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Introduction

Demand for potable water is increasing because of the diminishing reliable fresh water sources and
the increasing global population. Therefore, it is necessary to explore technologies that cart conver
nonconventional water sources into fresh water. Seawageone such abundant source and is
accessible by most countries. To utilize seawater as potable water, the high salinity must be
eliminated. Desalination technologies are intended for the removal of dissolved salts that cannot
be removed by conventionaleatment processes. Osmosis is the phenomenon of water flow
through a semipermeable membrane that blocks the transport of salts or other solutes. When two
agueous solutions are separated by a semipermeable membrane, water will flow from regions of
low solte concentration to regions of high solute concentration. This flow can be stopped or even
reversed by applying external pressure to the region of higher concentration. In such a case, the
phenomenon is called reverse osmosis (RO). The major advanta@® a$ the lower energy
consumption due to the absence of an evaporation step. Although the transport process in the
solution circulating in the space between the membranes is important, the ion and water transport
through the membranes determines the penfisance of the process. Membranes emerged as a
viable means of water purification in the 1960s with the development of -pgyformance
synthetic membranes. Implementation of membranes for water treatment has progressed through
the use of more advanced memdnes made from new materials and in various configurations.
Millions of years ago, nature created biological membranes. The most important feature of a
biomembrane is its selective permeability. The size, charge, and other plehsioucal properties

of the particles, molecules, atoms, or substances will determine their transport through the
membrane. Membranes are thus developed to preferentially permeate species. For this reason,
permeation tests are probably the most powerful characterization techniofumembranes, and

the performance or efficiency of a membrane is dictated by its permeability and selectivity.
Recently, novel membranes made of carbon nanotube (CNT) arrays have been investigated for
desalination[1] Although many experimental and thedieal studies have demonstrated that CNTs
allow for fast molecule transport rate$2 >pthe low salt rejection rate limits their industrial
application. In recent studies, nanoporous graphee; i} graphene oxide[14,19 and MoS [16]

have shown potential as highly selective and permeable filtration membranes. However, to date,
only graphene and graphene oxide membranes have been extensively investigated as filtration
membranes, and a few groups have attempted the study of BN monaclay@ompared to
graphene, BN sheets exhibit high thermal conductivity and stability, electrical insulation, high
chemical stability, and high resistance to oxidatipt > 7] Recently, BN nanotubes have shown
excellent water permeation potential compared ©NTs of similar length and diametgR3]
Recent experimental studies on graphene oxide have shown that the production of carbon material
in molecularlevel porous structures with wellined pore sizes and interlayer separations could be
achieved[24>7To date, most studies have investigated water permeation or water desalination
through monolayer systems by changing key parameters including nanopore size, chemistry, etc.
However, a few studies have investigated water permeation through multilayer maoop
membranes.[28] Aquaporins (AQPs) have a homotetramer structure with hourglhaped
subunits. The unique shape of the aquaporin water channels, approximately 20 A in length and 3 A
in the narrowest diameter at the center of the channg9-30] plays a key role in fast water
transport. Understanding the flow mechanism in aquaporin water channels can result in achieving
high water permeation through semipermeable membranes. Recently, an experimental study using
transmission electron microscope (TEM)nography[31] suggested that solidtate nanopores

have more of an hourglass shape than a cylindrical structure. We previously showed that heurglass
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shaped pore structures in multilayer nanoporous graphene (with constant interlayer distances) are
a moreefficient design for achieving higher flux compared to cylindrical pores. We also found that
the hydrophilicity effect can double the flux inside the hourgisisaped pores32] In this chapter,

we investigate water transport through hourglasisaped pors in nanoporous BN and graphene
multilayers using MD simulations. In particular, we examine the effect of interlayer spacing on the
fast water transport rate.

Simulation Models and Details

We performed MD simulations to investigate the effect of theeitayer distance (d) on water
transport through hourglasshaped pores in multilayer nanoporous boron nitride (BN) and
graphene membranes. Graphene and BN structures were generated using the VMD nanotube
builder. [33] The models were symmetrically constted by assembling seven BN and graphene
monolayers and replicating the hourglaestsaped aquaporin water channel with diameters ranging
from 5 to 8 A, as shown in Figur.1. The graphene and BN layers were introduced by removing
adjacent carbon atoms athé center of the layer and selecting pores without sharp edges (see
Figure 5.1c for details). The interlayer separation was d = 3.5, 5, 6, and 8 A. The membranes were
connected to a reservoir (31.9 x 34.3 x 303 fled by water moleculesNonequilibrium MD
simulations were performed using the largeale atomic/molecular massively parallel simulator
(LAMMPS) suitd.34] A constant external force f was applied on the water molecules inside the
reservoir along the z direction of the layersrtmdel a pressuralriven flow.[35] The simulations

were performed in the NVE ensemble (constant number of water molecules, constant volume, and
constant energy) with a dissipative particle dynamics (DPD) thermostat36 to maintain a constant
temperature 0of300 K. A time step of 0.5 fs was chosen to ensure accurate modeling of water
molecules between the bulk region and the layers.

