated by a membrane that does not allow the salt to pass, as illustrated in Figure 2.
It means the membrane allows selective transport between the two reservoirs. The osmotic
equilibrium implies that freshwater will cross the membrane to dilute the salt, creating an
osmotic pressure.

Figure 2: The illustration of the osmosis process and how it can be reversed [6]

In order to overcome the osmotic pressure, external pressure is applied. Notably,
in the Reverse Osmosis process (RO) the pressure applied overcomes the osmotic pressure,
and water moves from the salty to the unsalted reservoir [7]. In other words, when one
has two different solution concentrations separated by a semipermeable membrane, the
whole chemical potential of the system is not in equilibrium. In order to reach equilibrium,
the system generates a driven force through the membrane. The osmotic pressure is this
driven force divided by the membrane area. The exciting part is the fact that dynamic can
be inverted if one oppositely applies a sufficient force, as shown in Figure 2. However, the
energy and monetary cost of RO with the current membranes are high, mainly because of
the energy demand and membrane maintenance due to fouling phenomena [8].

1.1 Brief Literature Review
In general, a reverse osmosis system consists of different water treatment stages. As

shown in Figure 3, the reverse osmosis process itself demand 71 % of the total energy [9].

Different water qualities can be filtrated in that system, as Brackish water (BWRO)
or Saltwater (SWRO). Its variance in concentration is listed in Table 1. The overall costs
of an RO plant will vary mainly depending on the feed water quality (related to the
membrane maintenance and pre-treatment stages) and inlet pressure level (linked to the
energy demand needed). For such a system, the minimum thermodynamic limit is to use
an inlet pressure a lit bit higher than the osmotic pressure between the two reservoirs. For
instance, the osmotic pressure in bar is expressed as Eq. 1.1.

Π = kbT∆Cs, (1.1)



1.1. Brief Literature Review 13

Figure 3: Illustration of Reverse Osmosis Desalination Plant [9]

where kb is the Boltzmann constant, T is the absolute temperature, and ∆Cs is
the concentration gradient between the two reservoirs [10].

Besides that, membranes can be designed for different purposes. In Figure 4-(a),
the different rejection solutes are presented as a function of nanopore size. In Figure 4-(b),
an RO membrane based on ultrathin polyamide film is one of the standard membranes. It
consists of microporous support and a reinforcing material. It has ≈ 160 µm.

(a) (b)

Figure 4: (a) Different solute separations as a function of nanopore size and inlet pressure [7].
(b) Commercial ultrathin polyamide RO membrane [11].

It is interesting to note the desalination system optimizes the membrane durability
and minimizes the membrane fouling and concentration polarization effect by using the
cross-flow method, so the reject is constantly washed away during the filtration process
(Figure 5).

Hence, the cross-flow method consists in two resultant flows, one produced by the
membrane (the permeate flow), and another one with higher salt concentrations than the
feed saltwater, as illustrated in Figure 5-(b). It means the total freshwater production is a
fraction than the total feed water. The RO systems usually work in between 42 % to 65 %
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(a)

(b)

Figure 5: (a) Different flow methods [7]. (b) The illustration of the RO pressure vessel
and its efficiency along the vessel length [9].

of recovery rate (Table 1). That last flow is returned to the ocean. In fact, it has been
studied some ways to reduce the local environmental impact of this procedure.

It should be pointed out that in terms of reverse osmosis saltwater purposes, it is
crucial for a membrane to be able to reject 99.5% of salt at standard test conditions [12, 7],
just as a reference. The Table 1 summarize some commercial standard parameters.

In addition, the general cost of water produced by RO has dropped from $2/m3 in
1998 to $0.5/m3 in 2004 [5]. Also, the membranes costs versus the total percentage costs
of RO desalination is illustrated in Figure 6. It is interesting to point out that an 8-in
SWRO membrane element costs $400-$600/element ($US in year 2012) [14]-pg.429. It is
important to future membrane desalination technologies to achieve improved performance
as well as scalable production at viable production costs.
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Parameter Value Value Unit
Specific Permeability (Am) 0.92 - 1.0 4.2 - 5.9 L/m2hbar

Initial Salt Concentration (Co) 42000 [0.718] 2000 [0.034] ppm [mol/L]
Inlet Pressure (Pin) 70 12 bar
Feed Flow (Qin) 300 [14.0] 140 [5.83] m3/dia m3/h]

Recovery Rate (RR) 42 65 %
Vassel Lenght (Lc) 8 7 m

SWRO BWRO

Table 1: General RO specifications [13, 11].

Figure 6: Water cost percentage by sector for BWRO and SWRO technology. Source: [5].

As mentioned, the RO system is based on a membrane separation technique. Hence,
its desalination performance depends on material quality, durability, fouling resistance,
water permeability, salt rejection, among others [8, 15]. To improve desalination technology,
it is necessary to better understand the fluid behavior and its interaction with the membrane
at the nanoscale. In this direction, new membrane materials have been proposing and will
be explored in this work.

1.1.1 Hydrodynamics

The core of the classical hydrodynamics is the assumption that the continuum
hypothesis in which the fluid properties, such as density, velocity, temperature, and
pressure, are well defined at infinitesimally small points and vary continuously from one
point to another [16]. The fluid flow between cylindrical tubes under pressure gradient is
expressed as Hagen-Poiseuille flow, which is a reduction of the Navier-Stokes equation in
cylindrical coordinates, as follows:

1
r

δ

δr

(
r
δuz(r)
δr

)
= −ρ∆P

η
. (1.2)
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where ρ is the fluid density and uz(r) is the fluid velocity in the z-direction, r
is the distance of the pore center, ∆P is the pressure gradient, and η is the fluid shear
viscosity. Assuming the no-slip boundary condition, the fluid velocity must have a zero
point velocity at some position uz(r = rt) = 0. In hydrodynamics, rt is the wall position.
With this assumptions, the equation yields the solution:

uz(r) =
(
ρ∆P
4η

)
(r2
t − r2). (1.3)

The flowrate can be obtained by integrating the Eq.1.3 over the cross-sectional
area of the pore. Zhu et al. [17] demonstrated that the water flow rate scales linearly with
the pore area when the pore size is big enough. For smaller ones, a nonlinear relationship
between water transport and pore area shows up, and it implies that the phenomenon
cannot be explained based on classical hydrodynamics. This happens when the water-
membrane interaction terms and hydrogen-bonding network becomes more critical once
there is a considerable fraction of total confined water interacting with the wall in contrast
with bigger pores.

The mass transport studies traditionally focus on macroscale flow. Recently, mass
transport analysis has been placed on the microscopic outcome [16]. The fluid flow through
nanoscale channels has gain attention over the years due to the vast application fields, such
as soil permeability, cell physiology, membrane science, and nanofiltration systems. The
nanofluidic field focus on the effects on fluid behavior due to intermolecular interactions
between the fluid and the confinement material. The interest in nanofluidics has shifted
dramatically with the extensive studies of carbon nanotubes [18].

Since the very beginning of this century we have witnessed efforts in the direc-
tion of shrinking the dimensions of fluidic devices to the nanometer scale. The use of
nanostructures, such as nanotubes or nanopores, made possible new discoveries on fluid
transport [19].

1.1.2 Nanotechnology

2D materials are a relatively new class of material that was not even considered
by physicists and chemists until quite recently. The step-change came with the discovery
of the one-carbon-atom-thick structure, the graphene. This fascinating material with
its interesting properties [20, 21] opened the scientist’s eyes to the future technological
potential applications. One of them is using it for nanofluidic devices.

Since then, graphene has been explored for that purpose [22, 23]. Not only
graphene but new and promising technology has been developed to use as membranes
made of nanomaterials [24]. Concerning it, ultrathin two-dimensional nanosheets of
layered transition metal dichalcogenide (TMD) such as molybdenum disulfide (MoS2) [25]
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shows improved permeability potential at exceptional separation capability. This group of
materials exhibits versatile chemistry in contrast with graphene chemically inert behavior,
for example [26]. Also, this material is made up of a middle layer of molybdenum
sandwiched between two sulfur layers, with a thickness of ∼1 nm and a robust Young’s
modulus of ∼300 GPa [27] - comparable to Young’s modulus of steel.

Besides that, the experimental realization of nanofluidic devices has been developed.
More recently, van der Waals (vdW) assembly of 2D materials has been used to create
artificial channels with sub-nanometer-scale precision [28].

1.1.3 Nanomembranes

In order to filter water using 2D membranes, we can use the interlayer spacing as
a layer-stacked membrane, which allows water to flow through the gaps in the structure.
Another option is to generate nanopores in the material, creating a nanoporous membrane.
In any case, it is vital to ensure that the channel size or chemistry allows only the flow of
water molecules.

Nevertheless, nanopores can be created during the material growth process. Point
defects, grain boundaries, van der Waals (vdW) gaps as cited before, among other structural
deformations have been observed in chemical vapor deposition (CVD) grown of MoS2

monolayers [29, 30, 31]. The intrinsically defects appear in high concentrations (∼ 1013

cm−2 for sulfur vacancies in MoS2 [32]).

In this direction, free-standing membranes of 2D materials have attracted attention.
The most used approach to produce these membranes is to use a substrate containing
an array of circular or square holes, usually produced by chemical or e-beam lithography.
After that, the MoS2 layer is transferred to the surface of this substrate. Since the
transference process of CVD 2D materials can be complicated, the use of exfoliated
materials is preferred.

Recent works have reported compelling and promise performance of MoS2 nanosheets
as membrane separation: high water permeability and selectivity. A flexible laminar sep-
aration membrane prepared exhibited a water flux between 3 to 5 times higher than
that reported for graphene oxide (GO) and rejected 89% and 98% of Evans Blue and
cytochrome C molecules, respectively [33]. This membrane exhibited a water permeance
of 245 LMH/bar, which is two orders of magnitude higher than the commercial ones (see
Table 1).

When it comes to talking about experimental state-of-art MoS2 membranes, the
layer-stacked membrane is the current feasible option [34, 35, 36] due to the challenges
concerned with the scaleable fabrication of large areas of MoS2 monolayer [34] and the
generation of nanopores homogeneous distribution sizes. Recently Zhang et al conceived
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a few-layer MoS2 membrane of only 7 nm thick with high water permeability (> 322
L/m2·h·bar) and high ionic sieving capability (> 99%) with stability [35].

Another vital aspect of designing new membrane materials is to study the envi-
ronmental and health risks involved in using it. Despite its importance, there is a lack
of studies pointing in this direction. Although Appel et. al. found low cytotoxicity and
genotoxicity of MoS2 and WS2 [37], Chng et. al. discoveries points toward the potential
toxicity of MoS2 exfoliated nanosheets [38].

So far, cutting-edge theoretical work has been driving the advances and pointing
the directions for experimental work with some success. The possibility to craft the pore
edge with Mo, S, or both provides flexibility to design nanopores within the membrane
with desired functionality. In fact, Heiranian et. al. [25] studied via Molecular dynamics a
nanoporous membrane with three pore edge types: the first mixed with Mo and S atoms
and the other two only with Mo atoms or S atoms. Analysis via molecular dynamics of the
water permeation through each nanopore allowed them to conclude that Mo only pores
and mixed pores perform better than S only pores in terms of water flux. The reason
found is related to the fact that Mo only regions achieve higher local water density hence
attract more water among all possible MoS2 pore architectures. They applied the same
methodology for different force-field parameters to mimic different membrane compounds,
such as MoSe2, MoTe2, WS2, WSe2 and reported in fact that the transition metal atom
plays a more critical role than the chalcogen atom when it comes to choosing the best
TMD material for desalination. The water permeability is found to be two to five orders of
magnitude higher than the current technology and 70% better than the graphene nanopore
with similar sizes. This result demonstrates how the material’s chemistry (especially in
nanopores) leads to exotic relationships with water, which is attracted to the inner of the
pore, enhancing both water permeation and rejection of unwanted substances.

Concerning graphene, one has to add chemical functional groups in order to
tune the pore chemistry. Using classical molecular dynamics, David Cohen-Tanugi et
al [22] investigated the water flux through graphene hydrogenated (bonded with H) and
hydroxylated (bonded with H and OH) nanopores. They reported permeabilities two
to three orders of magnitude higher than commercial Reverse Osmosis membranes at
the same salt rejection rate depending on nanopores sizes. For a given pore size, that
one functionalized with hydroxyl groups enhance water flux when compared with the
hydrogenated ones. In addition, Risplendi et al. investigated via DFT and MD the boric
acid rejection by graphene nanoporous membrane, and they found a high rejection rate [39].
This is a significant finding once the traditional polymeric reverse osmosis membranes
have difficulties in rejecting boric acid, a neutral solute in which its deficiency or not
have considerable effects in terms of toxicity on living systems on earth. It is essential
to understand the challenges in terms of commercialized reverse osmosis membranes in
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order to guide future membrane designs. Chemical and thermal sensitivity, rapid fouling,
and difficulty in cleaning are examples of it, and the next generation membranes need to
address these challenges.

Experimentally Surwade et al. investigated in 2015 the possibility of using this
kind of nanoporous graphene monolayer as desalination membrane [40]. They found a
permeability of ≈ 252 LMH/bar assuming a nanopore density of 1012 cm−2 and sizes of 1
nm in diameter [40]. The nanopores were produced in the graphene by exposure to oxygen
plasma. In addition, Thebo et al. developed a graphene oxide membrane with water
permeance one to three orders of magnitude higher than those previously reported and
commercial ones. Moreover, the test condition showed an excellent separation efficiency,
chemical and mechanical stability in water, acid, and basic solutions even after months [41].
Despite the attractive potential, improvements in the manufacturing processes, aiming for
a cost-effective graphene-based desalination device, is still an open question [8] as well as
is for other 2D membranes.

The option of using layer-stacked graphene membranes is attractive comparing
the industrial scale challenges related to the fabrication of large-area monolayer graphene
with controlled pore density and size, a process which is intrinsically stochastic [42]. The
MoS2 single-layer membrane faces the same difficulties. Although the water transport
mechanism is a little bit different in stacked graphene oxide (GO) nanosheets, Abraham et
al. have demonstrated the possibility to control the interlayer spacing in GO membranes
and use it as water transport channels with salt exclusion by 97% [43]. Its performance is
comparable to forward osmosis typical membrane. It is important to note that GO needs
some stabilization strategy (embedded in epoxy, for example) once it can disintegrate in
aqueous solutions [44].

Concerning the possibilities to use 1D materials to desalinate water, carbon nan-
otubes are extensively studied and are particularly attractive as future membrane mate-
rial [45]. First of all, the water transport throughout carbon nanotubes was investigated
and led to exciting discoveries: the anomalous transport rate of water under the nanocon-
finement [46, 47]. It should be recalled that in 2D material, the high transport rate is
related to the minimal thickness of the membrane. In contrast, the high water transport
rate observed in carbon nanotubes is linked to the enhancement flow due to the smooth
hydrophobic inner core, which allows for the uninterrupted passage of water molecules
with minimal absorption and almost without friction [48]. This means the membrane
permeability of nanoporous membranes goes down with the increase in membrane thickness,
while the carbon nanotube ones maintain its permeability. Interestingly, the enhancement
flow observed and defined as the ratio of the measured flow to an ideal no-slip Poiseuille
flow [49] puts the classical hydrodynamic theory in check once the condition of zero
interfacial fluid velocity does not necessarily hold at nanoscopic length scales [50].
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Secchi et al. confirmed experimentally this fast water transport behavior with nearly
frictionless interfaces through carbon nanotubes [51]. Besides the fast water transport,
the significant features that make carbon nanotubes (CNTs) an emerging nanomaterial
in water purification are their high aspect ratio and ease of functionalization [52]. In
general, CNTs need to be fictionalized for desalination purposes once the pristine ones
often aggregate and harm the ion selectivity and water flux [45].

