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Recent theoretical and experimental studies reported ultra-high water permeability and salt rejection in

nanoporous single-layer graphene. However, creating and controlling the size and distribution of nano-

meter-scale pores pose significant challenges to application of these membranes for water desalination.

Graphyne and hydrogenated graphyne have tremendous potential as ultra-permeable membranes for

desalination and wastewater reclamation due to their uniform pore-distribution, atomic thickness and

mechano-chemical stability. Using molecular dynamics (MD) simulations and upscale continuum analysis,

the desalination performance of bare and hydrogenated α-graphyne and γ-{2,3,4}-graphyne membranes

is evaluated as a function of pore size, pore geometry, chemical functionalization and applied pressure.

MD simulations show that pores ranging from 20 to 50 Å2 reject in excess of 90% of the ions for pressures

up to 1 GPa. Water permeability is found to range up to 85 L cm−2 day−1 MPa−1, which is up to three

orders of magnitude larger than commercial seawater reverse osmosis (RO) membranes and up to ten

times that of nanoporous graphene. Pore chemistry, functionalization and geometry are shown to play a

critical role in modulating the water flux, and these observations are explained by water velocity, density,

and energy barriers in the pores. The atomistic scale investigations are complemented by upscale conti-

nuum analysis to examine the performance of these membranes in application to cross-flow RO systems.

This upscale analysis, however, shows that the significant increase in permeability, observed from MD

simulations, does not fully translate to current RO systems due to transport limitations. Nevertheless,

upscale calculations predict that the higher permeability of graphyne membranes would allow up to six

times higher permeate recovery or up to 6% less energy consumption as compared to thin-film compo-

site membranes at currently accessible operating conditions. Significantly higher energy savings and

permeate recovery can be achieved if higher feed-flow rates can be realized.

1. Introduction

The scarcity of fresh water represents a serious global chal-
lenge, which is predicted to worsen in the future owing to
population growth, increased industrialization and growing
energy needs. Although water covers 75% of the Earth’s
surface, more than 97% is contained in the form of salty water
in oceans and seas. Desalination is a promising approach to
produce fresh water. However, currently this technology only
accounts for less than one percent of the world’s fresh water

supply.1–3 Commercial desalination technologies, including
reverse osmosis (RO) and thermal desalination face two major
challenges, namely high capital costs and low energy
efficiency. Currently, RO is the most energy-efficient desalina-
tion technique4,5 at levels of 1.8–5.7 kWh m−3. In contrast,
thermal desalination methods such as multi-stage flash and
multi-effect distillation are more energy intensive by an order
of magnitude.4,6,7

Recently, nanoporous membranes have attracted consider-
able attention due to their remarkable potential for water desa-
lination.8 Salt ions possess a larger effective volume in solution
compared to water molecules owing to their hydration shell.
Thus, ions can be rejected by nanopores with smaller dia-
meters, while allowing fast convective water flow. Several nano-
scale materials including metal–organic frameworks (MOFs),
zeolites,9,10 and carbon nanotubes (CNTs)11–13 have been
extensively studied for both water permeability and desalina-
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tion. These materials, however, have their disadvantages.
Zeolites and MOFs have low water flux due to their complex
pore architecture,9,10 while CNTs, despite allowing for faster
water permeation, exhibit low salt ion rejection along with the
challenge of producing large-scale high-performance CNT
arrays.11–13 Recently single-layer graphene and MoS2 mem-
branes that contain artificial nanopores have been proposed
for nanofiltration.6,14–16 However, producing membranes with
such extremely narrow pores at well controlled pore densities
is a considerable technological challenge. This is crucial since
the pore area critically dictates both the water flux and salt
rejection ability of nanoporous membranes, and pore areas
less than 40 to 60 Å2 are essential for achieving significant
(>80%) salt rejection.6,16 Also critical to desalination perform-
ance are the geometry and chemical functionalization of the
pore. Specifically, pore functionalization not only modifies the
accessible pore area but also dictates whether the pore is
hydrophilic or hydrophobic, which has been shown to deter-
mine the water flux and salt rejection ability of the mem-
brane.6,16 Membranes possessing regular pore distribution
with controllable pore diameter are therefore of considerable
interest.

Graphyne membranes,17–24 unlike graphene, provide
uniform and controllable pore-size distribution with high
membrane porosity. Graphyne is a family of 2D carbon allo-
tropes, composed of both sp- and sp2-hybridized carbons,
involving different conjugations between acetylene and phenyl
groups.17–21,25 The different configurations are built by the
insertion of acetylene (–CuC–) units into graphene by formal
carbo-merization. The atomic structures of two highly sym-

metric configurations of bare and hydrogenated α- and
γ-graphyne are shown in Fig. 1. The structure of α-graphyne
(Fig. 1a) is actually the total carbo-mer of graphene and can be
viewed as an assembly of fused carbo-benzene rings exhibiting
hexagonal pores. In comparison, γ-graphyne (Fig. 1c, e and g)
arises from partial carbo-merization of graphene and can be
viewed as an assembly of phenyl rings connected by acetylene
chains exhibiting triangular pores. The pore size of γ-graphyne
can be adjusted by changing the number of acetylene bonds,
n, that connect the adjacent phenyl rings. The different con-
figurations of γ-graphyne are referred to as γ-n-graphyne here-
after. γ-1-graphyne (or graphyne) and γ-2-graphyne (or graph-
diyne) have been successfully synthesized in large quan-
tities.7,18,19 Graphyne membranes exhibit interesting mechani-
cal, chemical and electronic properties due to their unique
topology. In particular, they exhibit directionally dependent
Diraccones, high electron mobility,26,27 and have Young’s
modulus in excess of 350 GPa.28,29

