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Nanoscale materials are promising desalination technology. While fast water flow in nanotubes is
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well understood, this is not the case for water permeability in single-layer membranes. The advances

in nanofluidics opened up the possibility to shift the permeability—selectivity tradeoff. The physical-

chemical balance between nanopore size, shape, and charge might be the answer. In this work, we
investigate the role of the MoS; nanopore charge distribution in water mobility by tuning its strength.
We shed light on the competition between charge and nanopore size. The strong dipole interaction
between water and the MoS; nanopore is responsible to append a constraint in the water angular
orientation possibilities to travel through the nanopore, but this effect also depends on the nanopore

size.

1 Introduction

A key challenge in the desalination process is creating a mem-
brane where water is able to flow through and rejects salt ions.
The most common process to separate salt from water is reverse
osmosis, which consists of employing pressure to filter salt water.
This process has two key parts: overcome the osmotic pressure
and produce an efficient selective membrane. While the energy
of overcoming the osmotic pressure has little space for improve-
ment, the trade-off between selectivity and permeability repre-
sents the desalination process frontier. The difficulty is that, in
traditional polymeric membranes, a large enhancement in water
permeability through increased pore size and permeability also
implies an increase in salt permeability, which spoils selectivity.
Therefore, a new physical phenomenon to increase water flow
for small-sized pores was required 2.

This new phenomenon was the enhancement water flow in-
side nanoscale materials®®. A number of studies have shown
that sub-nanometer pores act as a highly selective and permeable
filtration membrane with greater efficiency than current state-
of-the-art polymer-based filtration membranes. The first system
in which this property was observed was in carbon nanotubes
(CNT). For diameters under 2nm, water molecules exhibit
a flow five orders of magnitude larger than those observed in
polymer-made membranes. The physical mechanism behind this
enhanced mobility is the smooth inner hydrophobic surface of
CNTs, which lubricates and speeds up a near-frictionless water
transport?. The drawback is that hydrophobic carbon surfaces,

#Institute of Physics, Federal University of Rio Grande do Sul, 91501-970, Porto
Alegre, Brazil
¢ joao.abal@ufrgs.br ” marcia.barbosa@ufrgs.br

even though not as frictionless for salt as it is for water, fail to
repeal salt. Therefore, only CNTs with sub-0.9nm diameters are
able to exhibit acceptable rejection rates1?. In order to circum-
vent this problem, charged groups were added to the nanotube.
The electrostatic forces added through the hydrophilic groups in-
creased salt rejection, but decreased water velocity as well. Sur-
face roughness produced by the hydrophilic groups also led to
a reduction in water mobility*L. Also, the hydrophilic substrate
changes the behavior of water at least in layers very close to it12,
Even though the physical mechanism behind the fast flow of wa-
ter in CNTs is well understood, membranes based on it have been
limited by low salt rejection rates and the difficulty of producing
highly aligned and high-density CNT arrays.

The observations that the flux through membranes scales in-
versely with membrane thickness led to the idea of employ-
ing monolayer membranes as a new strategy for desalination.
Posteriorly, several emerging classes of single-layer membranes
have been proposed. Initially, exfoliated graphene as a single
atomic layer membrane was proposed, followed by functional-
ized nanoporous graphene sheets1#/16 with several active groups
and inorganic nanoparticles. The first attempt to investigate
functionalized graphene for desalination demonstrated that func-
tionalized nanoporous graphene membranes could perform more
than 99% salt rejection and provide water permeance up to 2
or 3 orders of magnitude higher than that of current commer-
cially available reverse osmosis membranes and nanofiltration
membranes? 17, In addition, fast water flow through graphene
nanocapillaries were also studied and the results indicate that the
interaction with the hydrophobic confining walls induces struc-
turing in water which significantly enhances the viscosity 812,
Since in the case of CNTs the frictionless flow in 2nm diameter
pores explain the high permeability of water and the hydrophilic
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Fig. 1 (a) Simulation box with the MoS, nanoporous membrane,
with water in both reservoirs and graphene layers as pistons applying
pressure (images created using the Visual Molecular Dynamics software
(VMD)13), (b) The illustration of the simulation steps: the NPT equi-
libration and the following pressure driven process. (c) The 0.74nm,
0.97nm, and 1.33nm nanopore diameters from left to right (considering
the center-to-center distance of atoms).