As real membranes, there are two general types of CNT configurations: freestanding
CNTs membranes and mixed with polymeric materials [52]. As freestanding membranes,
one can differentiate between two main types: vertically aligned nanotubes, in which the
water is forced to pass inside the nanotube, or bucky paper membranes, which consists
of a random network of carbon nanotubes with a high specific surface area. In contrast,
the mixed membrane has a structure similar to the commercial thin-film composite RO
membrane, in which CNTs are mixed with the top layer polymer.

The bucky-paper CNT membranes have an excellent potential to be used for
desalination in distillation technology [53]. In contrast, Baek et al. successfully synthesized
a vertical aligned CNTs membrane with 4.8 nm of pore diameter and pore density
of 6.8×1010 cm−2 [54]. The membrane performance is comparable with the typical
ultrafiltration (UF) membrane, and they found an improvement in flux three times higher
than the typical ones [52]. Another option is to use the outer-wall region of densified
nanotubes to purified water [55]. Lee et al. created another ultrafiltration membrane
with extremely high water permeability and resistant to bacterial adhesion and compared
the filtration performance between the outer-wall and wall membrane. The CNTs wall
membrane obtained by thermal purification and plasma treatment performed an incredible
water permeability of 30.000 L/m2·h·bar [55]. The experimental challenges of such kind of
membrane are concerned with the production of a specific nanotube diameter needed to
selectivity purposes, the creation of them homogeneous in sizes, and the alignment and
agglomeration control [12, 52]. In general, to achieve a desalination capacity comparable
to that of an RO membrane, the MD simulation made by Ahn et al. suggested that the
inner diameter of nanotubes should be 0.6 nm [56]. However, it is not practical yet with
the currently available technologies. Besides that, another massive challenge of carbon
nanotubes is related to the attention attracted in terms of nanotoxicity potential to aquatic
environment [57, 58].

Among the different CNTmembrane configurations, the CNTs mixed with polymeric
materials are well guided to be applied in reverse osmosis systems [52]. Kim et al. developed
a high-performance RO CNT/Polyamide membrane in which the CNTs are dispersed
on the typical polymeric matrix used in RO to improve its filtration capabilities [59].
The techniques of incorporation of CNTs into the polymers are very well-known and
represent an excellent strategy for conceiving an intermediate membrane in terms of water
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flux (compared with vertically aligned ones) but an extraordinary one in terms of salt
permeation [59], ideally for the improvements in RO technology.

All these nanomembranes have a considerable way to be used in the industry.
Computational investigations are a powerfull science branch to help to guide technology
development.

1.2 Desalination with MoS2 Nanoporous Membrane
Molecular dynamics simulations are a suited theoretical approach to help to under-

stand the physics behind nanofluidic systems once it allows for probing the microscopic
behavior of atoms while performing timescale feasible simulations [60].

An important aspect to note in desalination technology is the fact that the key
component of a good membrane is the balance between water permeability and salt
rejection, in such a way that the next-generation membranes need to be very selective [8].
In this direction, molecular dynamics simulations are a powerful tool to mimic a reverse
osmosis system at nanoscale [61]. It helps us to get insights in design new membranes
materials and better understand the water-ions-nanopore relationship [23]. The water
flux throughout the membrane can be generally related to its specific permeability by the
following expression [5]:

Am = φ/(P − Π), (1.4)

in which Am is the membrane specific permeability, φ is the water flux, P is the
applied pressure and Π is the osmotic pressure. All these quantities can be obtained or
controlled by designing the system for molecular dynamics simulations.

Graphene based nanomembranes are well known in the literature [22, 62] and have
been extensively studied, showing its efficiency in water desalinations [24, 63]. Another
promising material is MoS2 nanoporous monolayer. Their efficiency has been investigated
by molecular dynamics simulations [64, 65, 66, 32]. In addition, there are experimental
studies related to layer-stacked MoS2 membranes [35, 67, 29, 68].

Despite been extensively studied, there is still a way to go when it comes to fully
understanding the mechanisms behind MoS2 nanoporous membrane desalination. Most
of the difficulties are associated with the fact that in the vicinity of an environment as
complex as a nanoporous membrane, both water and especially ions can assume completely
different behaviors depending on the thermodynamic condition. For instance, the purpose
of the present work is to advance in the chemical-physical molecular understanding of the
processes that lead to water transport through MoS2 nanopores, aiming to help in design
new generation of nanomembrane materials.



22 Chapter 1. Introduction

The remaining of this work goes as follows. In the chapter 2, the models and
methods employed are described. In the chapter 3, the results of salt rejection and
water permeability of molecular dynamic simulations of salty water through a MoS2
membrane are presented for different salt and water models. The system is studied for
three nanoscale pore diameters and different pressures. Chapter 4 finalizes the dissertation
with conclusions.
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2 The Models and Methods

Computer simulations opened the possibility to study more complex and realistic
systems, allowing it to serve as a bridge between theoretical models and real experi-
ments [69]. Today computer simulations play an essential role in science development.
There are a lot of different approaches used to study physical systems. For example, in
order to investigate systems at the nanoscale, the interactions between atoms are the core
of the simulation. Often, empirical interatomic potentials (as Lennard-Jones potentials)
fitted to reproduce some behavior are well suited to van der Waals systems. In this
way, Molecular Dynamics (MD) simulations are used to evolve the system. However, if
one is interested in the electronic structure of a strongly covalent material, electronic
correlations are very important, and one needs to use ab initio methods, such as the density
functional theory (DFT). Another interesting approach is to use DFT to parametrize some
Lennard-Jones potential to be used on MD simulations in order to capture some specific
behavior, for example. The right approach will depend on which kind of property one is
interested in, varying from infrared spectra to thermodynamic or dynamic ones.

The Molecular Dynamic simulations are ideally suited to study the physics behind
nanofluidics systems because it allows us to probe the primary microscopic behavior of
a nanoscale system while performing feasible timescale simulations. In other words, the
molecular dynamic approach is the mechanism in which we can perform computational
simulations that takes into account the thermodynamic and dynamic behaviors of nanoflu-
idic systems. It means that this approach can be viewed as a bridge between the quantum
realm (hiding in atoms interactions and sizes) and hydrodynamic.

2.1 The Molecular Dynamics

The Molecular Dynamics (MD) approach is an important computational technique
to study the behavior of particles evolving in time. Alder and Wainwright proposed it
in 1959 [70], and since then, it is extensively used. This technique is based on the idea
of obtaining the trajectories of the particles by integrating the equations of motion of
a many-particle system numerically. The whole integration depends on the interaction
potential defined. Step by step, the trajectory is updated, and the macroscopic quantities,
such as pressure or temperature, can be obtained following the statistical mechanics.
Therefore, MD is a deterministic technique1. The general procedure is illustrated in the

1 Given an initial set of positions and velocities, the subsequent time evolution is, in principle, entirely
determined in theory. In practice, the finiteness precision of the computer time steps integration can
eventually cause the simulation deviates from the true trajectory
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following schematic:

1. Initial Conditions
- Set of particle positions and velocities.

- Set of the potential energy as a function of the distance between particles.
LOOP
⇓

2. Force Calculation
- Compute the total force acting in each particle.

⇓
3. Configuration Update

- Integrate Newton’s Equations of motion.
- Update the particle positions and velocities.

⇓
4. Measurements

- Compute and print the averages of measured quantities and stop.

It means that kind of a system is treated classically. Although systems at the
atomistic level obey quantum laws rather than classical ones, the classical approach is
justified when the Broglie thermal wavelength is Λ << a, where a is the mean nearest
neighbor separation.

Λ =

√√√√ 2πh̄2

mkbT
, (2.1)

wherem is the atomic mass, T is the temperature, and kb is the Boltzmann constant.
As an example, if we consider water at the triple point (273.16 K and ≈ 0.006 atm) the
ratio Λ/a is of the order of 0.1. However, quantum effects are not negligible in any system
when T is sufficiently low [69]. In such conditions, the particle wave functions maintain
its coherence and as consequence its quantum behavior prevails.

The general idea behind MD simulations is the ergodicity principle that states
that if a system of particles evolves in time, that system will eventually pass through all
possible configurations in phase space if the simulation time is infinitely large [71]. In
practice, this means that we can study the average behavior of a many-particle system by
merely computing the natural time evolution of that system and averaging the quantity of
interest over a sufficiently long time because it is equivalent to averaging it in all possible
initial phase space configuration. In other words, in order to compute the average of a
certain quantity, we can either compute the quantity by time averaging over the simulation
(MD approach) or by ensemble averaging (the Monte Carlo approach). In mathematical
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terms, we can measure the time-averaged quantity A of a system of N atoms in volume V
at some energy E by:

〈A〉time = lim
τ→0

1
τ

∫ τ

0
A(pN(t)qN(t))dt ≈ 1

Nτ

Nτ∑
t=1

A(pNqN) = 〈A〉ensemble, (2.2)

where A is a measurable quantity, τ is the simulation time, Nτ is the number of all
initial conditions, A(pN(t)qN(t)) is the instantaneous value of A at time t in terms of the
generalized coordinates of position pN and momenta qN . For instance, the dynamics of the
particles is governed by the instantaneous forces acting in each particle due to the presence
of the other ones. Also, the forces are extracted from the potential energy (−∇V (r)). The
potential energy is the essential ingredient containing the physics behind the system.

The true Hamiltonian in terms of degrees of freedom associated with a particle
system made up of nuclei and electrons, including their interactions, may be written as:

H = Hion +Hel +Hel−ion +Hext, (2.3)

where Hion is the Hamiltonian associated with the nuclei, Hel is related with the
electrons (its kinetic energy and the mutual Coulomb interactions), Hel−ion takes the
interaction between electrons and nuclei. The Hext is related to the effect of an external
field.

In the absence of an external field and in terms of momentum and positions of
each particle, the Hamiltonian’s can be written as:

Hion =
∑
k

P 2
k

2Mk

+ 1
2
∑
kl

Vion−ion(Rk −Rl), (2.4)

Hel =
∑
n

p2
n

2m + 1
2
∑
nn,

U(rn − rn,), (2.5)

Hel−ion =
∑
kn

Vel−ion(rn −Rk), (2.6)

where indexes k and l run on nuclei, n and n, on electrons, Rk, Pk, and Mi are
position, momenta and mass of the nuclei while rn, pn, m are of the electrons. In principle,
one should solve the Schrodinger for the total wavefunction Ψ(Rk, rn) to know everything
about the system. A simplification of the problem can be obtained following the Born-
Oppenheimer approximation that states that the nuclei are heavier than electrons, so moves
on a different time scale [69]. In this picture, the ions are affected by an averaged electron
distribution, whereas electrons feel the instantaneous positions of the ions, following
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their motion adiabatically [72]. Hence, it is possible to express the Hamiltonian of a
system as a function of the nuclear variables, first considering ions to be stationary at
their instantaneous nonequilibrium positions R1,R2, ...,Rk, while the rapid motion of the
electrons are averaged out.

It is therefore straightforward to separate the wavefunction in the electronic and
the nuclei problem considering the nuclei fixed in space as follows [72]:

Ψ(Rk, rn) = Ξ(Rk)φe(rn; Rk) (2.7)

The electronic solution follows the total electronic Hamiltonian Hel +Hel−ion:

(Hel +Hel−ion)φe(rn; Rk) = V (Rk)φe(rn; Rk) (2.8)

in this nonperiodic potential, where φe(rn; Rk) is the wavefunction of the electron
states with the positions of the ions fixed.

The eigenvalue of the energy V (Rk) will depend parametrically on the nuclei
coordinates. Acting the full Hamiltonian on the total wavefunction and exploiting the
relation (2.8),

[∑
k

P 2
k

2Mk

+ 1
2
∑
kl

Vion−ion(Rk −Rl) + V (Rk)
]
Ξ(Rk) = EΞ(Rk), (2.9)

we obtain a Schrödinger equation for the ions in which the effects of the electrons
are taken into account by an effective potential [72].

Considering

Vint = 1
2
∑
kl

Vion−ion(Rk −Rl) + V (Rk) (2.10)

which means the quantity Vint is the interatomic potential.

With this assumption, the problem is reformulated in such a way that the electronic
part is encoded as an average way in the interatomic potential Vint between different nuclei.
Once found, the interatomic potential Vint enters in the following equation and give the
nuclei motion:

[∑
k

P 2
i

2Mi

+ Vint

]
Ξ(Rk) = EΞ(Rk) (2.11)

The exact solution of this equation still requires much computational processing
and poses severe limits on the maximum size of the system and simulation time.
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The search of the particle motion can be simplifying further. One can use the
interatomic potential Vint as input to the classical equations of motion. Nevertheless, we
can use functional forms that mimic the real behavior of the potential. In another way,
the interatomic potential can be described generally by:

V (r) =
∑

Vl +
∑

Vθ +
∑

V φ+
∑

VvdW +
∑

Ve, (2.12)

where Vl represents the bond stretch from the equilibrium position, Vθ is the
deformation bond angle from the equilibrium position, V φ is the energy due to bond
torsion, VvdW is the van der Waals interactions and Ve is the coulomb interaction. The
Vl, Vθ and V φ form the energy group of bonded particles. Typically, the particle motion
due to these terms are related to the vibrational spectrum of molecules and usually can
cost much computational time to solve. As good approximation, we can fix these degrees
of freedom using algorithms such as the SHAKE algorithm. This algorithm consists of
adopting a new set of coordinates in which the constraints in these degrees of freedom are
satisfied. Assuming it, the equations of motion needs to satisfy a number K of constraints,
expressed as:

σk(r1...rN) = 0; k = 1...K (2.13)

so, the new forces are defined as:

− δ

δri

(
V +

K∑
k=1

λkσk

)
(2.14)

where λk are the Lagrange multipliers to be solved for each constraint imposed in
the system. The SHAKE algorithm does it iteratively, ensuring that the distance between
mass points is maintained.

The non-bonded particle interactions can be described by van der Waals terms VvdW
and electrostatics Ve. Also, it is usual to concentrate the MD simulations on the atoms
pair potential V (ri, rj) = V (rij) and neglect three-body and higher-order interactions [69].
As a consequence, the atoms simulated interacts with each other by van der Waals forces.
Assuming a pairwise potential, the Lennard-Jones potential (LJ) is one of the force fields
most commonly used [73]. So, the LJ term and the Coulomb one can be expressed as:

V (rij) = 4εij
∑
i

∑
i 6=j

[(σij
rij

)12
−
(σij
rij

)6]
+ e2

4πε0

∑
i

∑
i 6=j

qiqj
rij

, (2.15)

where εij is the strength of the interaction (the well depth), the σ is related to the
size of the particle (the excluded volume), rij are the distances between two species, e · qi
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is the particle charge, and ε0 is the permittivity of vacuum. The Lorentz-Berthelot mixing
rules are a usual approach to mix the interaction between different particles, as follows:

σij = σi + σj
2 , εij = √εiεj. (2.16)

Computationally, it is interesting to truncate the energy term at some cutoff
distance (rc) in order to save processing time. By doing that, the long-range electrostatic
energy can be calculated by Ewald or particle-particle-particle mesh (PPPM) algorithms
(appendix), and long-range tail correction can be used to the energy and pressure for the
Lennard-Jones portion of the pair interaction.