Periodic boundary conditions were applied in three dimensions. A cutoff of 10 A was used for the
LennardJones (LJ) potentialh& boron and nitride atoms in the BN layers and the carbon atoms in
the graphene layers were frozen and considered as uncharged particles to reduce the
computational cost. The Lennadibnes interaction parameters between the water molecules
(oxygen) and gr%eZ v~ ¢ Vv }E}v Vv]SE] ~ WOskBe XTI eviio-a=e X
IXiATA | olgs}AUIXTid1 Vuo-vA XXi108f0 | @lwAolXiiii vu s-w= X12465

| olu}oU nakA«iXiT00 vunsm= 0x14965 kcal/mol, respectively. Lerajnge Coulomb
interactions were included using the Ewald meth8d] and by applying the SHAKE algoritg]

and the water molecules were held rigid. Over 2000 extended simple point charge (SPC/E) water
molecules were simulated in the reservoir for 1umgil an equilibrium state was reached. Next, a
pressure difference of 800 MPa was applied across the pores, and nonequilibrium simulations were
conducted for 1 ns until a steadyate system was reached. Effective simulation data was
subsequently obtainefor 5>6 ve v}v <u]Jo] E]Jupu sJupo Y}ive (}E Z o GC E -9
and 8 A for the graphene and BN systems.
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FIGURES1
Schematic of nanoporoys) boron nitride (BN) and (b) graphene multilayers with interlayer separation d, (c)

graphene multilayers with an hourglass structure. All the nanopore models are symmetrical witantiee s

effective pore diameter. DdsU v r & 3Z o EEAsnalrowest dameter (5 A), the interlayer

distance, and the cone angle of the hourglas®d %0 *S3EN SUE U E *% 3]A oCX he]vP 3Z @&
}lv. vPo r v § CGu]v X he]vP §Z }v vVvPo v C ZtheRijanRtesZ ]vS «

of the pores located in layers B and C can be estimated

Result and Discussion
Water flux and pair correlation function as a function of layer separation

Water molecules are pushed from the reservoir into the pore system by the appligt s puE 4WU
which creates flux and permeability through the membrane. By counting the number of water
molecules passing through the multilayers along the z direction, the water flux was calculated.
Figure b.2a shows the variation in water flux as a fuantof the layer separation for the BN and
graphene multilayers. As the layer separation increases, the water flux increases, which is in
agreement with recently obtained dat89] For a layer separation d = 6 A, the water flux reaches a
maximum of 41 and3 ns? for the BN and graphene multilayers, respectively. When the layers are
widely spaced (d = 8 A), the water flux decreases in both cases, suggesting that water flux is

affected by the energy barrier of the layer separation.
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(a) Water flux as a function of layer separation. Pair correlation function of water molecules (pidoron
nitride (BN) and (c) graphene as a function of layer separation. Pair correfiaticiion of water molecules
inside boron nitride (BN) and graphene with layer separations of (d) d = 3.5, () d=5 A, @nd ©pd =8 A
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The water flux through multilayer membranes can thus be maximized by tuning the layer spacing.
Moreover, grphene shows higher water flux compared to BN, in agreement with a recent study on
water permeation through bilayer BN and graphep#)] Our results suggest that two factors lead

to the smaller flux in BN compared to graphene: the larger friction forcetleme@nergy barrier as

the gap between layers increases, as explained in the following sections. When the gap between
the layers is increased, the water density across the membranes also increases, as evidenced by the
pair correlation functions (Figure$.2b-c). When the layers are strongly stacked (d = 3.5 A), both
BN and graphene have lower densities compared to configurations with larger interlayer distances
(d H iX)fbecause there is no space for water molecules. When the gap between layers {@small

G A, BN has a lower density than graphene (Figuedie) because of the larger friction force

and strong interplay between the water molecules and the wall surface, as discussed in the
following section. However, when the layers are sufficienihyaced (d H &), the density
distribution exhibit a similar behavior for both the BN and graphene multilayers (Figbifsg).