functionalization, even though imposing additional friction helps
rejecting salt, the mechanism and ingredients required for selec-
tivity become clear. For atomic-sized pores, the concept of fric-
tion cannot be used. The selectivity observed in this case occurs
for pores with one order of magnitude smaller than CNT pores.
Therefore, although single-layer membranes seem to be the fu-
ture for desalination, the physical-chemical reason for this en-
hancement flow is not clear. Besides that, there are many other
2D materials studied for water desalination applications, such
as Boron Nitride Nanosheets2?, Covalent Organic Framework
Nanosheets“l' and Metal-Organic Framework Membranes22,
The physics behind fast water movement inside a single-layer
pore might involve a number of effects usually irrelevant in larger
systems: the dimensions inside the pore are comparable with the
screening Debye length, which enhances electrostatic effects, and
is also comparable with the unrestricted path between molecular
collisions in water and with pore surface anisotropies2, In this
context, many emerging classes of single-layer membranes have
also been advanced, beginning with functionalized nanoporous
graphene sheets141517 Gontrary to what happens in CNTs, wa-
ter permeability for equal pore diameter is larger for hydrophilic
groups than when compared with hydrophobic ones 41511724
Water, a polar molecule, is naturally attracted to the charged
hydrophilic pore surface. However, what is puzzling about this
process is why the water molecules, once connected with the hy-
drophilic wall surface, move away from it in a higher velocity than
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that observed in a hydrophobic pore with the same pressure. The
electrostatics of the system seem to play two competing roles: one
to attract water to the pore, and another to repeal. These compet-
ing factors are enhanced in the case of the MoS, membrane22+27,
This system has a higher water permeability than its equivalent
graphene2®, mainly due to its lower water density near the mem-
brane’s surface, lower energy barrier to pass it and higher average
water density and velocity inside the pore of MoS;. The surpris-
ing effect is that this MoS, pore permeability is larger if the ex-
posed atom at the pore is the divalent Mo when compared with
the exposing monovalent S. Since pore sizes and shapes in both
cases (Mo or S exposed) are slightly different, it is unclear if a
larger exposed charge would enhance water velocity inside the
pore, or if this larger velocity would be solely the result of its size
and shape. Besides that, electrically controlled water permeation
through graphene oxide membranes were experimentally stud-
ied and leads to the understanding that the ionization of water
molecules inside graphene capillaries plays a crucial role in water
transport, varying from fast flow to complete blocking2®.

2 Materials and Methods

In order to clarify these questions, we performed nonequilibrium
molecular dynamic (NEMD) simulations for an MoS, membrane.
In earlier attempts to answer to this question, the comparison
was between graphene pores with charge-altering functionaliza-
tion. The issue with this procedure was that, in order to alter
the charge, the functionalization also changed the available pore
area and shape. We created a simulation box full of interagent
particles, as described in Figure[](a), where two reservoirs of wa-
ter molecules were separated by a MoS, nanoporous membrane.
Through applying a pressure gradient in the box, the pressure-
driven transport along the membrane initiates, as illustrated in
Figure[I[(b). This type of process helps us to get insights toward
designing new membrane materials and to better understand the
water-nanopore relationship.
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oLy [A] g1y [kecal/mol] Charge (e)
022 3.165 0.1848 -1.054
H22 0.0 0.0 0.5270
Mo 4.20 0.0135 0.0 (g0) / 0.6 (g1 / 1.2 (42)
S 3.13 0.4612 0.0 (0) / -0.3 (g1)2% / -0.6 (42)
ce 3.40 0.0860 0.0

Table 1 The Lennard-Jones parameters and atoms charges employed in
the simulations. The gp and ¢, charge parameters are fictitious.

