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ABSTRACT: Reverse osmosis constitutes a large portion of
currently operating commercial water desalination systems.
Employing membranes with large water fluxes while
maintaining high salt rejection is of central importance in
decreasing the associated energy consumption and costs. The
ultrathin-film nature of zeolite nanosheets and their versatile
pore structures provides great opportunities in desalination.
To push forward the development of zeolite nanosheets for
water desalination, nonequilibrium molecular dynamics
simulations were carried out to systematically study zeolites
as RO membranes and establish fundamental structure-
performance relationships. We have identified that zeolite
nanosheets can achieve a high salt rejection rate close to 100%
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while allowing nearly 2 orders of magnitude higher water permeability than currently available membranes. Moreover, the effects
of the pore density, inclusion of cages, and free energy barrier on water permeability and salt rejection are unraveled, leading to
important insights toward the rational design of novel zeolite membranes.

Bl INTRODUCTION

In the past decades, the need for water desalination has
increased significantly’ and this need will become more
pronounced due to the continuing population growth and
economic development.” Among various methods to produce
fresh water from saline sources, reverse osmosis (RO) is
currently the most prevalent approach with a global market
share of approximately 60%, and polyamide-based RO
membranes have been widely used.” > The associated energy
consumption and the cost of the process largely depend on the
permeability of the RO membrane.’ Cohen-Tanugi et al.® have
recently shown that there will be 44% reduction in the number
of pressure vessels or 15% reduction in the energy consumption
of the seawater reverse osmosis (SWRO) desalination, provided
that the permeability of membranes is improved 3-fold
compared to the current polyamide-based membranes. The
need for more fresh water requires new membranes to increase
the flux of RO membranes while maintaining excellent salt
rejection to make this process more energy and cost efficient. In
the past few years, many types of novel materials have been
investigated experimentally and/or computationally, and they
have shown great promise as membranes in RO water
desalination such as nanoporous graphene,” '* graphene
oxide,"' ™" covalent triazine frameworks (CTFs),"> MoS,,'°
and graphyne."’™'” A common feature of these candidates is
the ultrathin-film nature of the material, highlighting the need
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for discovering ultrathin-ilm membranes. Furthermore, pore
structures in these membranes can effectively block salt ions
passage, leading to outstanding salt rejections.

Recently, considerable attention has been paid to layered
zeolites with a thickness varying from one to several unit
cells.”*™** These systems possess short diffusion lengths,
potentially overcoming diffusion and mass transfer limits.
Various types of zeolites have been synthesized in the
nanosheet form with different possible interlayer linkers*>*>~>°
with an aim at targeting various catalytic systems such as
isomerization and hydrocracl{ing,31_35 selective formation of
molecules,””**™*° and epoxidation reactions.**”** Although
zeolite nanosheets have been also considered for adsorp-
tion">™ and membrane®® separation systems, zeolite nano-
sheets specifically as RO membranes for water desalination
have been greatly overlooked in the literature. The small
thickness of layered zeolites (i.e., short diffusion distance) along
with their excellent chemical and physical resistance make
zeolite nanosheets a promising type of RO membrane materials
in water desalination. It is also anticipated that the hydrophilic
nature (i.e., silanol (SiOH) groups on the surface) of zeolite
nanosheets can render these membranes better resistant to
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Figure 1. (A) The number of water molecules in the feed (blue), inside the membrane (magenta), and on the permeate side (red) as a function of
time for a typical simulation. (B) Snapshots of the simulation at time steps a, b, and c. The vertical black lines show the surfaces of zeolites using the

position of the furthest silicon atom from the center of the zeolite.

biofouling.”” Moreover, 232 distinct zeolite topologies have
been identified and included in the International Zeolite
Associations (IZA) database to date,"® while millions more have
been theoretically predicted.””~>" Such a large materials space
further provides tremendous opportunities for zeolite mem-
branes in water desalination.