Previous MD studies7,30 have evaluated the potential of bare
γ-graphyne membranes for desalination. However, in desalina-
tion systems, bare graphyne membranes will get functiona-
lized in the presence of protons or hydroxyl radicals in water.31

Therefore, the consideration of functionalization is essential
to realistically evaluate their potential for seawater desalina-
tion. To this end, we determine the desalination performance
of bare and hydrogenated (H) α- and γ-n-graphyne membranes
with n = {2, 3, 4}. These structures are shown in Fig. 1b, d, f
and g. In addition, hydrogenation can be expected to improve
the chemical stability of graphyne membranes by the satur-
ation of in-plane p-orbitals, promoted by covalent bonding

Fig. 1 Graphyne membranes: (a) α-graphyne (7.01 Å × 6.07 Å), (b) hydrogenated α-graphyne (7.01 Å × 6.07 Å), (c) γ-2-graphyne (9.65 Å mes 8.35 Å),
(d) hydrogenated γ-2-graphyne (9.07 Å × 7.88 Å), (e) γ-3-graphyne (12.28 Å × 10.64 Å), (f ) hydrogenated γ-3-graphyne (12.13 Å × 10.51 Å), (g) γ-4-
graphyne (14.92 Å × 12.92 Å), and (h) hydrogenated γ-4-graphyne (14.51 Å × 12.66 Å) employed in this study. The unit cell dimensions are included in
parentheses.
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with hydrogen. For instance, DFT calculations by Longuinhos
et al.32 report suppressed chemical frustration of the planar
lattice in hydrogenated α-graphyne as compared to pristine
α-graphyne due to passivation of in-plane p-orbitals, thus inhi-
biting the formation of the destabilizing π-bonds from these
orbitals. In addition, previous MD studies7,30,33–35 fixed the
position of the carbon atoms in the graphyne membranes to
their initial lattice positions to prevent out of plane displace-
ment. This is not directly representative of realistic desalina-
tion systems, and as discussed later, frozen graphyne mem-
branes exhibit appreciably lower water permeability and higher
salt rejection than flexible graphyne membranes. The effect of
the modeling methodology on permeability and salt rejection
requires consideration in evaluating the desalination perform-
ance of nanoporous membranes.

The objective of this study is to examine, through MD simu-
lations and up-scaling analysis, the performance of single-
layer graphyne and hydrogenated graphyne membranes in
effectively separating salt ions from water for use in desalina-
tion systems. The water permeability and salt rejection
obtained from MD simulations are subsequently employed in
an upscale analysis to quantify improvements in performance
and energy cost of a cross-flow RO plant. In the remaining sec-
tions, we discuss effects of applied hydrostatic pressure, pore
size, chemistry, and geometry on water flux and salt rejection
capability of the membranes and present results from the
upscale analysis of the membranes to evaluate the potential of
nanoporous graphyne for water purification.

2. Computational methods

In this study, MD simulations were carried out to predict the
desalination performance of bare and hydrogenated graphyne
membranes. The computational setup is illustrated in Fig. 2. A
typical computational box consists of a single-layer graphyne
or hydrogenated graphyne, a graphene sheet (used as a rigid
piston to apply the external pressure), salt ions and water. The
saline water was placed between the graphene and graphyne
sheet and pure water was added on the other side of the gra-
phyne sheet. In our simulations, we used periodic graphyne
sheets with (9 × 9) unit cells in the spanwise x–y plane, the
saline water box measuring 40 Å in the z-direction and the
pure water box measuring 5 Å in the z-direction. The salt water
in our system corresponds to a water density of 1 g cm−3 and
salt concentration of 1.0 M, which is higher than the normal
salinity of seawater (0.6 M). This higher salinity was chosen to
increase the occurrence of ion-pore interactions and to obtain
better statistics for a given system size in the time-scale of our
MD simulations.

We consider bare and hydrogenated α-graphyne and γ-n-gra-
phyne with n = {2, 3, 4} membranes to study effects of pore
size, pore geometry and pore chemistry on the rate of water
permeation and ion rejection. Table 1 shows the accessible
pore area for bare and hydrogenated α-graphyne and γ-n-gra-
phyne membranes.