Radial distribution functions (RDFs)

The hydration structure in the BN and graphene multilayers can be illustrated byathal
distribution function (RDF)[41] Figure 5.3a shows the radial distribution functions (RDFs)
between the oxygen of water molecules (Ox) and the boron (B) and nitrogen (N) atoms of boron
nitride and the carbon atoms of graphene (CG). Although, DEsRbetween the water molecules

and the surface atoms (a monolayer of BN and graphene) have identical shapes with a minimum
located at the same position, the higher intensity of the RDFs for the BN surface suggests more
favorable interplay between water @nthe surface and illustrates the increase in density in the
vicinity of the BN surface compared to graphene. Therefore, such a strong interplay between the
oxygen of water molecules and the BN surface (high wetting feature of the BN layer) reduces the
water transport rate, especially when the layers are strongly stacked (d = 3.5 A). B@irestows

the RDFs between the oxygen of water molecules and the BN and graphene multilayers with a layer
separation of d = 3.5 A. The RDF of graphene is zero at distahces, which is due to strong
repulsive forces. For both surfaces, the position of the first maximum and the magnitude of the
peaks are different, which indicates different hydration numbers. The first peak corresponds to the
nearest neighbor shell,ra the subsequent maxima suggest the subsequent nearest neighbor
shells, which are highlighted for BN. Therefore, strong bridges between the water molecules and
BN layers can be formed when the layers are highly stacked (d = 3.5 A). In addition, to show th
layer spacing effect on the hydration structure of the surfaces, the RDFs between the oxygen of
water molecules were calculated when the layers were sufficiently spaced.

Figure 5.3c shows the RDFs between the oxygen atoms of the water molecules critesiBY|

and graphene surfaces when the layer separation is d = 8 A. For both surfaces, at short distances,
the oxygen>}/ECP v Z &+ Z A +u 00 % I+ 3 8Z =+ u %}e]Y}IveU A]3Z
However, at longer distances, the peaks appear at diffepasitions, and the RDF of graphene is
higher than that of BN, suggesting a larger hydration number. We believe that this phenomenon
will potentially reduce the energy barriers (the vacant spaces between water molecules) between
water molecules inside gpaiene, which will lead to higher flux than when the layers are widely
spaced (d = 8 A).
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FIGURESL3
(a) RDFs between the oxygen of water (Ox) and the boron (B) and nitrogen (N) atoms of boroamittide
carbon atoms ofjyraphene (CG), and the RDFs between the oxygen of water molecules while crossing the BN

and graphene layers with a layer separation of (b)) d=3.5A and (c)d =8 A

Friction force

The friction force as an interfacial property plays a key rolanderstanding the transport
mechanisms at the nanoscale. Figutedh shows the friction force between water molecules and
the BN and graphene surfaces as a function of simulation time when the layers are strongly stacked
(d = 3.5 A). We used a previoudscribed method[42] where the friction force equals the total
tangential force of the pore atoms on the water molecules. Specifically, the friction force ama giv
time and position is computed as the sum of the forces acting on the wall atoms edlifatie
LennardJones potential in the flow direction for the corresponding time step. As shown in Figure
15.4a, the friction force on the two surfaces differs drastically, with the larger friction force
occurring on the BN surface. The friction force BN is larger than that of graphene at the
beginning of the simulation and dramatically increases after a short tig8 (ps). This large
friction force can reduce the flow rate through BN multilayers for highly stacked layers (& 3.5
In contrast, thefriction force in the graphene multilayers has a lower magnitude and no significant
fluctuation during the simulation. The inset shows the difference between the friction forces in BN
and graphene for the first 30 ps of the simulation. This larger fridiboce for BN is in agreement
with a recent ab initio study of the friction force of water on graphene and boron nitride sheets.
[43] A comparison of the friction force between water molecules and BN surfaces with layer
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separations of 3.5 and 8 A is givierFigure 5.4b. At the beginning of the simulation for d = 3.5 A,
the friction force on graphene is lower, but the friction force on BN drastically increases after a
short simulation time §30 ps). On the other hand, for d =A8the friction force for Bl is larger at