Despite the potential of zeolite nanosheets in water
desalination applications, no experimental investigation of
zeolite nanosheets as RO membranes has been reported to
the best of our knowledge. Experimental studies on desalination
using zeolites focused primarily on bulk zeolites®> ™ or thin-
film nanocomposites (TFN) in which zeolite nanoparticles are
incorporated in thin film polyamide/polymer membranes.*~*’
These systems are inherently different from the zeolite
nanosheets, and these experimental studies are also limited to
very few zeolites. A similar situation applies to computational
studies reported to date in the literature. The computational
investigation of zeolite nanosheets for their desalination
performance remains limited. While some studies attempted
to address the diffusion of water molecules or salt ions in bulk
zeolites,”””" few were carried out to study zeolites in a form of
nanosheet membrane.””~"* Despite the vast material space of
zeolites, only three zeolites (i.e., MFI, FAU, and LTA) have
been investigated.

To push forward the development of zeolite nanosheets for
water desalination, it remains of utmost importance to establish
a fundamental structure—performance relationship, as an
important basis for the optimal design of zeolite RO
membranes. To achieve this, systematically studying a number
of materials with a wide range of structural characteristics is
needed. In this study, state-of-the-art molecular dynamics
(MD) techniques are used as an efficient approach to address
this missing knowledge.

B SIMULATION DETAILS

Nonequilibrium MD simulations are used to investigate the
water permeability and salt rejection of zeolite nanosheet
membranes. Simulations are carried out in LAMMPS, a
molecular dynamics simulation package.”> A solution of water
and salt is pressurized by a piston to push water molecules
through a membrane. The position of water molecules and salt
ions is recorded during the simulation, which is postprocessed

to calculate the water permeability and salt rejection of the
studied zeolite nanosheet. A sample chart of water permeation
through an MFI nanosheet membrane along with three typical
snapshots of the system is illustrated in Figure 1. This figure
shows the evolution of the number of water molecules in the
feed, membrane, and permeate during the simulation. As water
permeates through the membrane, the number of water
molecules in the membrane reaches a constant and water
molecules accumulate on the permeate side. Water flux through
the membrane is calculated from the slope of water
accumulation on the permeate side (the red line in Figure
1A). The water flux is computed when at least a layer of water
molecules is present on the surface of the permeate and the
number of permeated water molecules is less than that of the
feed. This corresponds to a time span between points b and ¢ in
Figure 1A. The permeability of a membrane is defined as the
water flux divided by the pressure difference (i.e., the exerted
pressure minus the osmotic pressure) and the cross-sectional
area. The salt rejection is defined as the ratio of the number of
passed ion pairs to the initial number on the feed side when half
of the water molecules permeate to the permeate side
(corresponding to point ¢ in Figure 1A).

The initial configuration of water molecules and salt ions in
our simulations is constructed in several steps. A zeolite slab
with a total thickness of approximately 25 A (within a range of
20—30 A) in the permeation direction is used as the active
reverse osmosis membrane layer. The surface of this zeolite slab
is functionalized with hydroxyl (OH) groups, that is, all
dangling bonds of silicon atoms are saturated with hydroxyl
groups. The silanol (SiOH) group is one of the most abundant
surface functionalizing groups of zeolites. The hydrogen bond
of the siloanol groups provides the required interconnection
force to stack zeolite nanosheets to construct a controlled
multilayer zeolite nanosheet.””** An electrically neutral mixture
of sodium and chloride ions along with water molecules is
added to one side of the membrane by using the Autoionize
plugin in VMD.”® This saline solution with a concentration of
1.0 M, almost twice the salt concentration of seawater, is
employed to achieve better statistics of the ability of
membranes to reject salt ions within the short MD time scale
(i.e., on the order of 10 ns). A similar concentration has been
also adopted by other computational studies.”">”* A piston is
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Figure 2. (A) Schematic representation of a one-dimensional zeolite unit cell with a pore density of 2 channels per unit cell in the xy plane. d; and D;
are the PLD and the largest included sphere diameters, respectively. d,;, and d,,, are, respectively, the minimum and maximum diameter of that
channel. (B) MFJ, a zeolite with multidimensional channels, has a interconnected network of straight and zigzag channels in the y- and x-directions

that are shown in yellow. Similar structural characteristics can be defined.

placed on the feed side, and a constant force is applied on the
piston to modulate the transmembrane pressure. The applied
force exerts an average constant pressure of 300 MPa on the
solution. The high pressure applied on the piston reduces the
sensitivity of the driving force to the feed concentration and the
water flux subsequently remains almost constant while the feed
is depleted. Furthermore, applying such a high pressure can
achieve more accurate statistics within the short MD time scale.