MD simulations are performed using the first-principles-
based ReaxFF reactive force-field method,36 which can simu-
late chemical reactions with significantly higher efficiencies
than ab initio MD calculations while still retaining near-
quantum mechanical accuracy. ReaxFF is a bond-order based
force-field method with a polarizable charge model, which
enables the method to model the breaking and formation of
bonds and the associated charge rearrangements during an
energy-conserving MD simulation. The ReaxFF force field
method can therefore account for water polarizability and
water ionization arising in saline aqueous solutions as well as
the mechanical and chemical properties of graphyne mem-
branes. The ReaxFF force field has been employed to investi-
gate mechanical properties of graphyne as reported in
Cranford et al.25,28 Here, the water–graphyne interactions were
modeled using the C/O/H ReaxFF force field parameters
employed in Hatzell et al.37 and the water molecules were
modeled using the same O/H ReaxFF parameters as employed
in previous ReaxFF descriptions.37–39 The C/H/O/K/Cl force
field development is described in detail in Rahaman et al.40,41

The ReaxFF reactive force field method has been shown to
provide an accurate account of the chemical and mechanical

Table 1 Accessible pore area and formation energy. The accessible
pore area for bare and hydrogenated α-graphyne and γ-{2, 3, 4}-
graphyne membranes and the formation energy of hydrogenated
graphyne membranes

Membrane Bare (Å2) Hydrogen (Å2) Ef (eV per H2)

α-Graphyne 29.91 20.48 −1.81
γ-2-Graphyne 25.15 15.72 −1.77
γ-3-Graphyne 45.57 35.31 −1.55
γ-4-Graphyne 71.89 59.90 −1.54

Fig. 2 Desalination simulation setup. Schematic of the simulation box
consisting of a desalination membrane – graphyne sheet (blue), water
(transparent blue), ions (green and pink) and a graphene sheet (blue).
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behavior of hydrocarbons,36 graphene,42 graphyne,25,28 carbon
nanotubes43,44 and other carbon nanostructures.39,45

All simulations were performed using the LAMMPS
package.46 For each simulation, the system was first energy
minimized for 10 000 steps. Subsequently, the system was
equilibrated in the canonical NPT (constant number of atoms
(N), constant pressure (P) and constant temperature (T ))
ensemble for 250 ps at a pressure of 1 atm and temperature of
313 K. The temperature was chosen to match the experimental
temperature in Surwade et al.15 Simulations were performed
with a time step of 0.10 fs using the Nose–Hoover thermostat
with a coupling time constant of 10 fs and Nose–Hoover baro-
stat with a coupling constant of 100 fs to control the tempera-
ture and pressure of the entire system, respectively.
Subsequently, the production non-equilibrium MD simu-
lations were run in the NVT ensemble (constant number of
atoms, constant volume (V) and constant temperature) for
another 250 ps at 313 K where different external pressures
(100–2500 MPa) were applied on the rigid graphene sheet to
examine the water desalination through the graphyne mem-
branes. The atom trajectories were collected every 10 fs to
analyze the results.

In experimental systems, desalination membranes are flex-
ible and to account for this, the membrane atoms are allowed
to move during the MD simulations. To simulate the effect of
a substrate that would prevent the entire membrane from
moving out of plane, we tethered five carbon atoms (<2%) in
the membrane to their original position. These atoms were
randomly chosen from the corners of the acetylene chains of
the graphyne membrane to not affect the flexibility of the
chains.

In functionalized membranes, it is important to account
for the flexibility of the membrane, since the functionaliza-
tions (here H-) can bend out of plane and increase the effective
accessible pore area. The ReaxFF reactive force-field method
enables simulations of flexible membranes to incorporate the
effect of membrane deformation on water permeation and salt
rejection. This also allows investigating the stability of gra-
phyne membranes in saline environments at different applied
pressures.

To further validate the ReaxFF force field, we computed the
formation energy of graphyne membranes as:

Ef ¼ EHþgra � Egra �mEðH2Þ; ð1Þ

where EH+gra is the energy of hydrogenated graphyne, Egra is
the energy of bare graphyne, E(H2) is the energy of a hydrogen
molecule and m is twice the number of hydrogen atoms in the
corresponding hydrogenated graphyne. Results for hydrogen-
ated graphyne membranes are reported in Table 1. The for-
mation energy of hydrogenated γ-2-graphyne membranes pre-
dicted with the ReaxFF force field (−1.77 eV per H2) is in good
agreement with DFT calculations of Psofogiannakis et al.31

(−1.81 eV per H2). We further validate the force field by com-
puting the self-diffusivity of bulk water. The self-diffusion
coefficient of water at 298 K given by ReaxFF (2.1 × 10–5 cm2 s−1)

is in good agreement with values given by diaphragm-cell
technique47 (2.272 × 10–5 cm2 s−1) and pulsed magnetic field
gradient nuclear magnetic resonance (2.299 × 10–5 cm2 s−1)
studies.48

Free energy barriers for water molecule passing across the
membranes were calculated along the reaction coordinate (z)
using umbrella sampling simulations.49 These simulations
were performed using version 1.3 of PLUMED50 called from
within the LAMMPS package.46 The width of each umbrella
window is 0.25 Å. A biasing potential of 25 kcal mol−1 Å−2 was
applied on the z-coordinate of the water oxygen in each
window. All simulations were conducted for 500 ps, with the
last 400 ps for data analysis. The yielded umbrella histograms
were then unbiased and combined using the weighted histo-
gram analysis method51 to obtain the free energy profile.