Talking about the initial conditions, after defined initial positions, one can set the
initial velocities respecting the Maxwell-Boltzmann temperature distribution, as follows:

p(vi) =
√

mi

2πkbT
exp

(−miv
2
i

2kbT

)
, (2.17)

After setting these conditions, the numerical values of position and momenta of all
particles can be calculated step-by-step from the classical equations of motion, which for a
simple atomic system may be written as:

fi = −∇V (r), fi = mir̈i, (2.18)

This equation can be integrated by a Verlet algorithm or velocity Verlet algorithm
(appendix). Force integration can be expanded through the confined simulation box by
using periodic boundary conditions. This simple but essential technique is crucial to
overcome the theoretical difficulties or undesired effects related to the system boundaries.
Considering 1000 atoms arranged in a 10 x 10 x 10 cube results in nearly half the atoms
located on the outer faces, and these will have a substantial effect on the measured
properties. Surrounding the simulation box with replicas of itself takes care of these effects.
This can be done by the minimum image convention in which each atom interacts with
the nearest atom or image in the periodic array, as illustrated in Figure 7.

Also, when a particle moves toward the barrier and crosses it, their image pops
out on the other side. This is convenient to investigate small systems while extracting
bulk properties.

Following these steps, molecular dynamics evolve as a constant number of particles,
volume, and energy (NVE ensemble). It is important to note that there are different general
approaches to conduct molecular dynamics at constant temperature rather than constant
energy. The Nosé-Hoover thermostat consists of adding a friction term (proportional to
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Figure 7: The illustration of the periodic boundary conditions through the minimum
image convention. [73].

the particle velocity) in the Hamiltonian system in order to create the right canonical
ensemble [74]. In this formulation, the equations of motion are:

r̈i = fi

mi

− ξṙi
Q
, (2.19)

where Q is a thermal inertia parameter and ξ is the friction coefficient term (which
is allowed to vary in time) associated with the instantaneous temperature Γ and the bath
temperature T as follows:

ξ̇ = ν2
T

[Γ
T
− 1

]
, (2.20)

where νT is a relaxation rate for thermal fluctuations [69]. Another important
aspect of molecular dynamics algorithms is related to its dependence on time. The most
widespread use of (MD) is to compute the thermodynamic or statistical behavior of
molecular systems at equilibrium [75]. In recent years there have been significant advances
in understanding the dynamical behavior of equilibrium and nonequilibrium molecular
systems. Generally, nonequilibrium dynamics occur in transport processes. It is important
to note that there is no full theory to define how nonequilibrium states will behave.
However, the dynamical approach of MD can be directly extended to sample distributions
corresponding to stationary nonequilibrium conditions, although the exact expression
of this stationary distribution is not explicitly known, at variance with equilibrium[75].
Besides, generating states along a single dynamical nonequilibrium trajectory will not
solve the statistical problem of sampling a time-dependent ensemble, so it is essential
to prepare a different set of nonequilibrium systems with different initial conditions. As
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an example, to compute macroscopic dynamical behaviors in hydrodynamics, rigorous
ensemble averages are substituted with short-time averages equivalent in practice to local
smoothing.

This topic is particularly interesting for this work because the reverse osmosis
process is intrinsically a nonequilibrium steady-state in which two different solutions in
terms of salt concentration and pressure are in contact with each other through narrow
channels (see Figure 25). To perform the MD simulation in this work, the Large-scale
Atomic/Molecular Massively Parallel Simulator (LAMMPS) package was used [76].

2.2 The Computational Models
In the direction of describing the system computationally, one has to face the

challenge of design a model that would be general enough to describe the different
behaviors of water, for example, and simple enough to be computationally treatable. For
instance, the model used to represent the sizes of the atoms and its interaction parameters
is the seed in which the whole dynamics arise, following the classical equations of motion.
Usually, one uses Lennard-Jones potentials and Coulomb interactions to do that. The task
of finding the right model for study some specific system is not easy, but a large number
of works have extensively faced it since the first computer simulation of liquid water was
performed in 1969 with the Bernal – Fowler model [77]. Since then, new experimental data
have become available, and new theories have been developed. It is interesting to note
that despite being a chemically simple molecule, water is notoriously hard to model and
remains relatively poorly understood once it has a large number of anomalous properties
as they contradict the general theories of the liquid state of matter [78].

2.2.1 Water Models

The water molecule is composed of one oxygen atom covalently bonded with two
hydrogen atoms in such a way that the resultant structure forms an isosceles triangle, as
it is shown in Figure 8. The oxygen nucleus with eight positive charges attracts electrons
better than the hydrogen nucleus with its single charge. Therefore, the oxygen atom is
partially negatively charged and the hydrogen, partially positively.

The water molecules can bond each other by forming hydrogen bonds (HB). This
happens when the hydrogen atom is strongly attracted by the oxygen of the other molecule.
The covalent bond between the oxygen and the hydrogen has ≈ 492 kJ/mol [80]. Besides,
the HB has ≈ 23.3 kJ/mol, more than a typical van der Waals interaction. It is interesting
to note that the HB is a directional interaction, and this restricts the number of neighboring
water molecules to about four rather than the larger number found in simple liquids [81].
The formation process involves an energetic conflict: on one side, there is the HB, which
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Figure 8: The equilibrium geometry of a single water molecule. The Van der Waals radii
of the hydrogen and oxygen atoms are indicated (in Å) as well the H-O-H angle and O-H
distance [79].

are anisotropic bonds with low entropy and negative enthalpy; on the other side, there are
isotropic van der Waals interactions with more enthalpy and entropy.

The electronic configuration of water makes the liquid to possess a distribution
of dipole moments due to the variety of hydrogen-bonded environments. When water
molecules forms a hydrogen bond, the electronic distribution around the oxygen atom
changes. Hence, it is expected that strong tetrahedrally-placed hydrogen bonds form a
network stretching throughout the liquid, as illustrated in Figure 9. Also, this change in
electronic configurations results in the rearrange of its electric dipoles, and, as an average
way, its dielectric constant emerges once it is proportional to the mean-square fluctuation
in the total dipole moment.

Figure 9: Tetrahedral hydrogen-bonded water pentamer [81].

Besides that, for higher pressures and temperatures, HBs are broken, and this
allows the tetrahedrally-cluster of water molecules to form a dense pack of octamer, as
illustrated in Figure 10-(A). In other words, there is a competitive relationship between
two tetrahedrally-cluster interaction: depending on the thermodynamic conditions, it is
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more favorable to form two tetrahedrally-cluster interacting with each other via van der
Waals interactions and becoming an octamer (Figure 10-(A)) or two tetrahedrally-cluster
forming a HB network (Figure 10-(B)). This conflict impacts the density of the system as
the overall water properties.

Figure 10: Two water tetramer clusters forming an octamer cluster [81].

Thanks for the HB, the water phase diagram is very rich as illustrated in Figure 11.

Figure 11: The phase diagram of water [81].

For instance, this competitive mechanism is essential to understand some anomalous
behavior of water better: one of the most widely known anomalous property of water
is the negative temperature dependence of the volume which implies on the maximum
density of water at 4 ◦C, as illustrated in Figure 12. Another known one would be the
large heat capacity.

The anomalies of water appear as a hierarchy of effects with different bounds [82],
as illustrated in Figure 13. Such behaviors are not exclusive of water, but the combination
of them in just one element is unique to liquid water. As far as we know, the emergent
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Figure 12: The density of liquid water at the standard atmospheric pressure [81].

properties of water depend roughly on two main aspects: the strong water-water interaction
and the unique correlation between low local density and strong binding energy [79].

Figure 13: Hierarchy of anomalous properties of water [81].

It is interesting to note that the pair potential between two water molecules is a
complicated function of the distance between them and the possible orientation angles.
The exact analytical form of this pair potential is not known [79].

Since the first computer simulation of liquids, water simulations have been widely
studied, and a lot of different water models were proposed. All these studies have greatly
enriched our knowledge, but there are many mysteries to be solved.

In order to describe the water properties computationally, one has to face the
challenge of design a model that would be general enough to describe the different behaviors
of water, including their anomalies, and simple enough to be computationally treatable.
There are some distinct philosophies in water modeling: the employment of effective point
charges, the incorporation of polarization to describe many-body inductive effects, and
the extensive use of ab initio calculations to describe short-range effects. There is still
room for development on these three routes [78].

By choosing the water model for some computer simulation study, we need to
address the most critical properties of water in which our system strongly depends in order
to describe it as best as we can. For example, the TIP4P/2005 [83] model was designed to
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match the density at the temperature of maximum density. This model is also capable of
reproducing some essential thermodynamic properties of water and is considered one of
the most used and robust models. On the other hand, it reproduces the water dielectric
constant in a poorly way. Besides that, it is interesting to note that polarization and
quantum effects seem to play an important role in the anomalous properties of water
when charges and interfaces are present. For instance, the polarization of a substance
is its electric dipole moment density. Hence, one strategy to take it into account as an
averaged way is by reproducing the liquid dielectric constant accurately, and the TIP4P/ε
accomplished this task [84].

In Figure 14, the main structure of water models are summarized. The TIP4P
family presented in Figure 14-(c) consists of two hydrogen sites charged that interact with
other particles just with Coulomb interaction, one oxygen site that interact with other
particles just with LJ potential, and another dislocated site from the oxygen atom which
represents its charge. This site interacts with other particles with Coulomb interaction.
Hence, the model consists of three fixed point charges and one LJ center [83].

Figure 14: Water Models [81]

One crucial aspect is related to the kinetic properties of the water. It is known
that the mechanism behind the thermodynamic and dynamic unusual behavior of water
are linked and related by the competition of two length scales: bonding and non-bonding
states [82, 85]. Besides that, it is also vital for a model to capture the anomalous dynamics
behavior on the diffusion coefficient, and the TIP4P/ε are capable of doing it [84].

Besides the pure water properties, there are many efforts in the direction of
reproducing the saltwater mixture properties accurately.
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2.2.2 Salt Models

In the specific case of classical atomistic Molecular Dynamical simulations, most of
the Force Fields uses simple additive, nonpolarizable, and pairwise potential for atomic
interaction [86, 87, 88, 89, 90, 91]. In the case of water, rigid nonpolarizable models are
extensively employed in simulations of bulk [92] and nanoconfined [93, 48, 94, 95, 96]
systems.

Efforts have been made to include polarization in classical simulations [97, 98, 99,
100], but nonpolarizable salt and water remain as the leading models in MD simulations of
desalination. Another issue that has to be handled with care relies on the optimization of
specific ion parameters for specific water models. As D and co-authors have recently shown
[101], salt models optimized for SPC/E and TIP3P water can lead to wrong predictions
when dissolved in TIP4P/2005 water. This is relevant once the TIP4P/2005 model is one
of the best and most employed rigid water models.

In recent works about water desalination by nanopores [25, 102, 103, 66, 104, 105,
106], the ion model proposed by Joung and Cheatham [107] has been employed (named
NaCl/J). This model was parameterized based on the hydration free energies of the
solvated ions and lattice parameters of salt crystals. It had a good agreement with several
experimental studies. Also, these parameters were optimized in combination with some of
the most classical water models, as SPC/E, TIP3P, or TIP4P/Ew water. Nevertheless, Liu
and Patey [105] and Döpke [101] discuss in their works that the ion parameters optimized
for TIP4P/Ew can be transferred to TIP4P/2005 water without loss of accuracy.

Besides that, the dielectric discontinuity of water near interfaces and nanopores plays
a crucial role in salt behavior [108, 109, 110]. Recently, Fuentes and Barbosa proposed the
NaCl/ε model. This model was parameterized to reproduce the experimental values of two
essential features: the density of the crystal, and the density and dielectric constant of the
mixture of the salt with water at a diluted solution when combined with the TIP4P/ε rigid
water model. To reproduce these properties despite the nonpolarizability character of the
model, they propose a screening factor in the Coulomb interaction. Usually, nonpolarizable
models are parametrized based on the Lennard-Jones (LJ) potential parameters only.

Distinct models can lead to different water flow rates in nanopores because the
different number of sites, flexibility, partial charges, and LJ parameters can strongly change
the observed flow [93]. In a similar way, the ion parameters can affect the ionic blockage
and binding in biological [111, 86] and synthetic nanopores [112, 113, 114, 115]. In fact, a
considerable amount of factors affects the ion entry in nanopores [112, 116]. The question
about how distinct ionic models influence the MoS2 membrane water desalination study
will be treated in section 3.4.
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2.2.3 MoS2 Model

The parametrization of a reactive many-body potential was used as LJ param-
eters and charges values for molybdenum and sulfur, as proposed by Kadantsev and
Hawrylak [117]. This models has been used in order to investigate the MoS2 desalination
performance as previous studies reported [32, 25, 64, 66].

2.3 The Molecular Dynamics of MoS2 Desalination System

One of the most employed methodology to simulate the saltwater desalination
process in molecular dynamics [64, 65, 66, 32] is based on the creation of a box with the
membrane located between two confined reservoirs, one of pure water (Permeate water)
and another one with saltwater 15 (Feedwater). The reservoirs can be confined by graphene
barriers, for example. These barriers can be used as pistons to control the confined solution
pressure by applying specific forces to the constituent particles (Figure 16-top). In order
to mimic the water driven force throughout the membrane, one has to apply different
pressures in each reservoir (Figure 16-bottom).

Figure 15: The illustration of a typical desalination box. Image created using the VMD
software [118].

The initial system in between the graphene barriers has 4 x 4 x 125 nm in x,y,
and z, respectively. The periodic boundary conditions were used in all directions. In
that case, by doing that, one has to use a simulation box large enough in z-direction in
order to guarantee the molecules do not interact with each other across that boundary,
so the confined system is correctly simulated. The saltwater used has almost 1 mol/L of
solute concentration (170 ions for 4930 water molecules), higher than the average seawater
salinity of 0.6 mol/L. Such a difference in solution concentrations produces an osmotic
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Interaction σLJ [Å] εLJ [kcal/mol] Charge [e]
Na/ε [119] 2.52 0.0346 1.0
Cl/ε [119] 3.85 0.3824 -1.0
Na/J [107] 2.16 0.3526 1.0
Cl/J [107] 4.8305 0.0128 -1.0

O-TIP4P/ε [84] 3.165 0.1848 -1.054
H-TIP4P/ε [84] 0.0 0.0 0.5270

O-TIP4P/2005 [83] 3.1589 0.1852 -1.1128
H-TIP4P/2005 [83] 0.0 0.0 0.5564

Mo [117] 4.20 0.0135 0.6
S [117] 3.13 0.4612 -0.3
C [46] 3.40 0.0860 0.0

Table 2: The Lennard-Jones parameters and atoms charges employed in the simulations.

pressure of ≈ 27.24 bar calculated by Eq. 1.1. The pure water side contains 1550 molecules.
The resulting system contains 21449 particles.

All of the species interact with each other by a Lennard-Jones potential and a
Coulombic one. For the non-bonded interactions, the Lorentz-Berthelot mixing rules were
employed (2.16). Also, the long-range electrostatic interactions were calculated by the
PPPM method, and the LJ cutoff distance was 1 nm. Besides, the SHAKE algorithm was
used to maintain the water molecules rigid.

The parameters used in the simulations are summarized in the Table 2. The
NaCl/ε [119] and the NaCl/J [107] models were used for comparison in section 3.4, as well
as the TIP4P/ε and TIP4P/2005. All the other simulations runs concentrate on using
just the NaCl/ε and TIP4P/ε models. For simplicity, the MoS2 sheet was fixed in space.
The parametrization of a reactive many-body potential was used as LJ parameters and
charges values [117] for molybdenum and sulfur.