The force fields used in our simulations are chosen to be fully
compatible between the membrane, water molecules, and salt
ions. The potential parameters for both the inside and the
surface of the zeolite nanosheet are adopted from the work of
Emami et al.”” This force field has been applied to study
zeolites with a wide range of hydroxyl group densities (the
SiOH density on the surface of a zeolite) and pHs. Because this
force field only considers bond stretching and bond angle
bending of the silanol groups on the surface, it is less
computationally intensive compared to other proposed force
fields such as the work of Cruz-Chu et al.”® or Lopes et al.”’
Water molecules are modeled using the TIP3P model. The
force field for ions is taken from the work of Joung and
Cheatham®’ with parameters compatible to the TIP3P model.
The force field parameters for bond stretching, bond angle
bending, and all nonbonded potentials are summarized in the
Supporting Information.

All short-range nonbonded interactions are truncated and
shifted to zero at a cutoff radius of 12.0 A. For long-range
Coulombic interactions, the particle—particle particle—mesh
(pppm) method with a relative accuracy of 107 is used. For
dissimilar atoms, the Lorentz—Berthelot mixing rules are
applied.”" The 1—4 intramolecular nonbonded interactions
are included and scaled by 0.5 and 0.8333 for Lennard-Jones
and Coulombic interactions, respectively.”” The bulk part of the
studied zeolite nanosheet (i.e., nonsurface part) is assumed to
be rigid for simplicity. As a result, the silicon and oxygen atoms
do not move during the simulation although the structure of
bulk zeolites might slightly vary while loaded with water
molecules.*” The effect of structural flexibility on the separation
performance of zeolites has been found to be negligible,72 and it
is therefore anticipated that the outcomes of our study will not
be significantly affected by assuming a rigid structure. In this
study, the atomistic structure of the bulk part of zeolites are
taken from the IZA database.”® The equations of motion for
water molecules, sodium and chloride ions, and atoms of the
hydroxyl groups on the surface of the membrane are integrated
using the Verlet algorithm.®’ The Nosé—Hoover thermostat is
used to regulate the temperature at 298 K in an NVT ensemble.
It is known that this thermostat does not significantly influence

the diffusion of water.”' The rigid bonds and bond angles of
water are considered by the means of the SHAKE algorithm.
Four independent simulations with uncorrelated initial
configurations have been carried out for each studied zeolite.

B RESULTS AND DISCUSSION

A set of nonequilibrium MD simulations for a total number of
27 zeolite structures were carried out to investigate saline water
permeation through zeolite nanosheets. Out of this number of
zeolites, 15 zeolites have one-dimensional channels, 8 zeolites
have multidimensional channels, and 4 have cage-containing
channels that connects cages to each other. All these zeolites
studied herein are adopted from the IZA database,*® and we
have only chosen to study materials that have an orthorhombic
unit cell for simplification. Such unit cells allow us to use a
rectangular simulation box with periodic boundaries. The pore-
limited diameter (PLD or d;) of these zeolites, which represents
the diameter of the largest sphere that can transverse the
channel, varies between 4.0 and 7.5 A. We note that a water
molecule has a kinetic diameter of approximately 2.8 A; water
molecules are therefore less likely to permeate through
channels with PLDs smaller than or close to this value.”
Generally speaking, the transport properties of a zeolite
membrane can be a function of various geometrical parameters,
some of which are presented in Figure 2A for a unit cell of a
schematic zeolite. The PLD, however, is predicted to be of
utmost importance for the diffusion properties such as the
water permeation rate.**