3. Results
3.1. Atomistic-scale analysis

Water fluxes. Computed water fluxes as a function of the
applied external pressure through bare graphyne membranes
are shown in Fig. 3a and those for hydrogenated graphyne
membranes are shown in Fig. 3b. These results indicate that
the water flux through the membranes decreases in the follow-
ing order: γ-4-graphyne, H γ-4-graphyne, γ-3-graphyne,
α-graphyne, γ-2-graphyne, H γ-3-graphyne, H α-graphyne and
H γ-2-graphyne. The water flow rate increases with applied
pressure and accessible pore area. The hydrogenated γ-2-gra-
phyne membrane has the lowest pore size and does not allow
water to pass through for pressures lower than 100 MPa.
Larger pores allow for water to flow at a constant rate, which is
proportional to the external pressure. Pore functionalization
significantly reduces the water flux, ranging from ∼50% for
γ-4-graphyne to ∼92% for γ-2-graphyne at 2500 MPa and hence
is an important effect to be considered while evaluating mem-
branes for desalination. It is interesting to note that the hexag-
onal pores in α-graphyne with A = 29.91 Å2 have a higher water
permeability than the triangular pore (A = 32.81 Å2) in H γ-3-
graphyne. This indicates that not only pore functionalization
but also pore geometry critically affects the rate of water per-
meation. As discussed later, we show that hexagonal pores
have a higher water permeability per unit area as compared to
triangular pores.

Salt rejection. In addition to water permeability, the other
equally important aspect of water desalination systems is the
ability of the membrane to reject ions. The percentage of ions
rejected by the bare graphyne membranes as a function of
applied external pressure is shown in Fig. 3c and by the hydro-
genated graphyne membranes is shown in Fig. 3d. Salt rejec-
tion is calculated from the salinity of the permeate solution
relative to the salinity of the feed solution after half of the
water molecules from the feed side have passed to the perme-
ate side. Our results indicate that, excluding γ-4-graphyne, all
membranes achieve salt rejections in excess of 75%, for press-
ures up to 2 GPa. This indicates that for open pore areas up to
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∼50 Å2 the membrane rejects the majority of the salt ions.
γ-{2,3}-graphyne, H γ-3-graphyne, α-graphyne and H
α-graphyne membranes allow for high water fluxes while still
rejecting more than 90% of the ions for pressures up to 1 GPa,
and are therefore the best candidates for desalination among
the various membranes considered in our study.

Salt rejection decreases with increasing pore size and
applied pressure. While this behavior is expected from an
available pore area argument, the decrease with applied
pressure is noteworthy. This can be explained by the fact that
the ions in solution have a larger effective volume owing to
their hydration shell. The hydration diameter dion–H of Na+ is
6.3 Å and Cl− is 7.1 Å as compared to the ∼2.8 Å van der Waals
diameter of water molecules. This larger volume makes ions
more responsive to rising pressure than water molecules. The
associated increase in ion flux with applied mechanical
pressure is opposite to the behavior observed in RO mem-
branes.52 Specifically, in diffusive RO membranes, the driving
force for ion flux is osmotic pressure and water flux increases
faster with feed pressure than the corresponding ion flux. As
feed pressure is increased, the salt passage is increasingly over-
come as water is pushed through the RO membrane at a faster
rate than salt can be transported, thus resulting in lower
permeate salinity. Previous studies on nanoporous graphene,6

MoS2
16 and bare γ-graphyne30 membranes observe a similar

increase in ion flux with applied pressure.
Pore chemistry is also found to affect salt rejection.

Hydrogenated membranes exhibit an improved salt rejection
performance as compared to bare membranes because of their
lower pore area. However, the improved salt rejection comes at
the expense of lower water flux through the membrane.
Hydrogenated nanoporous graphene membranes were
reported6 to exhibit improved salt rejection as compared to
hydroxylated graphene membranes owing to their hydrophobic
nature.

We find that simulating the desalination membrane as a
rigid or flexible membrane affects the salt rejection. To quan-
tify this effect, we perform a desalination MD simulation with
γ-3-graphyne membrane while keeping the membrane atoms
frozen to their initial position with a driving pressure of 1500
MPa. By fixing the position of the atoms in the membrane,
γ-3 membranes show 94% salt rejection. Whereas on allowing
the membranes to be flexible as shown in Fig. 3, the salt rejec-
tion reduces to 86% at 1500 MPa. This can be explained by the
increased pore area, which was found to vary by up to 8.1% for
γ-3-graphyne membranes at this specific operating pressure.
The effect on water flux is less pronounced and we observe
that fixing the membrane position reduces the water flux by
4.2% as compared to the flexible membrane. Flexible mem-
branes thus have a higher water and ion flux as compared to
rigid membranes and hence lower salt rejection performance.
Previous MD desalination studies have employed rigid mem-
branes and this effect on salt rejection has to be considered
when interpreting results.