2.3.1 The Pressure Dynamics

All the simulations follow this recipe: First, each energy simulation was minimized
for 0.5 ns on NVE ensemble. It means that the graphene sheets are freeze at that
time. After that, the simulations were equilibrated in a constant number of particles,
pressure, and temperature - (NPT) ensemble - for 1 ns at 1 bar and 300 K, as illustrated
in Figure 16-top. The pressure control was made by leaving the graphene pistons free
to move in z-direction and applying a force in each carbon atom in order to produce
the desired ambient pressure and mimic the water driven force. After some steps, the
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solution equilibrates at the piston pressure and then reaches the equilibrium density at
1 g/cm3. Later, the graphene sheets were frozen, and 2 ns simulation in NVT ensemble
were performed to equilibrate the system further. The Nosé-Hoover thermostat was used
with a time constant of 0.1 ps [120, 74].

Figure 16: Schematic depiction of the non-equilibrium scheme: the pressure on the left
graphene sheet is constant and equal to the atmospheric pressure, 1 bar, while distinct
higher values are applied in the right graphene sheet, ranging from 100 to 10000 bar.

After the equilibration procedure, finally, the nanopore was opened by removing
the desired atoms of molybdenum and sulfur in order to maintain the membrane charged
neutral. The three nanopores studied have 0.74 nm, 0.97 nm, and 1.33 nm of diameter,
as illustrated in Figures 17-(a)-(b)-(c), respectively. The nanopores sizes are calculated
simply by using the center-to-center distance of atoms. At that time, the external pressure
was applied on the feed side, and the nonequilibrium running was carried out for 10
ns, as illustrated in Figure 16-bottom. We are interested in the water transport rate
throughout the membrane and salt rejection, and these properties are evaluated at the
steady-state flow, which is nonequilibrium states. Each run was averaged over 3 sets of
simulations with different initial thermal velocity distributions. The feed pressures range
from 100, 500, 1000, 2500, 5000 to 10000 bars. We used such high pressures for statistical
purposes. Although it is far from a realistic reverse osmosis system, the membrane specific
permeability takes into account the pressure used and can be used as a comparison with
real permeabilities.

The simulations procedure are summarized in the following schematic:
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First Equilibration - Energy Minimization
- Graphene pistons are freeze in space.

- NVE ensemble - 0.5 ns.
⇓

Second Equilibration
- Forces are applied in Graphene sheets
in order to impose 1 bar in each system

to reach the solutions equilibrium densities at 300 K.
- NPT ensemble - 1 ns at 1 bar and 300 K.

⇓
Third Equilibration

- Graphene pistons are freezed in the new equilibrium position.
- NVT ensemble - 2 ns at 300 K.

⇓
The Nonequilibrium Steady-state Running

- Different nanopores are opened.
The set of sizes: 0.74 nm, 0.97 nm, and 1.33 nm of diameter.

- Different forces are applied in each Graphene piston
to mimic the pressure gradient.

- NPT ensemble - 10 ns at 300 K and different feed pressures.
The set of pressures: 100, 500, 1000, 2500, 5000 to 10000 bar.

2.3.2 The Desalination Performance Analysis

In general, the water flux Q is a function of water density ρ inside the pore, the
molecules velocity v through the pore and the available pore area A [25], as follows Eq. 2.21:

Q = ρ · v · A, (2.21)

The salt rejection performance is susceptible to the area parameter A. This is
the control parameter related to the geometry of the pore. Also, the ρ and v parameter
are the ones controlled by the pore chemistry, which, in turn, is also influenced by the
pore geometry. For compare different pore geometries (varying its size) while preserving
the symmetry behind the pore chemistry (same stoichiometry relation), the following
membranes structures were studied (Figures 17):

The nanopores sizes implications on water flow and salt rejection are presented
in section 3.1. In other cases, three kinds of the nanoporous membrane were compared.
We investigate the influence of the nanopore density in the overall flux and salt rejection
in section 3.2. The main idea behind it was to see if the presence of a second nanopore
affects the water flux through the other one. We did it by constructing one membrane
with two nanopores near from each other and another one with two nanopores far from
each other, as illustrated in Figures 18. It is worth to mention that in this case, the pore
chemistry is intact, and the only thing that varies is the total available area.
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(a) (b) (c)

Figure 17: The illustration of different membrane designs. The nanopores with (a) 0.74
nm of diameter, (b) 0.97 nm of diameter and (c) 1.33 nm of diameter are shown.

(a) (b) (c)

Figure 18: The illustration of different membrane designs. The nanopores have 0.97 nm of
diameter. (a) The single nanopore, (b) the two nanopores and (c) the two nanopores far
from each one are shown.

In the third case, four kinds of nanoporous membrane were compared (Figures 19).
The main idea behind this comparison is to trace a measure of the implications of pore
chemistry considering similar nanopore areas. For example, the Figures 19-(a) and
Figures 19-(b) have ≈ 0.86 Å2 and ≈ 0.74 Å2 pore area, respectively; while the Figures 19-
(c) and Figures 19-(d) have ≈ 1.48 Å2 and ≈ 1.39 Å2 pore area, respectively. In section 3.3,
the water flux analysis were developed.

Besides that, different salt solutions models were compared using the two following
membrane structures (Figures 20). The main idea here is to study the implications of
saltwater models on the resulting water flow and salt rejection (section 3.4). To do so,
we run two different water models with two different salt models: one model of ions
constructed based on hydration and crystal properties, and another model constructed to
reproduce the density and dielectric constant of water and salt mixtures.

Finally, the charge effects comparison are conducted by using four different
nanopores in section 3.5: the 0.97 nm diameter size (Figure 21-(a)) with and with-
out charges; and the 1.33 nm diameter size (Figure 21-(b)) with and without charges. The
main idea behind this comparison is to study the effects of the Coulombic interactions in
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(a) (b) (c)

(d)

Figure 19: The illustration of different membrane designs. The two nanopores with (a)
0.74 nm of diameter, and (c) 0.97 nm of diameter are presented. The single nanopore with
(b) 0.97 nm of diameter and (c) 1.33 nm of diameter are shown.

(a) (b)

Figure 20: The illustration of different membrane designs. The nanopores with (a) 0.74
nm of diameter and (b) 0.97 nm of diameter are shown.

the overall water flux and salt rejection. Hence, the pore chemistry varies a lot in that
specific case for each nanopore.

2.3.3 The Measured Quantities

The membrane desalination performance involves many features, such as water
permeance, salt rejection, durability, fouling resistance, and others [8, 15]. For the present
work, the membrane desalination performance can be estimated by the tradeoff between
water transport and salt rejection. Actually, the water transport can be understood by
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(a) (b)

Figure 21: The illustration of different membrane designs. The nanopores with (a) 0.97
nm of diameter and (b) 1.33 nm of diameter are shown. The same membranes were
constructed without any charge.

four different but related quantities: the water flow rate, the water flux, the membrane
permeability, and the membrane specific permeability.

The water flow rate is simply the total amount of water produced per time. It has
the dimensions of the volume of water per time (for example, Lhr−1). Besides that, the
water flux is the total water flow rate per unit area. It means that the water flux captures
the membrane features. The area may be the total membrane area or just the nanopore
area, and it has the dimensions of LMH or Lm−1hr−1, for example. Concerning membrane
permeability, this measure serves to compare different water fluxes per available membrane
area, or, in other words, is just the water flux per total membrane area. In addition,
the membrane specific permeability is the membrane permeability per unit pressure, or
LMH/bar. This quantity is convenient to compare the membrane capabilities taking into
account the pressure needed to produce some water flux and is presented in Eq. 1.4.

The water transport calculated in this work is based on the simple procedure of
counting the filtered water molecules by monitoring the passage of water molecules through
the membrane. Besides that, the salt rejection capability is measured by counting the
number of ions in the permeate side and quantifying the percentage of the amount of salt
rejected by the membrane with respect to the total amount of salt available on the feed
side.

To shed deeper insight into the physical understanding of the water-salt-nanopore
some measured quantities related to the energetic profile (the ions Potential of Mean Force),
structural distribution (Hydrogen Bond Network and Radial Distribution Function), and
dynamic quantities (Particles Flow Density Map and Mean Passage Time) were obtained.

2.3.3.1 The Potential of Mean Force

The translocation process of the ions is analyzed by the Potential of Mean Force
(PMF), which quantifies the energetic profile of the passage of the ion through the nanopore:
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the ion needs to leave the feed bulk, enters the pore, crosses it and leaves to the other
bulk region.

The PMF calculations were obtained by preparing a set of different systems in which
one specific ion was freeze in a position along the z direction aligned with the center of
the nanopore, as shown in Figure 22. At this specific position, we run 0.5 ns of simulation,
the time required for the salt and water around the ion achieve the equilibrium, with the
pore closed and without pressure gradient. Then, the external pressure is increased to
1000 bar, and the nanopore is opened. With the ion still fixed in space, we evaluated the
force felt by this ion for another 0.5 ns. After that, we increased the z position of the ion
by a δz = 0.5 Å, repeat the steps in the equilibrium and in the non-equilibrium, and so on
until ion crosses the pore to the other bulk region. After that, the PMF was obtained by
the integration of the total mean force along the z-direction.

Figure 22: The illustration of the PMF analysis. The ion was freeze in a position along the
z direction aligned with the center of the nanopore. The total mean force were extracted
from simulations with different z ion freeze position.

2.3.3.2 Hydrogen Bond Network

The Hydrogen Bond Network (HB) was obtained by following distance and angular
criteria considering the RO1−−−O2 < 3.5 Å and βO1H2−−−O2 < 30◦ [121], as illustrated in
Figure 23.

In some cases, the bulk HB distribution was obtained in equilibrium runs, and
in others, the nanopore HB distribution was obtained in nonequilibrium runs. In that
case, the window region of −4 Å to +4 Å from membrane center was defined and used, as
illustrated in Figure 24.

The HB distribution is an interesting measure of how connected different water
molecules are. This has implications on water mobility.
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Figure 23: The Hydrogen Bond illustration [122].

Figure 24: The illustration of the Hydrogen Bond window analysis.

2.3.3.3 Flow Density Map

Another useful measure to better understand the nanopore transport profile is the
Flow Density map, which, in turn, is simply the particle averaged positions took overtime
inside the nanopore. This measure clarifies which region the particles prefer to fill. The
maps obtained in this work are averages of the whole set of pressures studied for each case.

2.3.3.4 Mean Passage Time

To understand the water and ions permeation trough the pore, we evaluate the
Mean Passage Time (MPT) of the different ions through the nanopore with different
nanopores diameters. This quantity is handy to estimate the velocity in which each ion
passes the pore or to observe the blocking nanopore effect. In Figure 25 the ions block
snapshots are illustrated.

2.3.3.5 The Radial Distribution Function

In some cases, the radial distribution function is evaluated to obtain space correla-
tion (structure) information about the system. The procedure to get it is based on the
calculation of the distance between all particle pairs and binning them into a histogram.
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Figure 25: The illustration of the ion passing or blocking the nanopore. The MPT is
responsible to quantify this behavior.

The pair correlation function used here is based on the extension of the single radial
distribution to a multi-component system, as exemplified in Figure 26 and illustrated by
the following equation:

gαβ(r) = N

ρNαNβ

Nα∑
i=1

Nβ∑
k

< δ(r− |rk − ri| > (2.22)

in with N is the total number of particles, Nα is the number of α particles, Nβ is
the number of β particles, ρ is the system density, and δ(r) is the Dirac function.

Figure 26: Illustration of the procedure to obtain the extended multi-component radial
distribution function.

The extended version of the radial distribution function is very useful to give us a
structural insight into the screening effect treated in sections 3.1-3.4.
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3 The MoS2 Desalination Performance

This chapter presents the original part of this work. Some results are described in
details in the references [123] and in the appendix A.

We have analyzed the water permeability and the salt rejection of a system made
of two reservoirs, one with salty water and another with pure water separated by a MoS2

membrane with a nanopore. The water moves from the salty to the pure water reservoirs
by applying a gradient pressure. First, we analyze the impact on water transport due to
the size of the pore (section 3.1). Next, the desalination efficiency is tested for different
densities of pores (section 3.2). Then, the enhancement flow is compared for different
distributions of pores (section 3.3). After that, the impact of the water and salt model
in the permeability is computed for different models (section 3.4). Finally, the nanopore
charge distribution implication was explored in section 3.5.

The desalination performance was investigated by using the following tools to
help in understanding the water-salt-nanopore relationship: The Potential of Mean Force
(PMF - section 2.3.3.1), the Hydrogen Bond Network (HB - section 2.3.3.2), the Radial
Distribution Function (section 2.3.3.5), the Flow Density Map (section 2.3.3.3), and the
Mean Passage Time (MPT - section 2.3.3.4).

3.1 The Water Transport and Salt Rejection - Different Nanopores
Sizes Comparison

In this section, the water transport and salt rejection obtained from different
nanopores sizes (Figure 27) were compared. It is essential to note that these nanopores
were produced by removing the desired atoms in order to maintain the membrane charged
neutral. Each membrane atom interacts with the salty solution by LJ and Coulombic
terms (Equation 2.15). So, although the pore chemistry is not the same, the symmetry
behind the proportion in Mo and S interaction sites is preserved, and the total membrane
net charge is zero. Hence, the difference in each membrane is mainly due to the pore area.
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(a) (b) (c)

Figure 27: The illustration of different membrane designs. The nanopores with (a) 0.74
nm of diameter, (b) 0.97 nm of diameter and (c) 1.33 nm of diameter are shown.

The number of filtered water molecules for a little set of simulations is shown in
Figure 28-(a) to emphasize its linear behavior as a function of time. This relation indicates
that the nonequilibrium steady-state is reached, which means the systems achieves a
constant water filtration process. Different curves are referent to different nanopores sizes
or pressure levels, which means the angular coefficient of each one is related to its water
flow rate. Similarly, when the ionic transport occurs, the number of ions passing through
the membrane as a function of time (Figure 28-(b)) behaves as a linear function but is
presented sharply.

(a) (b)

Figure 28: (a) Filtered water molecules and (b) filtered ions as a function of time. The
lines are different pressures or nanopores sizes. NaCl/ε and TIP4P/ε were used.

In Figure 29, the membrane permeability, as defined in Eq. 1.4, as a function of
pressure is presented. The linear behavior between the permeability and the pressure
is expected by hydrodynamics as Eq. 1.3. This linearity holds only to the 0.97 nm and
1.33 nm of nanopores diameter. Actually, the permeability is small and approximately
constant for the four smallest values of applied pressure when considering the 0.74 nm
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nanopore diameter. It is necessary a large pressure gradient to create a reasonable water
flow through this nanopore. The reason for that is because it was observed that the
combination of NaCl/ε and TIP4P/ε results in the ion blocking effect responsible for
limiting the water flow rate and fouling the membrane. Hence, the smallest one does not
respect that relationship, and it will be studied in detail in section 3.4.

Figure 29: The membrane permeability as a function of pressure. Error bars are the
deviation from the mean value - errors bars smaller than the point are not shown. NaCl/ε
and TIP4P/ε were used.

Figure 30: The salt rejection as function of pressure. Error bars are the deviation from
the mean value - errors bars smaller than the point are not shown. NaCl/ε and TIP4P/ε
were used.

As we can see, in general, the membrane with the wider nanopore produces more
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Diameter [nm] Am [LMH/bar] Salt Rejection at 100 bar
1.33 709.65 97.05 %
0.97 116.27 100 %
0.74 19.82 100 %

Table 3: The membrane specific permeabilities (Am) obtained for such nanopore sizes
considering the nanopore density of 6.25 1012cm−2. NaCl/ε and TIP4P/ε were used.

water permeate but at the cost of lower salt rejection (defined in section 2.3.3) when
compared with the other ones, as illustrated in Figure 30. Even for the lowest pressure
level, the widest nanopore allows ions to pass the nanopore, while this is not true for the
other two nanopore sizes (see Figure 30).