Water Permeability. We plot the water flux per cross-
sectional area versus the PLD as shown in Figure 3. A
connection between water flux and the PLD is found but it is
rather scattered. As the density of channels per unit area varies
from one zeolite to another, it is more sensible to take the
number of channels per unit area into account. As expected, the
water permeability per channel shows a more pronounced
correlation with the PLD. Overall, we can observe that the
water permeability generally increases with an increase in the
PLD. As shown in Figure 3, the water permeability of one layer
of zeolite nanosheet can be as high as 40 L/day/ cm?/MPa. For
comparison, a layer of nanoporous graphene functionalized
with hydrogen or hydroxyl groups have water permeabilities up
to 60 and 140 L/day/cmz/MPa, respectively.7 Two-dimen-
sional covalent triazine frameworks (CTFs) show also high
water permeability up to 65 L/day/cm?/MPa depending on the
pore structure.” Zeolite nanosheets have similar water
permeabilities compared to other novel ultrathin-film mem-
branes, which again demonstrates the importance of this type of
membranes. In practice, several layers of these two-dimensional
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Figure 3. Water permeability (K/L) of studied zeolites per area (A)
and per channel (B) as a function of the PLD. The permeability per
pore has units of number of water molecules permeated per
nanoseconds, per pore, per pressure difference. The lines serve as
guides to the eye. These data are available in the Supporting
Information.

sheets are superimposed, resulting in multilayered structures, or
one layer of several unit cells are used.”> A multilayered
structure can potentially lead to improved structural strength
and better ability to reject salt but, at the same time, reduce the
water flux.'” If the water permeability decreases reciprocally
with the thickness of the effective membrane,”* a currently
available zeolite nanosheet of 100 nm thickness may have a

permeability as high as 1.3 L/day/cm?/MPa, which is still a
significant improvement compared to the conventional systems
with water permeabilities, ranging from 0.03 to 0.2 L/day/ cm?/
MPa.’ This means that a substantial reduction in the number of
pressure vessels and energy consumption can be achieved.®
Nonetheless, to advance membranes using zeolite nanosheets,
developing thinner stacked membranes should be an important
subject of future studies.

Although a relationship between the water permeability and
the PLD has been established (Figure 3), this simple descriptor
is still unable to fully explain water permeation in the
membranes (i.e., notable variation in permeabilities at a fixed
PLD). To better understand this variation, the free energy
landscape of water in zeolites was computed, which is a
critically determining factor to describe the transport of water
molecules. In this study, we use the average density of water at
each cross section of the membrane, computed from the
configurations stored during the simulations, to obtain the free
energy landscape of water inside a zeolite nanosheet. The free
energy landscape of several zeolites with one-dimensional
channels that have permeabilities different than the average
permeability of a PLD is shown in Figure 4. The zeolites that
have higher water permeabilities than the average are AEL, PS],
and SAF with pore-limited diameters of 4.63, 4.85, and 6.19 A,
respectively. The zeolites with lower water permeabilities are
JRY, TON, and EZT with PLDs of 4.40, 5.11, and 6.13 A. For
the zeolites with the PLDs between 4.40 and 5.11 A, AEL has
the highest water permeability followed by PSI, TON, and JRY.
Moreover, SAF has a water permeability per channel twice that
of EZT although both of them have similar PLDs. Overall as
shown in Figure 4, these membranes possess a large free energy
barrier for water permeation on their surfaces where are filled
with silanol (SiOH) groups. Interestingly, we found that such a
barrier is not evidently correlated to the difference in water
permeabilities. As the surface of the membrane is filled with
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Figure 4. Free energy profiles of zeolites with one-dimensional channels. The profiles in the upper panel have larger permeabilities while those in the
lower panel have smaller permeabilities than the average at a given PLD. The vertical lines show the surfaces of zeolites using the position of the

furthest silicon atom from the center. The minimum free energy is shifted to zero.
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hydroxyl groups, this observation suggests that the density of
hydroxyl groups may not have a pronounced influence on the
water permeability. Instead, the transport barrier inside the
membrane appears to control the diffusion of water molecules.
Membranes with higher permeabilities are those structures with
the lowest free energy barrier inside the channel (AEL and PSI
versus JRY and TON) along with a smaller number of barriers
or jumps (EZT versus SAF). For zeolites with multidimen-
sional channels, a similar behavior was observed as well but the
free energy landscape is more complex than zeolites with one-
dimensional channels due to the interconnected channels in
different directions (Figure 2B).