Regarding the practical application of graphyne membranes
to water desalination, apart from high water permeability and
salt rejection, graphyne membranes require mechanical and
chemical stability. Mechanically, graphyne membranes have
Young’s modulus larger than 350 GPa.28,29 We observe from
our simulations that graphyne membranes are stable up to
applied hydrostatic pressures of 3.5 GPa. The membranes with
smaller pores, γ-2-graphyne and H γ-2-graphyne, are more sus-
ceptible to fracture than membranes with larger pores.
However, these pressures are far greater than typical operating
pressures of RO plants (<200 bar) and confirm robustness of
graphyne membranes for RO desalination. The cleavage is
initiated at the center of the acetylene chains at the C–C single
bond connecting the acetylene (–CuC–) units.

Membrane performance. The slope of water flux vs. pressure
as shown in Fig. 3a and b gives the water permeability for the

Fig. 3 Water flux and salt rejection. Water flux as a function of applied pressure for (a) bare graphyne and (b) hydrogenated graphyne membranes.
Percentage of ion rejection as a function of applied pressure for (c) bare graphyne and (d) hydrogenated graphyne membranes.
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membranes. The water permeability ranges from 103 to 104

g m−2 s−1 MPa−1 for the graphyne and hydrogenated graphyne
membranes considered in our study. Previous MD studies30,33

on bare γ-3-graphyne membranes report permeabilities of the
order of 104 g m−2 s−1 MPa−1 and are comparable to the per-
meabilities reported in this study. MD studies by Zhu et al.7

reported permeabilities that are lower by an order of magni-
tude through γ-3-graphyne membranes. These differences can
be attributed to the different potentials employed in the MD
simulations. Osmotic pressure gradient experiments15 through
nanoporous graphene report water permeability up to 7 × 102

g m−2 s−1 MPa−1, which is approximately an order of magni-
tude lower than the permeability observed in graphyne
membranes in this study. This difference can be explained by
the lower porosity in nanoporous graphene membranes.

Water permeability and ion rejection are the two important
factors determining the effectiveness and performance of
water desalination membranes. In Fig. 4, the water per-
meability and ion rejection of graphyne membranes is com-
pared with the performance of MFI-type zeolite,9 brackish
RO,53 nanofiltration RO,53 TFC RO,54 high-flux RO,53 commer-
cial seawater RO,53 nanoporous graphene16 and MoS2 mem-
branes.16 As shown in Fig. 4, the permeation rate of graphyne
membranes is up to three orders of magnitude larger than sea-
water RO membranes (×3305 for γ-4-graphyne) and up to ten
times larger than nanoporous graphene and MoS2 mem-
branes. Graphyne membranes inherently have a uniform pore
distribution, higher porosity, and controllable pore geometry
than nanoporous graphene and MoS2 membranes. Graphyne
and hydrogenated graphyne are thus potentially superior and
efficient membranes for water desalination.

Functionalization and pore geometry. The ordering and
structure of water molecules as they pass through the pores

directly affect the water flux and salt rejection rates of the
membranes. The water structure in the pore vicinity is in turn
determined by the pore geometry as well as pore functionali-
zation. To investigate the structure and water–membrane inter-
action as the water passes through the membrane, we compute
the probability density of hydrogen and oxygen atoms of water
molecules in the pore vicinity; these results are shown in
Fig. 5. To obtain these density plots, we first segment the
simulation cell within 1 Å of the pore on both the feed and
permeate side to a mesh of cubic boxes with dimensions
(0.30 × 0.30 × 0.30 Å3). We then counted the number of times a
particular atom type (i.e., oxygen and hydrogen) is located in
each of the grids over the entire duration of the simulation.
These results are normalized by the highest count recorded in
any of the grids. We can observe that the pore geometry deter-
mines the way water molecules flow through the membrane.
For hexagonal pores, the water passes through the membrane
with an approximately circular cross-section, with the oxygen
atoms passing through the center of the pore. For bare or
hydrogenated triangular pores, the water passes through the
membrane with a triangular cross-section via multiple, distinct
channels. As shown in Fig. 5 we can observe three distinct
water channels through bare and H γ-3-graphyne membranes.
Hydrogenated graphyne membranes are hydrophobic like the
bare membranes and irrespective of the pore functionalization
the oxygen atoms pass towards the center of the pore, while
hydrogen atoms pass closer to the C-atoms in the membrane.
This behavior is also observed in hydrogenated graphene
nanopores.6

To understand the reason for these distinct water channels,
we compute the free energy surface (FES) of the water mole-

Fig. 4 Performance of graphyne membranes. Performance of various
membranes in terms of their ion rejection and water permeation rate.
Water permeation rate is expressed per unit area of the membrane and
per unit pressure as L cm−2 day−1 MPa−1.

Fig. 5 Effect of pore functionalization on water permeation and salt
rejection. Probability density maps of oxygen (red) and hydrogen (blue)
inside (a) α-graphyne, (b) hydrogenated α-graphyne, (c) γ-3-graphyne
and (d) hydrogenated γ-3-graphyne.
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cules in the nanopores of the graphyne membranes using a
well-tempered metadynamics simulation.50 The collective vari-
ables are the x- and y-coordinates of water oxygen over the gra-
phyne x-y plane. We use a hill height of 0.1 kcal mol−1 and a
width of 0.10 Å, and hills are added at every 100 timesteps.
FESs are reconstructed from the Gaussian bias potentials
added during the metadynamics trajectory. Results from these
computations are presented in Fig. 6. The FES of water mole-
cule in the α-graphyne and hydrogenated α-graphyne nanopore
have a circular cross-section, while the FES of γ-3-graphyne
and hydrogenated γ-3-graphyne have a triangular cross-section,
as also observed in the oxygen density plots in Fig. 5. The
minimum energy of the FES in the γ-3-graphyne has three dis-
tinct spots, which can be visualized as the vertices of a tri-
angle, giving rise to three distinct water channels.