The resultant performance are summarized in Table 3. All three membrane specific
permeabilities (calculated as defined in section 2.3.3) are considerably higher than the
commercial ones, which are of the order of 1 LMH/bar (Table 1).

The Water Distribution Inside the Nanopore

The oxygen flow density map, as defined in section 2.3.3.3, is shown in Figure 31
for different nanopores sizes. As we can see, the water transport profile behaves differently
for each nanopore. Besides that, non-uniform oxygen density distribution was found in
each case. This indicates that the structural pattern of water molecules in the nanoscale
flow cannot be neglected. Then, the central idea behind the description of continuum
liquids in hydrodynamics is invalid in this case.

Also, it is interesting to note the fact that mechanism of water flow is completely
different from classical hydrodynamics calculations: the water flow occurs almost entirely
in the available boundaries, not in the center of the channel as expected. The condition of
zero interfacial fluid velocity does not necessarily hold at nanoscopic length scales. This
behavior is not predicted by classical hydrodynamics in which a quadratic water flow
profile would be the Navier-stokes solution for cylindrical pipes, as expressed in Eq. 1.3.
This point is even more evident in Figure 31-(d), in which the number density as a function
of distance from the nanopore center is shown.
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(a) (b)

(c) (d)

Figure 31: The Oxygen Flow Density Map for (a) 0.74 nm, (b) 0.97 nm and (c) 1.33 nm
of nanopore diameter. The map is an average of the whole set of pressures studied. (d)
The radial number density is shown for each nanopore size as function of nanopore center
distance. NaCl/ε and TIP4P/ε were used.

The Hydrogen Bonding Network: From Bulk to Nanoconfinement

In Figure 32-(a), the HB distribution of the feed water and pure water sides were
obtained in equilibrium at 300 K and 1 bar. Also, the HB distribution of bulk water
is shown at the same thermodynamic condition for comparison. First, we can see that
the presence of the chloride and sodium ions affect the HB distribution: the saltwater
forms less HB on average than the pure confined water (permeate water in Figure 32-(a)).
Second, the fact that permeate water shows less HB on average when compared to the Bulk
system is explained by the confinement in z-direction that limits the water arrangement
possibilities.
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(a) (b)

Figure 32: The Hydrogen Bonding distribution in (a) the bulk during the equilibrium (2
ns in NVT ensemble) and in (b) the window analysis during nonequilibrium run (window
region defined in Figure 24). NaCl/ε and TIP4P/ε were used.

As confirmed by the water flow density map, the pore area has a massive effect
on the way the molecules may organize themselves inside the nanopore. This measure is
reinforced by comparing the HB distribution inside the nanopore for different nanopore
sizes, as illustrated in Figure 32-(b). This HB network difference, as well as the nanopore
area, implies a significant impact in the overall water transport, as explained by the water
Mean Passage Time analysis in Figure 33. Besides, this topic is clarified in section 3.3,
where the total pore areas are similar, and the results for the overall water flux and HB
distribution are different.

The Water Mean Passage Time

In Figure 33, the water MPT is shown. The MPT analysis is defined in sec-
tion 2.3.3.4. The water in narrow nanopores spent more time to pass through it than
in wider ones. This behavior also confirms the relationship between water flux and the
number of HB inside the nanopore: as we increase the open nanopore area, the water can
rearrange itself in different ways, so the HB possibilities are higher compared with the
other case. By doing more HB on average, the water can pass through the pore being
pulled by the permeate molecules and pushed by the feed side. If it not the case, with
fewer HB possibilities, the predominant remaining driven mechanism is the water been
pushed by the feed side.
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(a) (b)

Figure 33: The water mean passage time measured for (a) 0.97 nm and 1.33 nm of nanopore
diameter and (b) 0.74 nm of nanopore diameter. NaCl/ε and TIP4P/ε were used.

The Ions Distribution inside the Nanopore

The other noteworthy performance feature of desalination systems is the membrane
capability to reject the ions. The chloride flow density map for different nanopore sizes
are shown in Figure 34. Although the chloride does not pass through the pore to the
permeate side in any pressure level for the smallest nanopore, as the Figure 29 shows and
registered in Table 3, the ion blocks the nanopore and appears in the Figure 34-(a). As
mentioned earlier, this effect is explained in detail in section 3.4.

Another exciting aspect of the chloride flow density map is its strong dependence
on the nanopore charge distribution. Even though chloride ions are not limited in terms of
cluster structures as water molecules, they compete in space with water molecules (as we
can see in Figure 31) rather than fill the center region of the channel. Also, these regions
are near the molybdenum atoms (positive ones), as illustrated in the membrane Figure 27.

In contrast, the sodium ions pass through the nanopore in a more diffusive way
(Figure 35). Also, the sodium ion never enters in the narrow pore as the chloride one. The
following potential of mean force analysis clarifies this fact.
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(a) (b)

(c)

Figure 34: The chloride flow density map for (a) 0.74 nm of nanopore diameter, (b) 0.97
nm of nanopore diameter and (c) 1.33 nm of nanopore diameter. NaCl/ε and TIP4P/ε
were used.

(a) (b)

Figure 35: The sodium flow density map for (a) 0.74 nm of nanopore diameter, (b) 0.97
nm of nanopore diameter and (c) 1.33 nm of nanopore diameter. NaCl/ε and TIP4P/ε
were used.
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The Ions Potential of Mean Force and Radial Distribution Function

The translocation process of the ions through the nanopore is measured in energy
penalties by the PMFs shown in Figure 36. It is clear from it the existence of a huge
difference in energy barrier due to different nanopores sizes. For chloride, the two narrow
nanopores have similar energy penalties in contrast with the wider one, which has almost
zero barriers to pass through the nanopore. Besides that, the 0.74 nm of nanopore diameter
has a huge potential depth in which the chloride may be stuck. And that is exactly what
happens, as illustrated in Figure 37 and confirmed in the following chloride MPT analysis
(Figure 39-(a)).

(a) (b)

Figure 36: The Potential of Mean Force near and inside the nanopore for (a) chloride ions
and (b) sodium ions. NaCl/ε and TIP4P/ε were used.

Also, this block phenomena impact the water permeability for the smaller nanopore
once the chloride limits the water passage, as shown in Figure 37. Besides that, the next-
generation membranes need to be very fouling resistant, which is precisely the opposite
seen here for this combination of TIP4P/ε and NaCl/ε models and 0.74 nm of nanopore
diameter.

Also interesting is the fact that the sodium ion has huge energy barriers to overcome
and get into the nanopore for the 0.74 nm and 0.97 nm of diameter case. The energetic
penalty for a sodium ion to leave the bulk and to entering the nanopore with diameter
0.74 nm is more than five times the thermal energy at 300 K, kBT ≈ 0.6 kcal/mole. In
contrast, thermal energy is similar to the energetic penalty for chloride anions. From the
whole set of simulations, it was observed that when the sodium ion pass to the permeate
side in the cases of enormous pressures applied, it never does it before the chloride ion,
always after. So, when the chloride passage generates a charge disequilibrium, the sodium
anion is able to overcome the energy barrier.
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Figure 37: The chloride block effect in narrow nanopores (0.74 nm of diameter). NaCl/ε
and TIP4P/ε were used.

Considering the biggest diameter, the ion enters the nanopore screened by water. At
the same time, for the smaller diameter, the ion has to strip out the water to penetrate the
pore. Hence, beyond the statistical process of finding the pore, the screening mechanism
has considerable implications in the ion translocation process. The role of the screening
can be visualized by the radial distribution function between the oxygen and the ions, as
shown in Figure 38:

Figure 38: The Radial Distribution Function of oxygen and the ions. NaCl/ε and TIP4P/ε
were used.

The chloride ions can strip out the water molecules easier than the sodium ions
once it has fewer water molecules in the first hydration shell. Also, when the chloride
anion enters the smallest nanopore, the hydration free energy is not sufficient to pull it
back, so it gets stuck there, blocking the water transport.
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The Ion Mean Passage Time

The chloride block effect is evident when the MPT is evaluated. In Figure 39-(a),
the chloride ion remains almost the entire simulation time of 10 ns inside the nanopore,
which explains the low water flux value obtained from Figure 29. Also, as the pressure
is increased, the total blocking time increases as well. This is explained by the fact that
for higher pressures, the chloride ion enters sooner in the nanopore. As a consequence,
the membrane permeability is almost constant for lower pressures in the 0.74 nm case
(Figure 29).

(a) (b)

(c)

Figure 39: The chloride Mean Passage Time for (a) 0.74 nm, 0.97 nm and 1.33 nm of
nanopore diameter. NaCl/ε and TIP4P/ε were used.

For broader diameter, the chloride spent a lot of time inside the nanopore, too,
although at some pressures, it never passes to the permeate side. Also, it is essential to
note that the chloride partial block in 0.97 nm and 1.33 nm of nanopore diameter allows
water to flow, as illustrated in Figure 41.
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(a) (b)

Figure 40: The sodium Mean Passage Time for (a) 0.97 nm and (b) 1.33 nm of nanopore
diameter. The 0.74 nm case is not shown because the sodium ion never enters in that
pore. NaCl/ε and TIP4P/ε were used.

Another interesting aspect of the ions translocation process is the different time
scales in which each ion passes the nanopore. As we can see from Figure 40, the sodium
ion enters the nanopore only for pressures bigger than 2500 bars and remain there for a
time fraction when compared with the chloride case in Figure 39-(b). This relation is even
more evident in the 1.33 nm case (Figure 39-(c)).

Figure 41: Snapshots of the simulation showing that for the smaller nanopore (top snapshot)
only dehydrated Cl/ε ions can penetrate the pore, while for the nanopores with diameter
0.97 nm we observe permeation of both hydrated ionic species and models. NaCl/ε and
TIP4P/ε were used.

It is important to note the sensitivity of water transport and salt rejection behaviors
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as the nanopores sizes change. Small changes in nanopore sizes (9 atoms removed to
produce the 0.74 nm of nanopore diameter compared with 36 atoms removed for 1.33 nm
of nanopore diameter) can lead to considerable differences in the dynamic behavior of the
nanopore-water-ions, which in turn affects the overall salt rejection and water permeability.

3.2 The Nanopore Density Implications in Water Flux and Ion Re-
jection

In order to investigate the implications of membrane area available while maintain-
ing the pore chemistry intact, the membranes in Figure 42 were created. Besides that,
the main idea behind varying the nanopore distance was to analyze if the proximity may
impact the overall water flow or salt rejection performance.

(a) (b) (c)

Figure 42: The illustration of different membrane designs. The nanopores have 0.97 nm of
diameter. (a) The single nanopore, (b) the two nanopores and (c) the two nanopores far
from each one are shown. NaCl/ε and TIP4P/ε were used.

As we can see in Figure 43-(b), the water flow rate through each nanopore is the
same for all cases.

As mentioned in section 2.3-Eq. 2.21, the nanopore-water interaction will determine
the water density ρ and water velocity v inside the nanopore. The results obtained
show that by doubling the available area while preserving the total pore chemistry and
geometry, the water flux is exactly doubled too, confirming the general expression for
water flux in Eq. 2.21. These results also imply that higher-order effects on water flux
due to the presence of a second nanopore on the vicinity are negligible. Also is negligible
the implication of nanopore density in the salt rejection performance, as illustrated in
Figure 44.
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(a) (b)

Figure 43: (a) The membrane permeability as a function of pressure. (b) The water
flowrate per nanopore as a function of pressure. Error bars are the deviation from the
mean value - errors bars smaller than the point are not shown. NaCl/ε and TIP4P/ε were
used.

Figure 44: The salt rejection rate as a function of pressure. Error bars are the deviation
from the mean value - errors bars smaller than the point are not shown. NaCl/ε and
TIP4P/ε were used.

In Table 4 the different membrane performance are summarized. The difference
found in the membrane specific permeability is inside the bar errors.
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Diameter [nm] Am [LMH/bar] Salt Rejection Nanopore Density [1012cm−2]
1 x 0.97 116.27 100 % 6.25
2 x 0.97 226.77 100 % 12.5

2 x 0.97 - f 200.73 100 % 12.5

Table 4: The membrane specific permeabilities (Am) obtained for different nanopore
number and distribution. The Salt rejection showed was evaluated at 100 bar. NaCl/ε
and TIP4P/ε were used.

3.3 The MoS2 Desalination Enhancement

The general idea that nanomaterials by promoting water flow enhancement (the
enhancement due to nanoconfined behaviors) might be ideal for desalination is quite
appealing, and it did generate several propositions on new membranes. It consists of
studying the fluid behavior comparing different nanofluidic devices and observing in which
condition the flow enhancement is emergent. Usually, the enhancement factor concept is
defined as the ratio of the measured flow to an ideal no-slip Poiseuille flow, in the scope of
classical hydrodynamics [18]. Here, the desalination enhancement concept is limited to
the characterization of the water flow per pore area in different pore conditions. We found
it an interesting way to get insights into the water flow loss due to nanopore chemistry.

In this analysis, four different membranes are compared as follows: two pairs of
membranes, with similar nanopores areas, but with different nanopore chemistry, were
compared. The pore chemistry is symmetric once it preserves the proportion between the
Mo and S stoichiometry. The membranes are illustrated in Figures 45-46.

(a) (b)

Figure 45: The illustration of different membrane designs. The two nanopores with (a)
0.74 nm of diameter and one nanopore with (b) 0.97 nm of diameter are presented.
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(a) (b)

Figure 46: The illustration of different membrane designs. The two nanopores with (a)
0.97 nm of diameter and one nanopore with (b) 1.33 nm of diameter are presented.

(a) (b)

(c) (d)

Figure 47: The comparison between 2 x 0.74 nm of nanopore diameter versus 1 x 0.97 nm
of nanopore diameter. (a) Water Flux as a function of pressure. (b) Salt Rejection as a
function of pressure. (c) HB distribution inside and near the nanopore. (d) Water MPT
inside the nanopore. NaCl/ε and TIP4P/ε were used.

As we can see from Figure 47-(a), the water flux obtained from the widest nanopore
is much higher when compared with the two smallest nanopores but with a similar area,
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taking into account the range of pressures analyzed. Same pattern occurs in Figure 48-(a).
In terms of desalination performance, the widest nanopore presents a low salt rejection
rate compared with all other ones. So, thinking in design a MoS2 nanoporous membrane,
it would be better to use two smallest nanopores than a bigger one at the cost of losing
some water permeability. In Table 5 the obtained performance results are summarized.

Also, the higher water flux occurs in the nanopores in which the water can make
more HB on average. This is confirmed for both cases (Figures 47 and 48-(c)). Nevertheless,
the MPT evaluation confirmed it again: the cases in which the HB network is higher, the
water passes more rapidly through the nanopore - takes less time to cross it (Figures 47
and 48-(d)).

(a) (b)

(c) (d)

Figure 48: The comparison between 2 x 0.97 nm of nanopore diameter versus 1 x 1.33 nm
of nanopore diameter. (a) Water Flux as a function of pressure. (b) Salt Rejection as a
function of pressure. (c) HB distribution inside and near the nanopore. (d) Water MPT
inside the nanopore. NaCl/ε and TIP4P/ε were used.