the beginning of the simulation but is lower overall compared to the strongly stacked layersyd = 3.
A). Therefore, the friction force in the BN multilayer is significantly reduced when the gap between
layers is sufficiently increased. Fuetmore, the effect of interlayer spacing on the friction force in
the BN and graphene multilayers is illustrated in Figlsdd The plot provides a comparison of
the friction force between the water molecules and the surfaces as a function of the layer
separation. As shown in Figurg.4c, the friction force decreases as the layer separation increases
in the BN multilayer. It also suggests that the friction force in BN will be independent of the laye
separation when the layers are sufficiently spaced Hd &). On the other hand, the plot
gualitatively indicates that the friction force in the graphene multilayer will also be indeperadent
the interlayer distance. In addition, for a layer separation of d = 3.5 A, the BN multilayer has a
larger friction brce than graphene, which arises from the strong interplay between water
molecules and the boron arndtrogen atoms of BN.
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(a) Friction force between water molecules and the surfaces as a furadtiime for a layer separation of 3.5
A, (b) comparison of the friction force between water molecules and the BN surface as a funtitioa with
a layer separation of 3.5 A and 8 A, and (c) comparison of the friction force between water nsokuiige
surfaces as a function of the layer separation
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Potential of mean force (PMF)

To monitor the water permeation through the BN and graphene multilayers, one can calculate the
potential of mean force (PMF). The radial distribution function (RDF), g(x), describes the variation
of the atomic density as a function of the distance from q@aeticular atom. Because density is
another way to describe probability, it is also related to the PM#.In fact, we can generate the

PMF from the RDF by using the relation PMF(xp>&T{Lng(x). Figure55 illustrates the PMF
profiles for water moleules crossing the BN and graphene multilayers with layer separation of 3.5
and 8 A. As shown in Figurg.3a, when the layers are strongly stacked (d = 3.5 A), graphene shows
larger PMF compared to BN. However, when the layers are sufficiently spacé&iA}l BN shows
larger energy barriers (more empty spaces between water molecules, which suggest a weak
interaction between them) compared to graphene. For d = 3.5 A, BN exhibits lower energy barriers
compared to graphene as well as a smaller water flihichvcorresponds to larger friction forces.

As shown in FiguresbMc and 5.5b, rather than the energy barrier, the friction force has a
dominant effect on water transport through BN multilayers when the layers are strongly stacked (d
= 3.5 A). When d =&, BN has a larger energy barrier than graphene. As seen in Figdee the
friction force in BN is independent of the layer spacing when the layers are sufficiently spakled (d
5 A), thus this larger energy barrier (d = 8 A) might be responsible dofitth reduction in BN
compared to graphene.

(@) (b)

FIGURES5
Potential of mean force (PMF) profiles for water molecules in BN and graphene multilayers witkr a lay
separation of (a) 3.5 A and (b) 8 A

Free energy of fluctuation of water molecules ahgidrogen bonds

Recently, MD simulations of the free energy of fluctuation, which consists of the thermodynamics
of entry of water molecules into CNTs, have been reported. For instance, Pascigtrajported

that the water filling in CNTs is primgrilriven by increased rotational and translational entropies
for small CNTs and mainly by increased translational entropy for larger CNTs. Saldicehale
investigated the filling of CNT (6,6) with polar (water) and nonpolar (methane) fluids. They
concluded that for both systems, the free energy of transfer from bulk to CNT is favored by
increased translational and rotational entropies. They believe that the increase in translational
entropy in the confined CNT (6,6) structures is not unique to widterhydrogerbonding fluids
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but is also observed with nonpolar fluids (such as methane). Kumar[é¥pkxplained the effects

of temperature and water €& }v Jv8 & VY}ve }v §8Z &Z Eu} Cv u] * }( .o0]vl
They observed that both the emdpy and energy of transfer decrease with increasing temperature,
thereby maintaining the free energy of transfer mostly constant. They also showed that the
entropy and energy of the water molecules inside the CNT increase when the attractive part of the
LJinteractions between carbon and oxygen atoms is scaled down. Herein, we do not consider the
entropy variation on the filling of multilayers; the free energy is obtained using the relation=G(N)
S>VEWHE /Y E W-~E+ ]¢ §Z % E} loNd@tey (méleeulesRnside thé pore

*C S ue+UgT)¥kBis the Boltzmann constant, and T is the temperature. Figuéa shows the
fluctuation of the free energy of occupancy as a function of the number of water molecules inside
the BN and graphene uitilayers with a layer separation of d = 3.5 A. The plot shows that the
number of water molecules inside BN ranges from 28 to 42 molecules, 36 being the most probable;
however, the number of water molecules inside graphene ranges from 35 to 48 moledliles,
being the most probable.