Fig. 7a and b shows the free energy barriers for a water
molecule moving across the pore of the bare and hydrogenated
graphyne membranes. We can observe that the trends in the

free energy profile are reflected in the water permeabilities of
the membranes. The free energy profiles for water molecules
passing through the bare membranes show two minor valleys
before the peak in the free energy profile. The minor valleys
enable the water molecules to pass through the membranes in
a stepping mode, wherein the water molecules first jump to
the minor valleys and then pass over the peak. This stepping
mode enables faster water permeation through these
membranes.

Fig. 8a shows the water permeability for different pore types
considered in our study: hexagonal (α-graphyne), triangular
(γ-{2,3,4}-graphyne), hydrogenated hexagonal (H α-graphyne)
and hydrogenated triangular (H γ-{2,3,4}-graphyne). For the tri-
angular and hydrogenated triangular pores, the permeability
scales nearly linear with pore area. We can observe that hexag-
onal pores have a higher water permeation per unit pore area
compared to triangular and hydrogenated pores. The water
flux through hydrogenated membranes does not drop in pro-
portion to its accessible pore area. A contributing factor is that
the hydrogen terminations in H γ-2-graphyne bend outwards
to the permeate side, increasing the accessible pore area for
these membranes. Water flux is a function of velocity (U) of
water through the pore, density (ρ) of water inside the pore
and the area of the pore (A). The salt rejection efficiency
decreases as the pore area is increased and this leaves ρ and U
as the available control parameters to maximize the flux
through the pores. To investigate why the hexagonal pores
have a higher water flux per unit pore area, we compute U and
ρ through the various membranes. Here, the density of water
molecules in the pore is calculated by counting the number of
water molecules within a distance of 1 Å across the pore in the
direction of the water flow and U was obtained by averaging
the velocities of these water molecules over the production
run. Results are illustrated in Fig. 8b and c, showing that hex-
agonal pores have a higher density as well as velocity through
them, explaining the higher water flux per unit pore area
through them.

To investigate the reason for the higher density and velocity
through hexagonal pores, we examine the oxygen density maps
of water passing through the pore. We can observe from
Fig. 9a and b that hexagonal pores in α-graphyne have a single
circular water channel, while triangular pores in γ-3-graphyne
have three distinct water channels. The entropic barriers
arising from three closely-spaced separate channels give rise to
the lower water velocity through the pores. Even though there
are distinct water channels, only one water molecule is present
within the triangular pore at any given instant as shown in
Fig. 9d and this is also indicated by the narrowing of the water
channel towards the center of the triangular pore as shown in
Fig. 9b. This explains the lower density of water molecules in
the membrane. Hexagonal pores have a single channel with
water molecules passing through one at a time. The circular
cross-section of water flux through hexagonal nanopores gives
rise to an hour-glass shaped channeling, which explains the
higher flux. Previous studies have shown that canonical nano-
pores have higher fluxes and permeation rates.55–57 Solid-state

Fig. 6 Free energy surfaces. Free energy of a water molecule inside a
nanopore of (a) α-graphyne, (b) hydrogenated α-graphyne, (c) γ-3-gra-
phyne and (d) hydrogenated γ-3-graphyne; computed using meta-
dynamics simulations.

Fig. 7 Energy barriers. Free energy barriers computed for a water
molecule along the pore axis of (a) bare and (b) hydrogenated graphyne
membranes.
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nanopores have also been tailored with conical shaped water
flows to enhance DNA and solute transport.58,59 Tailoring the
nanopores in 2D membranes to have a hexagonal shape is a
pragmatic approach to enhance water flux through nanopor-
ous membranes.

3.2. Upscale analysis of RO desalination

The graphyne membranes considered in this study exhibit
water permeabilities that are significantly larger than conven-
tional thin-film composite (TFC) RO membranes.54 With rele-

vance to practical applications, it is therefore of interest to
evaluate how this increase in membrane permeability affects
the energy consumption, specific membrane area and number
of pressure vessels employed in an RO plant. To this end, we
perform upscale analysis by implementing a 1D numerical
model of the mass transport and fluid dynamics of an RO
system. In an RO system, feed water enters pressure vessels
containing several cylindrical membrane elements, which are
connected in series. The feed water travels parallel to the mem-
brane surface and water selectively permeates radially through
the membrane. A schematic of a cross-flow RO system is
shown in Fig. 10a.

The 1D model of the cross-flow RO system employed in
this study follows the derivation of Cohen-Tanugi et al.54 and
is summarized in the following. In this model, results from
the MD simulation are used to obtain desalination character-
istics for graphyne membranes under consideration. The
input parameters are the inlet flow rate (Qin), inlet pressure
(Pin), inlet bulk salinity (Cb,in) and the water permeability of
the membrane (Am), which is obtained through MD
calculations.