To simply illustrate the complexity of tracking this problem,
here we present the water permeability of an MoS, membrane un-
der three conditions: a pore with no charge distribution (named
q0), a pore with Mo and S atoms with its normal charges (named
q1), and a pore with double the charge of Mo and S (named ¢;).
The first and last configurations are not physical, but they help
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Fig. 2 (a-c) Filtered water molecules in function of time, (*) refers to a

Z Axis Distance from membrane center (4)

Radial Distance from Membrane Center (4)

simulation with pressure gradient of 2000 bar for statistical purposes,(d-f)

the potential of mean force (PMF) of water near and inside the nanopore (vertical dashed lines represent the Mo-black and S-yellow positions) and
(g-h) radial water density inside the nanopore for each combination of size and charge values.

us to understand the role played by the charges in water mobility
without changing pore size and shape, while also keeping intact
the spacial distribution of the charge in the membrane.

In addition, three nanopore sizes were studied: 0.74nm,
0.97nm, and 1.33nm nanopore diameters (considering the
center-to-center distance of atoms), as described in Figure c).
The NEMD simulations were performed using the Large-scale
Atomic/Molecular Massively Parallel Simulator (LAMMPS) pack-
age®l.  We utilized the TIP4P/£2? water model and the
parametrization of a reactive many-body potential as standard LJ
parameters and charges values for Mo and S®%, as summarized in
Table [1} The Lorentz-Berthelot mixing rules were used for non-
bonded interactions. Long-range electrostatic interactions were
calculated by the particle-particle-particle mesh method. We cre-
ated a simulation box with 4nm x 4nm x 7nm, as illustrated in
Figure (a), with 3000 rigid water molecules. First, the particles
were balanced during 2ns in an NPT ensemble in order to reach
its ~ 1 g/cm® equilibrium density at 300K and latm (Figure

(b)-top). Graphene pistons were used to control applied pres-
sures. Afterwards, a 500 bar of pressure was imposed in the feed
reservoir and the 18ns of non-equilibrium molecular dynamics
(NEMD) running starts (Figure (b)-bottom). Transported wa-
ter molecules were collected on the other side of the membrane.
The results were averaged over 3 different set of simulations.

3 Results

The water flowrate along MoS, illustrated in Figures a)—(c) is
affected by two competing factors: charge and size. In general,
the uncharged system presents the fastest flow. We discussed the
water mobility in terms of filtered water molecules because it is
more useful to discuss the fluid transport for this size scale (< 2
nm of channel diameter) rather than viscosity or slip length, for
exampleZ,

The charged pores, ¢; and ¢, form water clusters around Mo
atoms, as shown in the color maps in Figure In fact, the
higher average water density around these sites were mentioned

1|3
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Fig. 3 Water flow density map (oxygen shown) for three different nanopore diameters and three different nanopore charge values. The illustration of

the MoS; atoms doesn't represent the exact atoms positions.

before28. This behavior is similar to the observed functional-
ized carbon nanotubes™™, graphene nanopores™#17 and AlPO,-54
nanotubes@, and it is dominated by electrostatics. However, for
the 0.97nm pore something unexpected happens. The g; charge
pore has practically the same mobility as the uncharged system
(=~ 4% less filtered water molecules). At this size, the electro-
static interaction attracting water to Mo and S is probably over-
come by the hydrogen-bond network, which forces water to move
apart from Mo and S. At this same size, but with ¢, charges, wa-
ter gets stuck inside the nanopore (Figure [3) and the water flux
stops Figures b). Even at high-pressure levels (2000bar) the
water molecules remain trapped in there.

The potential of mean force (PMF) obtained from the
local density p(z), the bulk density py, the temperature 7 and
Boltzmann constant kj,:

4| Journal Name, [year], [vol.], 1

PMF (z) = —k,Tn[p(z)/po) - (D

during the system equilibration procedure, illustrated in Fig-
ures z(d)-(f) shows that for the ¢, case PMF has minima in Mo
and near S sites. A small charge decrease from ¢; to ¢, flattens
the PMF, which can only be understood if another force over-
comes the electrostatic interactions and if water molecules move
away from Mo and S as shown in the Figures g)—(i). Also, from
the PMFs shown in Figures d)—(f) we can see the implications
of tunning the nanopore charge are local with short range.