Compared to BN, the higher occupancy of the graphene multilayer can be attributed to the weak
water>A § E v A § E>A 00 Jv8§ E Y}veU =« o v (GEBushdHBs the & § )
fluctuation of thefree energy of occupancy as a function of the number of hydrogen bonds inside
the BN and graphene multilayers with a layer separation of d = 3.5 A. As shown in Bigbreath
increase in the water density between the BN layers can be observed. Thagvelttaracteristics

of water on BN surfaces, which arises from the preferential interplay between the water molecules
and the surface, will increase the number of hydrogen bonds close to the BN surface, as seen from
RDF results. Therefore, high tension beén the BN layers arises, as shown by Garnier et al. in
their study on bilayer BN.

(@) (b)

FIGURESL6
Fluctuation of the free energy of occupancy as a function of (a) number of water molecules anchligy rof
hydrogen bonds in the BN and graphene multilayeits a layer separation of d = 3.5 A

Diffusion coefficient
Diffusion plays a key role in water transport in confined environments. The axial diffusion

coefficient of water molecules can be computed from the mean square displacement (MSD) of the
center d mass of the water molecules using <|(zft) ~ %> Hn "§48] In the expression, z denotes
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the change in distance along the axial coordinate, A is a dimensional factor (A = 2, 4, and,6 for 1D
2D, and 3D diffusion, respectively), D is the diffusioefficient, t is the time intervabwhich is
different from the time step considered in the MD simulations, and n identifies the type of diffusio
mechanism. The average diffusion coefficient is computed over all the water molecules inside the
system. Theime interval is selected to be longer than that of the simulation time step. The largest
time interval is equal to the total simulation time, and the smallest time interval is selected to b
longer than 50 simulation steps. FigurB.2a shows the axial fflusion coefficient (A = 2) of the
water molecules and the spatial variation of n along the z coordinate of the BN and graphene
multilayers when d= 3.5 A. A similar mechanism indicative of ballistic diffusion can be found for
both BN and graphene.

Compared to BN, the water molecules in the graphene multilayer have a higher diffusion
coefficient, particularly at the entrance and exit regions. This is due to the weak interplay Inetwee
water molecules as well as between water and the grapHegers, as seen from the RDF results.
Moreover, the larger diffusion coefficient of graphene at the exit region suggests a fast water
transport rate, which is consistent with the result presented for the flux. Figbréblshows the

axial diffusion coeftient of water molecules along the z coordinate of the graphene multilayer as a
function of the layer separation. The axial diffusion coefficient increases as the gap between the
layers increases, reaching a maximum of 6.8 & d?/s for a layer separatn of d = 6 A, which is
consistent with the result reported for the flux. Qualitatively, as the interlayer spacing increases
more bulklike water transport with ballistic diffusion occurs inside the multilayers (see Figures
15.2b-c).

(@) (b)

FIGURES7

(a) Axal diffusion coefficient of water molecules and spatial variation of n in graphene and BN mrstidgre
a layer separation of 3.5 A, and (b) axial diffusion coefficient of water molecules and spatigdvani n in
graphene multilayers with a layseparation of 3.5 A

Conclusion

We have investigated water permeation through hourglsisaped pore structures in multilayer
nanoporous boron nitride (BN) and graphene using molecular dynamics simulations. In particular,
we examined the effect of the interlayer spacing on the water transport mechanism through the
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multilayers. We showed that the water flux increases as the interlayer spacing increases, suggesting
a maximum of 41 and 43 itsn BN and graphene multilayers, pestively, at a layer separation of

d = 6 A. Moreover, the BN multilayer shows less water flux than graphene owing to large friction
forces and high energy barriers. Our results show that the friction force on the BN multilayer
drastically increases whehe layers are strongly stacked (d = 3.5 A) but is independent of the layer
spacing when the layers are sufficiently spacedHd). It is also indicated that the friction force

on the graphene surface should be independent of the gap between the l@erthe other hand,

when the layers are highly spaced (d = 8 A), the water molecules in BN have larger energy barriers
compared to graphene. Therefore, these two results together indicate that the friction force and
energy barriers are both responsible file flux reduction inside BN in comparison to graphene as
the gap between the layers increases. Our results also suggest that the axial diffusion coefficient
the water molecules increases with layer spacing, reaching a maximum of 638cr?6 at a hyer
separation of d = 6 A, which is consistent with the result reported for the water flux. In summary,
water permeation through multilayer membranes can be enhanced by properly tuning the distance
between the layers.
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