There are two primary quantities that dictate the desalina-
tion characteristics, namely pressure and cumulative recovery,
which are coupled through a system of ordinary differential
equations. The flow through an RO system is modeled as an
annular flow problem and thus, the pressure drop is expressed
as a function of the flow rate. The key variables and symbols
employed in the model are listed in Table 2. The osmotic
pressure influences the permeate flux and flow rate through
the system, thus coupling the two quantities. The pressure
drop can be expressed as

dP
dz

¼ �P′lossðzÞ ð2Þ

Fig. 8 Effect of pore geometry and pore functionalization on permeability and pore flux. (a) Water permeability and (b, c) Water velocity and density
in the pore as a function of pore size for bare and hydrogenated graphyne membranes at 1 GPa.

Fig. 9 Water flow across hexagonal and triangular pores. Oxygen
density maps (red) inside (a) hexagonal (α-graphyne) and (b) triangular
(γ-3-graphyne) pores. Snapshots from MD simulation showing water pass-
ing through (c) hexagonal (α-graphyne) and (d) triangular (γ-3-graphyne)
pores. The water molecules within 2 Å on either side of the membrane
are shown with blue O and purple H atoms. We can observe that in spite
of three distinct water channels being present in γ-3-graphyne, only one
water molecule is present at a time within the pore.
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where Ploss represents the pressure loss across the RO vessel
and is obtained using the correlation presented in Li et al.60

for a particular cross-flow RO system, and is determined by the
Reynolds number Re, accounting for the effect of viscosity.
The second quantity of interest is the cumulative recovery ϕ,
given by

dϕ
dz

¼ W
Qin

JðzÞ; ð3Þ

where W represents the cross-section width and J denotes the
permeate flux. In the absence of salt and hence, reverse
osmosis, the permeate flux is directly proportional to the per-
meability of the membrane. However, the presence of salt

exerts an osmotic pressure and the permeate flux in such situ-
ations is given by the Van’t Hoff equation61 as

J ¼ AmP � kW 2CbAmRR0T
k

exp
AmP
k

� �� �
; ð4Þ

where k represents the mass transfer coefficient and is given
by a correlation60 based on the Sherwood number, which
varies inversely with the diffusivity. Cb is the salinity, or in
other words, the salt concentration at the particular location,
R0 is the salt rejection rate, which is evaluated through MD
simulations and R denotes the universal gas constant. In
addition, WðξÞ represents the Lambert W-function with argu-
ment ξ and is given by the principal solution of q in the
equation ξ = qeq. By solving eqn (3), the flow rate can be
written as

Q ¼ Qinð1� ϕÞ: ð5Þ
Since the amount of salt is conserved in the cross-flow

system, it follows that

Cb ¼ Cb;in

1� ϕ
: ð6Þ

Eqn (2)–(6) close the system and the relevant quantities can
be obtained as a function of axial position z. Two important
quantities which are used to evaluate the performance of an
RO system are recovery ratio and energy consumption. The
recovery ratio is given by ϕ(L), where L is the effective length of
the membrane and corresponds to the fraction of water recov-
ered from the solution. The energy consumption per unit
volume of the permeate62 depends on whether a pressure
recovery device is used, and can be written as:

E ¼ 1
η

Pin � ζð1� ϕðLÞÞðPin � PðLÞÞ
ϕðLÞ ; ð7Þ

where η represents the pump efficiency and ζ stands for the
pressure recovery device efficiency.

The reference conditions used in this model are listed in
Table 3. Additional information on the model setup and

Fig. 10 Upscale analysis of RO system. (a) Schematic representation of
cross-flow RO. Permeate recovery and energy consumption. (b)
Permeate produced vs. feed flow rate. (c) Specific energy consumption
vs. permeate produced.

Table 2 List of key variables and symbols

Symbol Quantity Units

Am Water permeability L (m2 h bar)−1

cb Bulk salinity at position z ppm
E Specific power consumption kWh m−3

Per unit of permeate
J Permeate flux at position z m s−1

k Mass transfer coefficient m s−1

Pin Inlet pressure Bar
Ploss Pressure lost up to position z Bar
Qin Feed flowrate m3 day−1

R Universal gas constant J(K mol)−1

R0 Salt rejection rate %
T Temperature K
W Effective cross-section width m
ξ Pressure recovery efficiency %
η Pump efficiency %
ϕ(z) Cumulative recovery up to position z %
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model parameters is provided as ESI.† Fig. 10b shows the
permeate produced per pressure vessel as a function of flow
rate for various graphyne membranes considered in our study.
The corresponding data for commercial TFC RO and nanopor-
ous graphene is also shown for comparison. It is interesting to
note that the two to three orders of magnitude difference in
water permeability between TFC RO and graphyne mem-
branes, observed from MD calculations (see Fig. 4), does not
directly translate to the permeate production obtained from
the 1D cross-flow RO model. This shows the need for an 1D
upscaling model to evaluate the improvement in performance
of an RO system, given a certain gain in membrane per-
meability deduced from MD calculations. All of the graphyne
membranes exhibit better permeate recovery than TFC RO
membranes and, except for H γ-2-graphyne membranes, the
remaining graphyne membranes exhibit larger permeate recov-
ery than nanoporous graphene membranes.