The analysis presented here helps us to understand the central aspect of water flow:
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Diameter [nm] Area [nm2] Am [LMH/bar] Salt Rejection Nanopore Density [1012cm−2]
1 x 1.33 1.39 709.65 97.05 % 6.25
2 x 0.97 1.48 283.50 100 % 12.5
1 x 0.97 0.74 187.62 100 % 6.25
2 x 0.74 0.86 45.27 100 % 12.5

Table 5: The membrane specific permeabilities (Am) obtained for such nanopore sizes.
The Salt rejection shown was evaluated at 100 bar. NaCl/ε and TIP4P/ε were used.

despite offering similar nanopore areas, the membranes compared showed that the pore
chemistry has enormous effects in the HB distribution and, as a consequence, the water
velocity flow. For a strong HB network, the water crosses the nanopore more rapidly.

3.4 The Water and Salt Models Comparison

In order to investigate the role of the screening, we evaluate the water and ion
flow through nanopores with diameters of 0.97 nm or 0.74 nm (Figure 49) using two
distinct combinations of water and ion model, the NaCl/ε model [119], the NaCl/J [107],
TIP4P/2005 [83] and TIP4P/ε [84] model.

(a) (b)

Figure 49: The illustration of different membrane designs. The nanopores with (a) 0.74
nm of diameter and (b) 0.97 nm of diameter are shown.

Even though TIP4P/2005 and TIP4P/ε are from the same TIP4P water models
family (both have four interaction sites), we can expect that the distinct values in its LJ and
charge parameters (Table 2) may affect the water flow rate through nanopores. However,
as Losey and co-workers have shown in a recent work [93], TIP4P and TIP4P/2005 water
models have similar fluxes. In agreement with this result, this study shows that when the
same model of salt is employed, the membrane permeability for both TIP4P/2005 and
TIP4P/ε is approximately the same – the differences are smaller than the error bar, as we
can see in the Figure 50, from both nanopore sizes.
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In contrast, by changing the salt model to NaCl/ε the water permeation changes,
as we can see in the widest nanopore at the higher values of pressure (Figure 50-(a)): when
the applied pressure is 10000 bar, the combination of TIP4P/ε+NaCl/ε shows a higher
water flow rate. On the other hand, the water permeability is small for this combination
in the case of nanopores with 0.74 nm diameter, as shown in Figure 50-(b) and mentioned
in section 3.1.

(a) (b)

Figure 50: Membrane water permeability for distinct combinations of water and salt
models and (a) nanopore with 0.97 nm diameter and (b) with 0.74 nm diameter. Error
bars are the deviation from the mean value - errors bars smaller than the point are not
shown. NaCl/ε, NaCl/J, TIP4P/ε, and TIP4P/2005 were used.

Figure 51: Salt rejection for distinct combinations of water and salt models and nanopore
with 0.97 nm and 0.74 nm diameter. Error bars are the deviation from the mean value
- errors bars smaller than the point are not shown. NaCl/ε, NaCl/J, TIP4P/ε, and
TIP4P/2005 were used.
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Mixture Am [LMH/bar] Diameter [nm]
TIP4P/ε - NaCl/ε 108.2 0.97
TIP4P/ε - NaCl/J 104.1 0.97

TIP4P/2005 - NaCl/J 118.7 0.97
TIP4P/ε - NaCl/ε 5.9 0.74
TIP4P/ε - NaCl/J 17.2 0.74

TIP4P/2005 - NaCl/J 18.4 0.74

Table 6: The membrane specific permeabilities (Am) obtained for such nanopore sizes
considering the nanopore density of 6.25 1012cm−2. NaCl/ε, NaCl/J, TIP4P/ε, and
TIP4P/2005 were used.

The salt rejection performance doesn’t bring any new information: at low pressures,
the whole set of different nanopores shows 100 % of salt rejection for both models
combination. However, this graphic alone does not help to understand the big difference
in water permeation for different salt models in the smallest nanopore.

The membrane specific permeability obtained for each mixture and nanopore sizes
is summarized in Table 6.

The distinct values of water permeation for each combination of water and salt
model, as well for each nanopore size, Figure 50 are related to different salt rejection
mechanisms. As we show in the Figure 51, the salt rejection in the widest pore decreases
with the applied pressure, and the NaCl/ε has the smallest rejection at the higher pressure
- in agreement with the higher water permeability. For the narrow pore, the system with
the NaCl/J model shows 100% of rejection (Figure 51).

The Mean Passage Time

To understand the water and ions permeation trough the pore, we evaluate the
MPT of the different ion models through the nanopore with the two studied diameters. As
we show in Figure 52-(a)-(b), the Cl/ε anions are responsible for the nanopore blockage
when this model is employed, as reported earlier in section 3.1.

Despite the case of 10000 bar of applied pressure, in all other cases, the chlorine
takes a long time to pass the pore and therefore is the ion blocking the pore, as mentioned
earlier in section 3.1. Even for the wider nanopore, the blockage time is relevant at lower
pressures, with the Cl anion remaining almost 5 ns, or half of the production time, inside
the pore. On the other hand, the Cl/J anion remains short times inside the nanopore
with 0.97 nm diameter, which explains the higher water permeability and smaller ionic
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rejection. In addition, it never enters the smallest pore, as shown in Figure 52(a).

(a) (b)

(c)

Figure 52: Mean passage time (MPT) versus applied pressure for different models and
nanopore diameters. (a) Cl/ε and Cl/J MPT in 0.97 nm diameter are compared. Although
the anions remains a considerable amount of time inside the nanopore, the water still can
flow as shown in Figure 41. (b) Cl/ε MPT in 0.74 nm diameter are shown. The Cl/ε
remains almost the total simulation time blocking the nanopore. In contrast, the Cl/J
don’t enter in the nanopore therefore its not shown. (c) Na/ε and Na/J MPT in 0.97 nm
diameter are compared. The Na/ε and Na/J case for 0.74 nm diameter are not shown
because they never enter in that nanopore. NaCl/ε, NaCl/J, TIP4P/ε.

For the smaller pore, distinct mechanisms are responsible for the ionic rejection:
For the NaCl/ε, the pore is blocked by the chlorine anion (see Figure 52(b) and Figure 41),
while for the NaCl/J model the chlorine never enters the pore. Also, the sodium cations
take a short time to pass the wider nanopore, as illustrated in Figure 52(c).

At this point, it is relevant to emphasize that the ionic passage trough small pores
have two main events [110]: first, the ion must hit the pore; secondly, it needs to have
enough energy to overcome the energetic penalty related to the translocation process,
which in turn consists of leaving the bulk, entering the pore with a distinct dielectric
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constant, and cross it to the bulk again. The first process is a stochastic problem from
statistical mechanics, depending mainly on the system density and pore area [124, 125].
In the second process, the penalties can depend on the ion hydration, ion charge, pore
chemistry, and pore geometry [112, 110].

The Ions Potential of Mean Force

In order to better understand how the salt models properties influence the ion
translocation event, the PMF were obtained for different salt models. It is worth to
mention that the PMF calculations were done using only the TIP4P/ε water for two
complementary reasons: First, the permeation seems to be more sensitive to the ion model
rather than to the water model, as seen in the water flow differences (Figure 50). Second,
the electrostatic barrier related to the dielectric discontinuity from the bulk water to
the nanopore region is relevant, and this water model was parameterized to provide the
correct value of bulk water dielectric constant. Besides that, the NaCl/ε was parameterized
to reproduce the dielectric constant of the mixture of the salt with water at a diluted
solution [119].

(a) (b)

Figure 53: PMF inside nanopores with 0.74 nm diameter for (a) sodium and (b) chlorine
ions. The central vertical pink dashed line represents the molybdenum layer position,
and the vertical yellow dashed lines around it the sulfur layers position. NaCl/ε, NaCl/J,
TIP4P/ε.

As we show in the Figure 53-(b), the energy barrier for a chloride ion is much
smaller than the sodium one (Figure 53-(a)), comparable with the thermal energy, for both
models. Therefore the chloride can penetrate the pore even due to thermal fluctuations at
room temperature. However, the central well has a deepness of 4 to 5 times kBT , created
by the attraction with the central layer of positively charged molybdenum. Then the Cl−

gets trapped. This, however, does not explain why the Cl/ε enters and block the nanopore,
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while the Cl/J never leaves the bulk to the pore. Also, the similar energy barrier is found
in the 0.97 nm of nanopore diameter for both chloride models, as shown in Figure 54-(b)

(a) (b)

Figure 54: PMF inside nanopores with 0.97 nm diameter for (a) sodium and (b) chlorine
ions. The central vertical pink dashed line represents the molybdenum layer position,
and the vertical yellow dashed lines around it the sulfur layers position. NaCl/ε, NaCl/J,
TIP4P/ε.

The Hydrogen Bond Network and Radial Distribution Function

The reason for the distinct blockage mechanism when the two models are compared
for the nanopore with diameter 0.74 nm is that the NaCl/J model is more hydrated than
the NaCl/ε model. The different screening factors employed affect water distribution
around the ions. In Figure 55-(c), we show the radial distribution function, g(r) of the
oxygen atoms of the water molecules around the distinct species of ions. For the sodium
ions, the peaks are smaller for the Na/ε than for the Na/J model. For the Na ion, however,
the peaks distances are the same, and the water structure around the Na is independent
of the water model.

On the other hand, for the chlorine ions, not only the peaks for the Cl/ε are smaller,
but the water seems more disordered: the depletion between the first and second hydration
layer is shallower, and the curve is almost flat after this second peak. This is confirmed
when we evaluate the HB distribution near the pore, as shown in Figure 55-(a)-(b). As we
can see, for the NaCl/ε model, more than 60% of the water molecules form less than one
HB on average. In contrast, when the NaCl/J model is employed, each water molecule
forms more than one hydrogen bond. Therefore the salt model affects not only the ion
wettability but can effectively change the water HB network. Then, due to the higher
hydration and the higher number of HB by a water molecule in the Cl/J case, the Cl/ε
can strip out this water easily in comparison to the Cl/J model and entering the channel.
This "water striping" is essential, since the small nanopore diameter of 0.74 nm makes
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it impossible to hydrated ion penetrate – as we have observed and show in the upper
snapshot 41.

(a) (b)

(c)

Figure 55: Hydrogen bond (HB) distribution near and inside the pore for (a) 0.74 nm
diameter (in the inset we show the region considered to evaluate the distribution) and (b)
0.97 nm diameter. (c) Bulk ion-oxygen radial Distribution at 300k and 1000 bar. NaCl/ε,
NaCl/J, TIP4P/ε.

In contrast, the water HB distribution near the pore region is similar for both the
ions model, as the Figure 55-(c) shows. Hence, the differences in salt rejection and water
flow are negligible for this nanopore size.

These results indicate that the effect of ion rejection depends on the ion model
applied. In one case, using the model that did not reproduce the dielectric constant of
water and salt mixtures accurately, the rejection is due to the dielectric discontinuity and
the energetic penalty associated with the ion dehydration. In the other case, employing
the model that reproduces the bulk dielectric constant of salt and water mixtures, the pore
is blocked by the chlorine ion. The second case is not attractive since it does not allow the
water permeation through the pore. This blockade was observed in experiments for single-
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layer graphene membranes [63], also been suggested by DFT modeling of functionalized
graphene nanopores [126]. This effect is well known for polymeric membranes [127],
and it is a big challenge on reverse osmosis engineering. However, it was not reported
experimentally or by simulations for MoS2 membranes so far we know.

3.5 The Nanopore Charge Distribution Implication in Desalination
Enhancement

One of the most exciting properties of MoS2 nanopores compared with graphene
nanopores is the possibility of tuning the pore hydrophobicity character without the
need to functionalize it with different molecules. In this section, the role of the charge
distribution is clarified by studying the water transport and salt rejection by four different
membranes: two membranes of 0.97 nm of nanopore diameter but with different charges
distribution - one with the charges unchanged and another one without any charge; and
tow membranes of 1.33 nm of nanopore diameter - one with the charges unchanged and
another one without any charge. It is crucial to register that the set of simulations is
much smaller than the previous studies. We have just one simulation for each comparison
at just one pressure (1000 bars). The reason for that is the fact that it was only a curious
comparison, but in the end, it results in exciting features regarding the charge role, and
we think it is worth to mention.

(a) (b)

Figure 56: The illustration of different membrane designs. The nanopores with (a) 0.97
nm of diameter and (b) 1.33 nm of diameter are shown. The same membranes were
constructed without any charge.

In Figure 57, the filtered water molecules as a function of time is shown, as
well as the salt rejection rate. As we can see, the neutral nanopores achieve a higher
water permeation rate, but the difference is bigger when considering the widest nanopore.
Also, from Figure 57-(b), the salt rejection performance is enhanced for the neutral case.
Unfortunately, the PMF analysis was not done for this study yet.
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(a) (b)

Figure 57: (a) The number of filtered water molecules as a function of time at 1000 bar for
different combination of nanopore and charge distribution. (b) The salt rejection rate as a
function of time at 1000 bar for different combination of nanopore and charge distribution.
NaCl/ε and TIP4P/ε.

Heiranian et al. reported it. [25] that the unique charge distribution around the
MoS2 nanopore is responsible for attracting more water molecules and the resulting
dynamic structure achieves higher local density. As mentioned in Eq. 2.21, the local
density ρ is one of the pore chemistry control parameters. However, for the specific choice
of nanopores presented here, some different conclusions were obtained, although they
deserve to be more carefully studied - it is necessary to do more simulations with different
thermal initial conditions to improve the statistical relevance of this analysis.

From the oxygen flow density map (Figure 58), it is clear the relation between
higher water fluxes and the charge distribution around the pore: comparing the 0.97 nm
of nanopore diameter shown in Figure 58-(a)-(b) we can see that the water can rearrange
itself in different possibilities. Same conclusion from the Figure 58-(c)-(d). This means
the nanopore charges limit the possible water arrangement and, as a consequence, impact
in the overall water dynamic. The role of charges can be seen as friction parameters in
that case, once it prejudices the total flux. This fact is confirmed by the HB distribution
inside the nanopores, as shown in Figure 60.

Another interesting implication of the charge distribution is in the ions flow density
map. As we can note from Figure 59, the chloride translocation process is hugely affected
by the changes in nanopore charges. In Figure 59-(a), it appears in some specific locations,
which induce the idea that the chloride is attracted to it, which confirms the most inferior
salt rejection rate for that case (Figure 57-(b)). On the other hand, Figure 59-(b) shows a
diffusive pattern.
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(a) (b)

(c) (d)

Figure 58: The Oxygen Flow Density Map for 0.97 nm of nanopore diameter (a) with
charge and (b) without charge. The Oxygen Flow Density Map for 1.33 nm of nanopore
diameter (c) with charge and (d) without charge. NaCl/ε and TIP4P/ε.
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(a) (b)

(c) (d)

Figure 59: The Chloride Flow Density Map for 1.33 nm of nanopore diameter (a) with
charge and (b) without charge. The Sodium Flow Density Map for 1.33 nm of nanopore
diameter (c) with charge and (d) without charge. NaCl/ε and TIP4P/ε.

In the same way that charges distribution affects the water structure inside the
nanopore, it can be deduced that the HB distribution difference impact in the screening
effect inside the nanopore, and as a consequence, the chloride anion has more difficult to
break this HB network in order to get inside the nanopore.

Another aspect could be related to the fact that fewer charges mean a higher
dielectric discontinuity in that nanopore. It would be interesting to see the results for the
0.74 nm of nanopore diameter to investigate the blocking effect in that case.