It is worth mentioning that FAU (with a PLD of 7.35 A) has
the smallest free energy barrier (1.5 kzT) on its surface and
inside, which makes its large permeability per channel possible
(see Figure 3B). However, because the pore density per area of
FAU is half of the density of ATS, whose PLD is comparable to
FAU’s PLD but possesses a higher transport free energy barrier,
the permeability per area of these two zeolites are the same.
Likewise, it was shown that AEL and PSI have a high water
permeability per channel due to their favorable free energy
landscape, but AEL has a two times more water permeability
per area than PSI because of its larger pore density (0.80 versus
0.46 pore/nm?). Hence, our results clearly suggest that the
density of channels plays an important role in quantitatively
determining water flux in zeolites.

Salt Rejection. To enable effective desalination, membranes
have to be nearly semipermeable (i.e., blocking salt ions from
passage). Sodium and chloride jons have first hydrated shell
radii of 2.356 and 3.187 A, respectively.85 These radii can be
reproduced by the force field of salt ions and the TIP3P water
molecule model,*” and they have been calculated to be 2.38 and
3.13 A. Zeolites with PLDs larger than 6.4 A (twice 3.187 A)
may not be appealing candidates for water desalination due to
the possible permeation of both sodium and chloride. To
quantify the salt rejection of a membrane, we use the number of
passed ion pairs from the beginning of a simulation until the
number of water molecules on both sides of the membrane is
equal. This corresponds to the time when the lines for the
number of water molecules in the feed and the permeate sides
cross each other (Figure 1). In Figure S, the salt rejection is
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95 | [] .
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Figure S. Salt rejection as a function of the PLD in the studied
zeolites. These data are available in the Supporting Information.

shown as a function of the PLD of the zeolites. Zeolites with
PLDs below 5.5 A (between the first hydrated shell diameters
of sodium and chloride) show a salt rejection very close to
100%. At this point, it should be pointed out that higher
applied pressures normally lead to a relatively lower salt
rejection. As pointed out previously, a high pressure of 300
MPa is applied herein to obtain better statistics within the time

scale of an MD simulation. As a result, under practical
conditions, salt rejection might be higher.” As a comparison,
Cohen-Tanugi and Grossman’ showed that a layer of
nanoporous graphene can effectively hinder salt ions when
the nanoporous graphene has a pore size of 5.5 A (i.e, PLD =
5.5 A). This value is similar to the value of maximum PLD we
obtained here. Similarly, comparing the result to other classes
of materials, it was found that CTFs with an effective radius of
approximately 3 A exhibit salt rejections of 96% and 100%
depending on the chemistry of the pores."> Accordingly, it was
suggested that a PLD ranging from $.5 to 6.0 A seemingly
generally defines the limits on how large the PLD needed to be
in order to effectively reject salt ions. We note that, however,
other factors (e.g, topologies, pore chemistries, and so forth)
could also affect the salt rejection.

In addition to the aforementioned PLD criterion, we found
that the cross-sectional area of a zeolite channel, calculated
from the area of an ellipse with major and minor radii equal to
dpee and dy, (Figure 2), can be another factor to identify
zeolites with high salt rejections. The area of the first hydrated
shell of sodium and chloride ions are approximately 18 and 31
A% respectively. It is anticipated that channels with cross-
sectional areas less than 18 A? can potentially block ions,
resulting in a nearly 100% rejection rate. In contrast, zeolites
with channel cross-sectional areas in the vicinity of 31 A? or
above may have a low salt rejection. From our simulations, it
was found that all zeolites with a salt rejection less than 99%
have a channel cross-sectional area larger than or equal to 30
A2 However, not all zeolites whose channel cross-sectional area
is larger than 30 A? show low salt rejection, so other factors and
the energy barrier inside the channel against the ion transport
play a role.