The PMFs in Figure d)—(f) shows another interesting as-
pect of tuning the MoS, dipole strength without leaving it pos-
itive/negative charged: the effects are localized inside and near
the nanopore. The implications are screened in the membrane
interface and are not observed as registered by the PMF around


https://doi.org/10.1039/d1cp00613d

Page 5 of 7

Published on 29 April 2021. Downloaded by Universidade Federal do Rio Grande do Sul on 5/4/2021 5:46:40 PM.

Physical Chemistry Chemical Physics

View Article Online
DOI: 10.1039/D1CP00613D

a) Water Orientati o 0.74nm-g0
. ater Orientation d) . 074nm-qi
- 0.74nm-qg0 s 0.74nm-qg2
- 0.74nm-ql QL Angle Distribution
-# 0.74nm-q2
% 3n1/4
— % 0.08 <
LY \ 3
o U 006 O
= 1 R -
g nR2 N Ce-t-e-0-o- & 8
1 004 N
3 :
\ N
o
\.‘ " ¥, 2
a4 3 s é
AU T
. A, 12
igle T4 P
("eq} 0 -4 3
oL : : - : : - . Distanc®
-4 -3 -2 -1 0 1 2 3 4
Z Axis Distance from membrane center (4)
« 097nm-q0
b) Water Orientation + 097nm-gi
n e) . 097nm-q2

-# 097 nm-q0

o 0.97nm-ql

Gl Angle Distribution

-o 133 nm-q0
-# 133nm-ql
3n/41 - 1.33nm-q2

W,
\

| Y

)
v
(2N
"
\

m2 4

CL Angle (rad)

4

& v -o-0-9-0-0-% 4

o-0-o-@
-e 0.97nm-q2 H N\
[ \
g 3n/4 J ; " \.\
7 e E / T 0.14
rd =¥ ! o A
v & \ y Y 012 g
‘ 2 ‘ 4 -0, v 010 g
/ I ] R‘v——r-.-"*-“":“s‘_.-._f" \t 005 g
f" 5 ) i \ 8
o \ 2 \ o
v ' 2 i\ g
‘h - & ,‘ “: oos E
wa \';g ;'l 002 £
A 0.00
\ . n
it o L i
Ao ;2 8 &
'0lg T4 . . center (A)
0 ‘ . . ‘ ‘ Pagy © = 2 ytrom membran®
-4 -3 -2 -1 0 1 2 3 4 Distance®
Z Axis Distance from membrane center (4)
C) Water Orientation « 133nm-q0
N R ’m_ '\a f) 133nm-q1
b "4 1.33 nm - g2

Gl Angle Distribution

o’

°
°
3
Normalized Count

v ] Srth

40127
om membrane cel

4 s 2
0 1 2 3 4 pistance ()

Z Axis Distance from membrane center (4)
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~4 A in the z-direction from the membrane center.

The differences between the water mobility through the
0.74nm and 0.97nm pore are intriguing. First it is interesting
to note that the water flow map in the 0.74nm-q is characterized
by a single-file water molecules as observed in the radial water
density map (Figure g)), although the presence of charges split
the single-file into three regions moving towards the Mo atoms.
Besides that, as we can see from Figure [2(a), the presence of a
charge distribution when the nanopore is too small, practically
independent of its strength, is enough to slow down the water
mobility but it is not enough to trap the water molecules there,
in contrast with what happens in the Figure [2(b). The same phe-
nomena can be seen from the density maps (Figure [3)).

To clarify what happens with the water flux in the 0.74nm and
0.97nm pore, we conducted a series of angular analysis to bet-

ter understand the entrance and exit effects of enhanced dipole
interaction between water molecules and the tuned membrane.
Figures @(a)-(b) highlight the molecular rotation around and in-
side the nanopore. From that, it is clear the effects of ¢, and ¢
compared to the g case: the charge distribution implies in dipole-
dipole interaction which is responsible for limiting the possible
angular configurations to pass through the pore. In contrast, the
water molecules in the gy case are not so restricted in terms of
assuming some specific angular state in order to pass through the
pore (Figures[d[(a)-(c)).