In summary, both neutral nanopores achieve higher water flow and better per-
formance in salt rejection. The reasons for that difference are related to the number
of possible water molecules arrangement inside the nanopore, which favors or not the
HB network. When the HB network is favorable, the water remains less time inside the
nanopore and enhances the water flow, as shown in Figure 61.
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(a) (b)

Figure 60: The HB distribution near and inside the nanopore for two different charges
distribution considering (a) 0.97 nm of nanopore diameter and (b) 1.33 nm of nanopore
diameter. NaCl/ε and TIP4P/ε.

Figure 61: The Water Mean Passage Time for different charges distribution considering
0.97 nm and 1.33 nm of nanopore diameter. NaCl/ε and TIP4P/ε.





77

4 Discussions and Conclusions

Different ways to compare the influence of pore chemistry and geometry were
evaluated in this work. From the comparison between different nanopore sizes, it was
found how sensitive the water flow and salt rejection are to nanopore sizes and pore
chemistry. A small difference can lead to considerable differences in water flux. Besides
that, increasing the nanopore size makes the salt rejection decrease. In contrast, by
decreasing the nanopore size, the chloride blocking effect may emerge. At that time, it was
found the energetic depth for chloride ions get trapped inside the MoS2 nanopore. Still,
the real behavior was only clarified later with the screening effect analyzed by comparing
different salt models.

In order to evaluate if the water flux scales linearly with the membrane area while
maintaining the pore chemistry intact, the water flux through different nanopore densities
was obtained. Besides that, no higher-order effect due to the proximity between neighbors
nanopores was observed.

From the enhancement comparison, we have learned that pore chemistry has
immense effects on the hydrogen bonding network. The nanopores, in which a higher
number of hydrogen bonds are possible, show a higher water flow rate.

We also performed a study on how the selection of the ionic model can affect
the water flow and ionic rejection by MoS2 membranes. We employed two water models
from the rigid TIP4P family: the traditional and well-established TIP4P/2005, and the
TIP4P/ε. For the salt model, we chose the model proposed by Joung, namely NaCl/J,
and the NaCl/ε. Our simulations indicate that the water and ion permeation through
the nanopores is more sensitive to the ion model than to the water model employed. In
fact, the screening proposed in the NaCl/ε leads to the ionic blockage of the nanopore
with a small diameter. This mechanism was not observed previously. Also, the water
around NaCl/J ion is more structured, which influences the ion entrance in the pore.
These results indicate that completely different physical behaviors occur depending on the
salt model. Besides that, it is well known that the next generation membrane materials
for desalination technology must be very selective and fouling resistant [12] - membrane
fouling control is one of the most critical performance parameters for next-generation
membrane materials [8]. To clarify this point is necessary an experimental investigation in
MoS2 nanopores with a diameter comparable with the ion diameter - so the ion has to be
dehydrated to penetrate the pore.

Also, the charge distribution effect was evaluated. The role of the hydrogen bonding
network to enhance the fluid flow was emphasized. Without the limitation on the possible
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position arrangement due to Coulombic interactions, the hydrogen bond network was
favorable, and, as a consequence, the water flux was enhanced. Further, although the
PMF was not evaluated in that case, it is well known that the dielectric discontinuity of
water near interfaces and nanopores plays a crucial role in salt behavior. The apparent
increase in salt rejection as turning off the nanopore charge effects is correlated to drastic
dielectric discontinuity changes.

Challanges and Research Gaps

All membrane technologies presented in the section 1.1, including the MoS2 case, are
far from becoming a feasible technology in industrial applications. In terms of desalination
technology in general, the next-generation membranes need to be very selective, water
permeable, sufficiently stable, fouling resistant, and industry scalable [8]. Besides that,
thinking in the short term, the new nanomembranes would need to be chlorine-tolerant,
fouling/scaling-tolerant, acid/base-tolerant, and more easy to clean to be used in a
typical reverse osmosis system [8]. In the long term, the technology needs to face the
commercialization scalability and needs to ensure safe water supply without risks of toxicity
to the environment. The significant challenges are summarized in sequence:

Nanotoxicity - One of the biggest challenges is to deeply understand how these
promise nanostructures for water filtration are going to affect the environment after release.
For instance, nanomaterials may impose a long-term threat to public health and the
environment if they are persistent and nondegradable [128]. The MoS2 is considered
chemically stable material against environmental stressors because of the absence of
dangling bonds in the terminating S atoms [26]. Particularly the solubility of MoS2 is
low under ambient conditions, which lead to long-term persistence in the environment.
On the other hand, this scenario can be different for extreme conditions, such as high
temperature or strong oxidation [129]. The oxidation of MoS2 nanosheets has been shown
to occur in aqueous solutions depending on pH and the crystallographic phase, leading to
soluble, low-toxic oxidation products [130].

Also, there are some differences in the toxicity depending on preparation methods.
The MoS2 nanosheets generally show high biocompatibility at concentrations up to ∼100
ppm and certain cytotoxicity at high levels (a few hundred ppm). However, low toxicity of
exfoliated, well-dispersed MoS2 nanosheets was observed. Still, aggregated samples were
found to induce acute lung inflammation in mice [131], raising concerns about the side
effects on the toxicity of these nanosheets. Also, some researchers point out good reasons
to use MoS2 nanosheets thinking in lower toxicity when compared with graphene-based
nanomaterials [132].

It is crucial to better understand the potential environmental and health risks
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of 2D/1D nanomembrane [57]. There is a lack of methods and criteria for accurately
measuring nanomaterials risks. It is necessary to study how these nanostructures interact
with tissues and cells to guarantee if it is safe to use as a water purification membrane.
Nowadays, there is a lot of open questions.

Desalination engineering challanges for nanomembranes - The promise of new
membrane materials such as graphene nanoporous membranes, MoS2, or CNTs membranes
has shown an incredible water permeability. Despite that, it is generally accepted that
the next-generation membranes need to be highly selective. In terms of selectivity, there
are some open questions once experiments often don’t work with typical industry water
quality. Still, the developments so far point to very selectivity membranes, with high
salt rejection rates while maintaining a high water transport rate. The development of
these nanomembranes for reverse osmosis systems has yet to face the investigation of
concentration polarization and membrane fouling, essential aspects that govern the reverse
osmosis engineering. Besides that, also relevant are the chemical and physical stability,
economic and environmental cost-to-benefit ratio [8].

High intensive energy use - Although nanostructured membranes represents a
breakthrough in membrane technology because it allows for shifting the trade-off between
permeability and salt rejection [12], in principle, it creates the possibility to work with
less membrane surface than the conventional technology, but the energy costs at the same
operating conditions are almost the same in the case of saltwater reverse osmosis (limited
to a reduction of practically 15% by theoretical calculations based on phenomenological
models [13]). It is interesting to note that the reverse osmosis process itself is just one
stage among others, and because of that, a reduction in 15% doesn’t represent much in the
overall cost savings. The improvements in pressure bombs technology and pressure recovery
systems allowed, over the years, to reduce the desalination process energy demand [14].
Still, the costs are limited by the osmotic pressure of the system. The benefits of using
an ultra-permeable membrane are more significant for brackish water reverse osmosis: a
reduction in 46% in energy consumption could, in principle, be achieved [13]. Besides that,
an ultra-permeable membrane opens the window of possibilities to shift the operating
conditions to optimize the desalination system. Another breakthrough aimed at minimizing
the energy demand is challenging and necessary to tackle both the water scarcity and
climate emergency [1].

The progress in all these directions has to be investigated, and the possibilities are
opened. Further experimental works are needed as well as computational investigations to
achieve the next-generation membrane technology.
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ABSTRACT

Water scarcity is a reality in our world, and scenarios predicted by leading scientists in this area
indicate that it will worsen in the next decades. However, new technologies based in low-cost seawater
desalination can prevent the worst scenarios, providing fresh water for humanity. With this goal,
membranes based in nanoporous materials have been suggested in recent years. One of the materials
suggested is MoS2, and classical Molecular Dynamics (MD) simulation is one of the most powerful
tools to explore these nanomaterials. However, distinct Force Fields employed in MD simulations are
parameterized based on distinct experimental quantities. In this paper, we compare two models of
salt that were build based on distinct properties of water-salt mixtures. One model fits the hydration
free energy and lattice properties, the second fits the crystal density and the density and the dielectric
constant of water and salt mixtures. To compare the models, MD simulations for salty water flow
through two nanopores sizes were used – one pore big enough to accommodate hydrated ions, and
one smaller in which the ion has to dehydrate to enter, and two rigid water models from the TIP4P
family – the TIP4P/2005 and TIP4P/ε . Our results indicate that the water permeability and salt
rejection by the membrane are more influenced by the salt model than by the water model, especially
for the narrow pore. In fact, completely distinct mechanisms were observed, and they are related to
the characteristics employed in the ion model parameterization. The results show that not only the
water model can influence the outcomes, but the ion model plays a crucial role.

Keywords Desalination · Nanoporous Membrane · Nanofluidics · Water Models · Salt Models · Molecular Dynamics

1 Introduction

One of the greatest challenges of our time is concerned with water scarcity. Currently, our freshwater resources are
dwindling at an unprecedented rate due to a high imbalance between clean water demand and total supply [1]. In the face
of growing water scarcity, it is critical to understand the potential of salty water desalination as a long-term water supply
option [2]. The Reverse Osmosis (RO) system is considered the leading desalination process and the best available
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option in terms of energy consumption [3]. This technique is based on a membrane separation method. However,
the energy and monetary cost of RO with the current membranes are high mainly because of the membrane fouling
phenomena. The new and promising technology is to use membranes made of nanomaterials [4] as graphene [5, 6], and
molybdenum disulfide [7], which shows improved permeability potential at exceptional separation capability.

The key component of a good membrane is the balance between water permeability and salt rejection, in such a way
that the next-generation membranes need to be very selective [8]. Molecular dynamics simulations are a powerful tool
to mimic a reverse osmosis system at nanoscale [9]. It helps us to get insights in design new membranes materials and
better understand the water-salt-nanopore relationship [6]. The water flux throughout the membrane can be generally
related to its specific permeability by the following expression: Am = φ /(P - Π), in which Am is the membrane specific
permeability, φ is the water flux, P is the applied pressure and Π is the osmotic pressure. All these quantities can be
obtained or controlled by designing the system for molecular dynamics simulations.

Graphene based nanomembranes are well known in the literature [5, 10] and have been extensively studied, showing its
efficiency in water desalinations [4, 11]. Another promising material is nanoporous molybdenum disulfide (MoS2).
Their efficiency has been investigated by molecular dynamics simulations [12, 13, 14, 15] and experimental works [16,
17, 18, 19], showing that the combination of hydrophobic and hydrophilic sites in the nanopore can increase the
desalination performance.

Molecular dynamics simulations are a suited theoretical approach to understand the physics behind nanofluidic systems
once it allows for probing the microscopic behavior of atoms while performing timescale feasible simulations [20]. In
addition, to represent the system computationally one has to face the challenge of design a model capable to encode
the main physics of the problem. Said that the model chosen to represent the interactions of the atoms is the seed in
which the whole dynamics arise following the classical equations of motion. In the specific case of classical atomistic
Molecular Dynamics simulations, most of the Force Fields use simple additive, nonpolarizable, and pairwise potential
for atomic interaction [21, 22, 23, 24, 25, 26]. In the case of water, rigid nonpolarizable models are extensively
employed in simulations of bulk [27] and nanoconfined [28, 29, 30, 31, 32] systems. Efforts has been done to include
polarization in classical simulations [33, 34, 35, 36], but nonpolarizable salt and water remain as the main models in
MD simulations of desalination.

Another issue that has to be handle with care relies in the optimization of specific ion parameters for specific water
models. As Döpke and co-authors have recently showed [37], salt models optimized for SPC/E and TIP3P water can
lead to wrong predictions when dissolved in TIP4P/2005 water. This is relevant once the TIP4P/2005 [38] model is one
of the best and most employed rigid water models.

In recent works about water desalination by nanopores [7, 39, 40, 14, 41, 42, 43] the ion model proposed by Joung and
Cheatham [44] has been employed. This model, which will be referred to as NaCl/J, was parameterized based on the
hydration free energies of the solvated ions and lattice parameters of salt crystals and has a good agreement with several
experimental studies. These parameters were optimized in combination with some of the most classical water models,
as SPC/E, TIP3P, or TIP4P/Ew water. Also, as Liu and Patey [42] and Döpke and [37] discuss in their works, the ion
parameters optimized for TIP4P/Ew can be transferred to TIP4P/2005 water without lost of accuracy. On the other
hand, the dielectric discontinuity of water near interfaces and nanopores plays a crucial role in salt behavior [45, 46, 47].
Recently, Fuentes and Barbosa proposed the NaCl/ε model [48]. This model was parameterized to reproduce the
experimental values of density of the crystal and the density and dielectric constant of the mixture of the salt with water
at a diluted solution when combined with the TIP4P/ε rigid water model. To reproduce these properties and correct for
the nonpolarizability of the model they propose a screening factor in the Coulomb interaction - usually, nonpolarizable
models are parametrized based in the Lennard-Jones (LJ) potential parameters only.

In this paper, we answer the question about how distinct ionic models influence the MoS2 membrane water desalination
study. To do so we compare a model of ions constructed based on hydration and crystal properties, and a model
constructed to reproduce the density and dielectric constant of water and salt mixtures. Our paper is organized as
follows. In Section 2 we introduce our model and the details about the simulation method. In Section 3 we show and
discuss our results, and the conclusions are presented in Section 4.

2 Methods and Simulational Details

One of the most employed methodology to simulate the saltwater desalination process in MD simulations [12, 13, 14, 15]
is based on the creation of a box with the membrane located between two confined reservoirs, one of pure water and
another one with saltwater, as we show in Figure 1. The reservoirs can be confined by graphene barriers, for example.
This barriers are used as pistons to control the confined solution pressure. To mimic the water driven force throughout
the membrane, one has to apply different pressures in each reservoir.
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Figure 1: The illustration of a typical desalination box. Image created using the VMD software [49].

Molecular dynamics were performed using the LAMMPS package [50]. The initial system in between the graphene
barriers has 4 x 4 x 125 nm in x,y, and z, respectively. The periodic boundary conditions were used in all directions. By
doing that, one has to use a simulation box large enough in z direction in order to guarantee the molecules don’t interact
with each other across that boundary. The saltwater used has almost 1 mol/L of solute concentration (170 ions for 4930
water molecules), higher than the average seawater salinity of 0.6 mol/L. The pure water side contains 1550 molecules.

The salt and water Lennard-Jones parameters and charges were taken from the papers that proposed each model: the
NaCl/ε model [48], the NaCl/J [44] model, the Tip4p/ε [51] model and the Tip4p/2005 [38]. The parametrization of a
reactive many-body potential was used as LJ parameters and charges values for molybdenum and sulfur, as proposed by
Kadantsev and Hawrylak [52]. The carbon parameters from the graphene piston was taken from the seminal work on
confined water by Hummer and co-workers [53]. For simplicity, the MoS2 membrane remained fixed in all simulation,
and the graphene sheet has freedom only in the flow direction. For the non-bonded interactions, the Lorentz-Berthelot
mixing rules were employed. The long-range electrostatic interactions were calculated by the particle-particle-particle
mesh method and the LJ cutoff distance was 1 nm. The SHAKE algorithm was used to maintain the water molecules
rigid.