It is interesting to compare two specific zeolites: SSY and
SAF. As listed in the Supporting Information, they have PLDs
of 575 and 6.19 A, respectively. Their one-dimensional
channels have minimum widths of 5.0 and 5.6 A, as well as
maximum widths of 7.6 and 8.5 A, corresponding to channel
cross-sectional areas of 30 and 37 A% respectively. SAF has a
25% higher water permeability than SSY due to its larger
channel area and PLD. However, SAF was found to have a
higher salt rejection (99%) than SSY (97%). This may seem
less intuitive but this observation may be attributed to the effect
of cages. The largest included sphere diameters (D;) of SSY and
SAF (ie., the maximum diameter of a sphere that can be fitted
in the pores of a zeolite; see Figure 2A) are 7.10 and 6.66 A,
respectively. Although both membranes have PLDs larger than
the first hydrated shell diameter of sodium and smaller than
that of chloride, SAF has a similar included diameter compared
to the hydrated shell of chloride. When a chloride ion and its
hydrated shell permeate through SAF, the hydrated ion could
fit tightly to the cage with strong interactions between the
hydrated ion and the cage surface and therefore increase the
overall transport barrier. Hence, chloride ions are anticipated to
experience more resistance to permeation in SAF than SSY.
This insight can be important to the design of novel zeolite
nanosheet membranes, suggesting that the inclusion of cages
with a right size may be exploited to manipulate membranes’
salt rejection without sacrificing their water permeability.

Several zeolites that have been already synthesized in two-
dimensional nanosheet forms are summarized in the review by
Roth et al.** According to the established structure—perform-
ance relationship, four of these two-dimensional zeolites appeal
to be promising for water desalination: OKO, MWW, MF], and
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FER. It is predicted that OKO has the highest water
permeation among these zeolites due to the large PLDs of
the two channels of OKO (5.1 and 5.9 A) and their
corresponding high pore densities (0.60 and 0.67 pore/nm?).
However, the salt rejection of OKO in the direction with a PLD
of 5.9 A might be slightly less ideal due to the rather large PLD
together with a cross-sectional area of 31 A* and an included
diameter of 6.7 A. These values are at the limit we identified
earlier for efficient salt rejection. Future investigations are
needed to determine precisely the transport properties of this
particular channel. Notwithstanding, the other direction
possessing a PLD of S.1 A can provide a high water
permeability while the smaller channel cross-sectional area
(22.5 A%) can prevent the permeation of salt ions.

We note that the results obtained in this study are for
hydrophobic zeolites without defects inside the membrane.
Hydrophobic zeolites t(ypically show a large infiltration pressure
in the bulk structure.”® The existence of defects or nonframe-
work cations increases the hydrophilicity of a zeolite, which can
increase the solubility of water while also potentially
deteriorating diffusion properties.”’” Investigating zeolites with
defects or nonframework cations is an important subject of
future studies.

B CONCLUSION

In this study, we used nonequilibrium MD simulations to
calculate the water permeability and salt rejection of 27 zeolites.
The results clearly show that zeolite nanosheets possess
promising separation performance, making them potential
membrane candidates in water desalination. Furthermore, the
results obtained herein have provided a set of guidelines for the
design of novel RO zeolite nanosheet membranes. In this work,
specifically, we have identified three important selection criteria
and design principles for choosing appropriate zeolite nano-
sheets for water desalination. First, a reccommended zeolite may
have a large but smaller than 5.5 A PLD. We note that,
however, channels with larger PLDs may still be promising for
effective separations but other effects of the channel structure
on salt rejection should be taken into account (e.g, the cross-
sectional area and the shape of channels). Second, zeolites
possessing a larger channel density are beneficial for the water
permeation. Third, the salt rejection may be enhanced when
the included cages have a comparable size to the first hydrated
shell diameter of chloride (i.e., 6.5 A). With this finding at our
disposal, one could potentially manipulate structures by
designing channels with cages at a proper size to improve salt
rejections without compromising water permeability.
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