Figures d)—(e) represent the evolution of the a angle distri-
bution along the z axis. As we can see from it, the gy shows a
range of angular possibilities and the rotation is not mandatory
to pass through the pore while the ¢, and ¢; cases forces the
molecule to rotate =~ 90° to be able to travel through the mem-

1|5
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brane. The angular constraint surely impacts the water flow-rate.
Sometimes, the constraint is so limited that the water molecules
gets trapped inside the nanopore, as illustrated by Figure [3} Fig-
ure b) and Figures b)-(e) for the 0.97nm pore. In this case,
the nanopore is larger so a higher number of water molecules fits
in there. Attached to it, the hydrogen bond network is enhanced
by the strong dipole interaction and contribute to the structure.

It is interesting to note from previous studies 1413 that the
ion selectivity is improved when the nanopore is functionalized.
The functionalization procedure adds a charge distribution to the
system and it improves the ion rejection by the membrane. As
we can see from Figures a)—(c), the addition of charges slow
down the water flowrate in all nanopores sizes, but it is a well
paid costs thinking in ion selectivity if the charge distribution is
enough to allow practically the same water flux as observed by
the comparison between ¢y and ¢; cases in Figures b)-(c). In
contrast, the cost is too high if the charge distribution can induce
the nanopore blocking by strong water-MoS, dipole interaction,
as illustrated in Figures b)—(e)—(h).

2.04 < Nhg > -0.97 nm Molecules - 0.97 nm

<MNyg> -0.74 nm -4+ Molecules - 0.74 nm |F 12
—— <MNpg>-1.33nm ~-¢- Molecules - 1.33 nm

r10

{5
w
L

< Npp > per molecule
o -
w (=]
| I
T
(=]
Averaged Number of Molecules

0.0 i, ......... t 1

Charge Multiplier

Fig. 5 Left axis) The averaged number of hydrogen bonds per molecule
(Nug) and Right axis) the averaged number of molecules inside the
nanopore for each size and charge multiplier (go,q1 and ¢2). The Nyp
was obtained considering distance criteria of ro_o < 3.5 A and angular
criteria of Opp_o < 30°34,

The water-MoS, dipole interaction and hydrogen bond net-
work competition is the bridge mechanism that links the observed
data. The narrow nanopore is so small that only one molecule in
averaged fits in there, as illustrated by Figure[5} Furthermore, the
0.97nm nanopore fits 2 water molecules for the ¢y and ¢, systems,
and the averaged number of hydrogen bonds per molecule (Nyp)
is 0.5, but this is not true for the ¢, system. The 0.97nm with
q> produce such high water-MoS, dipole interaction that makes it
possible to fits 3 water molecules in there breaking the possibles
Npyg. In this case, the water molecules assume an arrangement of
position (see Figure [3)) and angular orientation (see Figure b)-
(e)) that it gets trapped in there, with each water oxygen stuck
in the nanopore edge (Mo sites) and with each hydrogen orien-
tated to the center of the nanopore, producing zero Nyp. In this
case, even high-pressure levels (2000bar) are not enough to push
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the water molecules through the 0.97nm pore (see Figure [2|(b)).
This competition explains the larger free energy barrier observed
in the 0.97nm with ¢; system (see the PMF in Figure e)). Then,
comparing the 0.97nm/g, with the 0.74nm/¢, case, it is possi-
ble to conclude that it is easier to push 1 molecule through the
0.74nm pore than 3 binding molecules through the 0.97nm pore.
Besides, the 1.33nm nanopore has 6-8 water molecules inside
and this makes it possible to maintain a hydrogen bond network
strong enough to produce water flow even with g;.

4 Conclusions

The mechanism for high water mobility inside nanopores involve
the competition between local electrostatic forces and the coop-
eration of the hydrogen bond network. The strong dipole interac-
tion is responsible to append a constraint in the the water angular
orientation possibilities to travel through the nanopore, but this
implication also depends on the nanopore size. As it was ob-
served for the 0.97nm case, if the water-MoS2 dipole interaction
is strong enough and the nanopore has the right geometry, the
water molecules don‘t participate in the hydrogen bond network
and get trapped inside the nanopore. This is the new trade-off in
thinking about design the next-generation of nanoporous mem-
brane materials. The pore size and charge surely impacts mem-
brane permeability performance by different flow mechanisms.
These nanopores needs a charge distribution in order to enhance
the ion rejection, but not too much charge to trap water molecules
into there depending on the nanopore size.
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