First, each energy simulation was minimized for 0.5 ns on NVE ensemble. It means that the graphene sheets are freeze
at that time. After that, the simulations were equilibrated with a constant number of particles, pressure, and temperature
(NPT) ensemble for 1 ns at 1 bar and 300 K, as illustrated in the Figure 2-up. The pressure control was made by leaving
the graphene pistons free to move in the z-direction and applying a force in each carbon atom in order to produce
the desired ambient pressure. After some simulation steps, the solution equilibrates and the piston pressure reaches
the equilibrium density at 1 g/cm3. Then, the graphene sheets were frozen and 2 ns simulations in NVT ensemble
were performed to further equilibrate the system. The Nosé-Hoover thermostat was used with a time constant of 0.1
ps [54, 55].

Figure 2: Schematic depiction of the non-equilibrium scheme: the pressure on the left graphene sheet is constant and
equal to the atmospheric pressure, 1 bar, while distinct higher values are applied in the right graphene sheet, ranging
from 1000 to 10000 bar.
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Next, the nanopore was opened by removing the desired atoms of molybdenum and sulfur in order to maintain the
membrane charged neutral. The two nanopores studied has 0.74 nm and 0.97 nm of diameter respectively. The
nanopores sizes were calculated by using the center-to-center distance of atoms. Finally, the external pressure was
applied on the feed side and the non-equilibrium running was carried out for 10 ns, as illustrated in the Figure 2-bottom.
Each run was averaged over 3 sets of simulations with different initial thermal velocity distributions. The feed pressures
range from 1000,2500,5000 to 10000 bars. We used such high pressures for statistical purposes.

3 Results and Discussions

Distinct models can lead to water flow rates in nanopores because the different number of sites, flexibility, partial
charges, and LJ parameters can strongly change the observed flow [28]. In a similar way, the ion parameters can affect
the ionic blockage and binding in biological [56, 21] and synthetic nanopores [57, 58, 59, 60]. In fact, a considerable
amount of factors affects the ion entry in nanopores [57, 61]. In order to investigate the role of the screening, we
evaluate the water and ion flow trough nanopores with diameters of 0.97 nm or 0.74 nm using two distinct water and
ion model. For the wider diameter, the ion enters in the nanopore screened by water, while for the smaller diameter the
ion has to strip out the water in order to penetrate the pore. These two cases allow us to compare not only the model
effect but the screening effect.

Figure 3: Membrane water permeability for distinct combinations of water and salt models and nanopore with 0.97 nm
diameter and. Error bars are the deviation from the mean value - errors bars smaller than the point are not shown.

Figure 4: Membrane water permeability for distinct combinations of water and salt models and nanopore with 0.74 nm
diameter. Error bars are the deviation from the mean value - errors bars smaller than the point are not shown.
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Despite the fact that TIP4P/2005 and TIP4P/ε have both 4 charged sites, we can expect that the distinct values in
its parameters can affect the permabillity of pure water trough nanopores. However, as Losey and co-workers have
shown in a recent work [28], TIP4P and TIP4P/2005 water models have the similar flow rates. In agreement with
this result, our simulations shows that when the same model of salt is employed, the membrane permeability for both
TIP4P/2005 and TIP4P/ε is approximately the same – the differences are smaller than the error bar, as we can see
in the Figure ??, from both nanopore sizes. Changing the salt model to NaCl/ε affects the water permeation in the
widest nanopore at the higher values of pressure. As we can see in Figure 3, when the applied pressure is 10000 bar the
combination of TIP4P/ε+NaCl/ε shows a higher water flow rate. On the other hand, the water permeability is small
for this combination in the case of nanopores with 0.74 nm diameter, as shown in Figure 4. Actually, the permeability
is small and approximately constant for the three smallest values of applied pressure - it is necessary a huge pressure
gradient to create a bigger water flow through the nanopore.

Figure 5: Salt rejection for distinct combinations of water and salt models and nanopore with 0.97 nm diameter. Error
bars are the deviation from the mean value - errors bars smaller than the point are not shown

Figure 6: Salt rejection for distinct combinations of water and salt models and nanopore with 0.74 nm diameter. Error
bars are the deviation from the mean value - errors bars smaller than the point are not shown

The distinct values of water permeation for each combination of water and salt model, as well for each nanopore size,
Figure ?? are related to distinct salt rejection. As we show in the Figure 5, the salt rejection in the wider pore decreases
with the applied pressure, and the NaCl/ε has the smallest rejection at the higher pressure - in agreement with the higher
water permeability. For the narrow pore, the system with NaCl/J salt shows 100% of rejection as shown in the Figure 6
and in agreement with our previous results [13]. In the case of the Na/ε salt model, a few ions can cross the pore. The
membrane specific permeability obtained for each mixture and nanopore sizes are summarized in Table 1.

5



A PREPRINT - FEBRUARY 4, 2020

Mixture Am [LMH/bar] Diameter [nm]
TIP4P/ε - NaCl/ε 108.2 (17.5) 0.97
TIP4P/ε - NaCl/J 104.1 (28.6) 0.97

TIP4P/2005 - NaCl/J 118.7 (25.8) 0.97
TIP4P/ε - NaCl/ε 5.9 (5.1) 0.74
TIP4P/ε - NaCl/J 17.2 (5.7) 0.74

TIP4P/2005 - NaCl/J 18.4 (5.8) 0.74
Table 1: The membrane specific permeabilities (Am) obtained for such nanopore sizes considering the nanopore density
of 6.25 cm−2.

To understand the water and ions permeation trough the pore, we evaluate the Mean Passage Time (MPT) of the
different ion models through the nanopore with the two studied diameters. As we show in Figure ??, the Cl/ε anions are
responsible for the nanopore blockage when this model is employed. Despite the case of 10000 bar of applied pressure,
in all other cases, the chlorine takes a long time to pass the pore and therefore is the ion blocking the pore. Even for the
wider nanopore, the blockage time is relevant at lower pressures, with the Cl anion remaining almost 5 ns, or half of the
production time, inside the pore. On the other hand, the Cl/J anion remains short times inside the nanopore with 0.97
nm diameter, which explains the higher water permeability and smaller ionic rejection and never enters the smallest
pore, as shown in Figure 8.

For the smaller pore, distinct mechanisms are responsible for the ionic rejection is interesting. For the NaCl/ε the pore
is blocked by the chlorine anion (see Figure 8 and Figure 14), while for the NaCl/J model the chlorine never enters the
pore. In addition, the sodium cations takes a short time to pass the wider nanopore, as illustrated in Figure 9. At this
point, is relevant to emphasize that the ionic passage trough small pores has two main events [47]: first the ion must hit
the pore, secondly it need to have enough energy to overcome the energetic penalty related to leave the bulk, enter the
pore with a distinct dielectric constant, and cross the pore to the bulk again. The first process is a classical problem from
statistical mechanics, depending mainly in the system density and pore area [62, 63]. In the second process the penalties
can depend on the nanopore size, ion hydration, ion charge, pore chemical characteristics and pore geometry [57, 47].
Therefore, we will now analyze how the salt models properties influences the ion translocation event.

Figure 7: Mean passage time (MPT) versus applied pressure for different models and nanopore diameters. Cl/ε and
Cl/J MPT in 0.97 nm diameter are compared. Although the anions remains a considerable amount of time inside the
nanopore, the water still can flow as shown in Figure 14.
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Figure 8: Mean passage time (MPT) versus applied pressure for different models and nanopore diameters. Cl/ε MPT in
0.74 nm diameter are shown. The Cl/ε remains almost the total simulation time blocking the nanopore. In contrast, the
Cl/J don’t enter in the nanopore therefore its not shown.

Figure 9: Mean passage time (MPT) versus applied pressure for different models and nanopore diameters. Na/ε and
Na/J MPT in 0.97 nm diameter are compared. The Na/ε and Na/J case for 0.74 nm diameter are not shown because
they never enter in that nanopore.

The translocation process of the ions is analyzed by the Potential of Mean Force (PMF) which quantifies the passage
of the ion from bulk, enters the pore, crosses it and leaves to the other bulk region. Here, the PMF calculations were
obtained by preparing a set of different systems in which one specific ion was freeze in a position along the z direction
aligned with the center of the nanopore. At this specific position, we run 0.5 ns of simulation, the time required for the
salt and water around the ion achieve the equilibrium, with the pore closed and without pressure gradient. Then, the
external pressure is increased to 1000 bar and the nanopore is opened. With the ion still fixed in space, we evaluated the
force felt by this ion for another 0.5 ns. After that, we increased the z position of the ion by a δ z = 0.5 Å, repeat the
steps in the equilibrium and in the non-equilibrium, and so on until ion crosses the pore to the other bulk region. After
that, the PMF was obtained by the integration of the total mean force along the z direction. The PMF calculations were
done using only the TIP4P/ε water for two complementary reasons. First, the permeation seems to be more sensitive to
the ion model rather than to the water model. Second, the electrostatic barrier related to the dielectric discontinuity
from the bulk water to the nanopore region is relevant, and this water model was parameterized to provide the correct
value of bulk water dielectric constant [51]. In the same spirit, the NaCl/ε was parameterized to reproduce the dielectric
constant of the mixture of the salt with water at a diluted solution [48].
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Figure 10: PMF inside nanopores with 0.74 nm diameter for sodium ions. The central vertical pink dashed line
represents the molybdenum layer position, and the vertical yellow dashed lines around it the sulfur layers position.

Figure 11: PMF inside nanopores with 0.74 nm diameter for chlorine ions. The central vertical pink dashed line
represents the molybdenum layer position, and the vertical yellow dashed lines around it the sulfur layers position.

As we show in the Figure 10, the energetic penalty for a sodium ion to leave the bulk and to enter the nanopore with
diameter 0.74 nm is more than 5 times the thermal energy at 300 K, kBT ≈ 0.6 kcal/mole. This explains why we have
to apply a huge pressure to observe a Na cation inside this small pore. On the other hand, the energy barrier for a Cl
anion is much smaller, comparable with the thermal energy, for both models. Therefore the anion can penetrate the pore
only due to thermal fluctuations at room temperature. However, the central well has a deepness of 4 to 5 times kBT ,
created by the attraction with the central layer of positively charged molybdenum. Then the Cl− gets trapped. This,
however, does not explain why the Cl/ε enters and block the nanopore, while the Cl/J never leaves the bulk to the pore.
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Figure 12: Bulk ion-oxygen radial Distribution at 300k and 1000 bar.

Figure 13: Hydrogen bond (HB) distribution near the pore. In the inset we show the region considered to evaluate the
distribution.

The reason for distinct blockage when the two models are compared for the nanopore with diameter 0.74 nm is that
the NaCl/J model is more hydrated than the NaCl/ε model. The different screening factors employed affect water
distribution around the ions. In Figure 12 we show the radial distribution function, g(r) of the oxygen atoms of the
water molecules around the distinct species of ions. For the sodium ions, the peaks are smaller for the Na/ε than for
the Na/J model. For the Na ion, however, the peaks distances are the same and the water structure around the Na is
independent of the water model. On the other hand, for the chlorine ions, not only the peaks for the Cl/ε are smaller, but
the water seems more disordered: the depletion between the first and second hydration layer is shallower, and the curve
is almost flat after this second peak. This is confirmed when we evaluate the hydrogen bond (HB) distribution near the
pore, shown in Figure 13 (the HB distribution was obtained by following distance and angular criteria considering the
rO−O < 3.5 Å and θOH−O < 30◦) [64]. As we can see, for the NaCl/ε model more then 60% of the water molecules
form less than one HB in average. On the other hand, when the NaCl/J model is employed each water molecule forms
more than one hydrogen bond. Therefore the salt model affects not only the ion wettability, but can effectively change
the water HB network. Then, due the higher hydration and the higher number of HB by water molecule, the the Cl/ε
can strip out this water easily in comparison to the Cl/J model and enter the channel. This "water striping" is essential,
since the small nanopore diameter of 0.74 nm makes impossible to hydrated ion penetrate – as we have observed and
show in the upper snapshot 14.
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Figure 14: Snapshots of the simulation showing that for the smaller nanopore (upper snapshot) only dehydrated Cl/ε
ions can penetrate the pore, while for the nanopores with diameter 0.97 nm we observe permeation of both hydrated
ionic species and models.

The nanopore with diameter 0.97 nm is wide enough to accommodate hydrated ions, as we show in the lower panel
of Figure 14. This hydration makes the dielectric discontinuity between the bulk and the pore small, decreasing the
energetic penalty for the ion current through the nanopore. The barrier, illustrated in the Figure 15, for the sodium ions
is now smaller than twice the thermal energy. Therefore, the ions can cross the pore as the pressure increase, as we have
observed in Figure 5. Also, the depth of the well for the Na/ε is small – so we observe a smaller ion rejection. This
is also a consequence of the screening in the Coulomb interaction between the salt and the pore ions, which should
rule the PMF once the ions are hydrated and the dielectric discontinuity is small. And, for this nanopore, we do not
observe a significant difference in the PMF for both Cl models, what can explain why the mean passage times of the
chlorine ions for both models are comparable in the wide pores, especially at high pressure, as shown in the Figure 7. In
a similar way, the water HB distribution near the pore region is similar for both ion model, as the Figure 17 show. The
small difference, whit the NaCl/ε leading to less HBs, can also be associated with the small ion rejection observed for
this salt model.

Figure 15: PMF inside nanopores with 00.97 nm diameter for sodium ions. The central vertical pink dashed line
represents the molybdenum layer position, and the vertical yellow dashed lines around it the sulfur layers position
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Figure 16: PMF inside nanopores with 00.97 nm diameter for chlorine ions. The central vertical pink dashed line
represents the molybdenum layer position, and the vertical yellow dashed lines around it the sulfur layers position.

Figure 17: Hydrogen bond distribution near the pore.

These results indicate that the effect of ion rejection depends on the ion model applied. In one case, using the model
that did not reproduce properly the dielectric constant of water and salt mixtures, the rejection is due to the dielectric
discontinuity and the energetic penalty associated with the ion dehydration. In the other case, employing the model that
reproduces the bulk dielectric constant of salt and water mixtures, the pore is blocked by the chlorine ion. Obviously, the
second case is not interesting since it does not allow the water permeation through the pore. This blockade was observed
in experiments for single-layer graphene membranes [11] also been suggested by DFT modeling of functionalized
graphene nanopores [65]. This effect is well known for polymeric membranes [66] and it is a big challenge on reverse
osmosis engineering. However, it was not reported experimentally or by simulations for MoS2 membranes so far
we know. These results indicate that extensive research has to be done, especially experimental studies, to see if
there is ionic blockage or not for MoS2 small nanopores once membrane fouling control is one of the most important
performance parameters for next-generation membrane materials [8].

4 Conclusions

We have performed an extensive study in how the selection of the ionic model can affect the water flow and ionic
rejection by MoS2 membranes. We employed two water models from the rigid TIP4P family: the traditional and
well-established TIP4P/2005, and the TIP4P/ε , recently proposed to provide the correct value of the bulk water dielectric
constant. For the salt model we chose the model proposed by Joung [44], namely NaCl/J, and the NaCl/ε [48]. The
second salt model, combined with the TIP4P/ε water, can reproduce the dielectric constant of water and salt mixtures.
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Our simulations indicate that the water and ion permeation through the nanopores is more sensitive to the ion model
than to the water model employed. In fact, the screening proposed in the NaCl/ε leads to the ionic blockage of the
nanopore with a small diameter. This mechanism was not observed previously. Also, the water around NaCl/J ion is
more structured, which influences the ion entrance in the pore.

These results indicate that distinct mechanisms can occur depending on the salt model. Not only distinct quantitative
results but completely different physical behaviors. Besides that, it is well known that the next generation membrane
materials for desalination technology must be very selective and fouling resistant [67]. In order to clarify this point is
necessary an experimental investigation in MoS2 nanopores with a diameter comparable with the ion diameter - so the
ion has to be dehydrated to penetrate the pore.
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