To quantify the performance, we compare the permeate
produced at the flow rate corresponding to the peak-permeate
production of TFC RO membrane (710 m3 day−1, dashed line
in Fig. 10b). At this specific flow rate, graphyne membranes
produce 60% to 80% more permeate than TFC membranes
and up to 20% more permeate as compared to nanoporous
graphene membranes.

In addition to permeate production, specific energy con-
sumption has to be considered while evaluating membrane
performance for desalination. The energy consumed per unit
volume of permeate as a function of permeate production is
shown in Fig. 10c. From this figure we can observe that
functionalization affects both permeate recovery and energy
consumption of an RO system and has to be accounted for
while considering the potential of graphyne membranes for
desalination. Fig. 10c shows the trade-off between energy
savings and pressure vessel savings from graphyne mem-
branes. To achieve a target output, the RO plant can choose to
save energy by operating more pressure vessels at a lower feed
flow-rate or save installation costs by operating fewer pressure
vessels at a higher feed flow-rate. For instance, a targeted
permeate production rate of 150 m3 day−1 (dashed lines in
Fig. 10c), corresponds to energy savings up to 6% or up to 6
times fewer pressure vessels while employing graphyne mem-
branes as compared to TFC membranes. The energy savings
are limited due to the fact that current RO plants operate near
the lowest required inlet pressure to extract permeate water

from seawater at the expense of low permeate production per
vessel.63 However, the higher permeability of graphyne mem-
branes shows encouraging trends with regards to capital costs,
provided graphyne membranes can be manufactured at costs
comparable to current TFC membranes. The savings can be
significant, since pressure vessels and associated membranes
and piping attribute to approximately 20% of the capital costs
of a RO plant, which ranges in the hundreds of millions of US
dollars. Therefore, even though the energy savings are limited,
nanoporous graphyne membranes can provide significant
savings by reducing the number of pressure vessels, which is
also attractive for space-constrained desalination applications.

4. Conclusions

In conclusion, our MD simulations indicate that nanoporous
graphyne membranes reject salt ions while allowing water per-
meabilities up to three orders of magnitude higher than exist-
ing seawater RO membranes and up to ten times that of nano-
porous graphene and MoS2 membranes. Graphyne offers the
advantage of a uniform pore distribution unlike nanoporous
graphene, and exhibits higher water permeabilities while still
rejecting salt ions. γ-{2,3}-graphyne, H γ-3-graphyne,
α-graphyne and H α-graphyne membranes are able to reject
the majority (>90%) of the salt ions while permitting higher
water fluxes. Therefore, they appear to be attractive candidates
for desalination systems among the membranes considered in
our study. Our simulations indicate that both water flux and
salt rejection are sensitive to accessible pore area, pore geome-
try and chemical functionalization. We observe that the
conical water flow in the hexagonal pores (α-graphyne) allows
for a high water flux per unit accessible area compared to tri-
angular pores.

Upscale analysis of RO plants employing graphyne mem-
branes shows that relative to today’s baseline (TFC RO), ultra
permeable membranes could produce more permeate and
consume less energy. However, the orders of magnitude differ-
ence in water permeability observed in MD simulations does
not translate to the macroscopic RO system. Graphyne mem-
branes still offer up to six times higher permeate recovery and
∼6% lower energy consumption for a permeate production
rate at currently accessible operating conditions of 150 m3

day−1; substantially higher energy savings and permeate recov-
ery can be achieved if higher feed-flow rates can be realized.
For instance, we can observe from Fig. 10(c) that, at permeate
production rate of 200 m3 day−1, the best possible energy
savings increases to 13%. The higher permeability of graphyne
membranes could significantly reduce the capital costs of a
RO plant without affecting permeate recovery or energy con-
sumption. However, the energy savings are limited because the
current RO plants operate close to the minimum pressure
required to extract permeate water from seawater. An upscaling
model in conjunction with MD simulations is essential to
evaluate the potential of nanoporous membranes for water
desalination.

Table 3 Reference parameters for seawater RO system used in this
work. Transport properties of water at standard conditions are
considered

Reference parameter SWRO

Bulk feed salinity Cb,in [ppm] 42 000
Inlet pressure Pin [bar] 70
Dynamic viscosity μ [Pa s] 8.90 × 10–4

Diffusion coefficient D [m2 s−1] 1.13 × 10–9

Pressure recovery efficiency ζ 97.0%
Pump efficiency η 75.0%
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Pore functionalization can also be employed to selectively
filter differently charged ions by choosing specific functional
groups to decorate the pores. For instance, we observe that
hydrogenated pores in γ-4-graphyne membranes can selectively
permeate negatively charged ions (Cl−) while rejecting posi-
tively charged salt ions (Na+ and K+). Conversely oxygenated
γ-4-graphyne membranes can be expected to selectively perme-
ate positively charged ions (Na+ and K+) while repelling nega-
tively charged Cl− ions. These functionalized γ-4-graphyne
membranes have potential application as ion exchange mem-
branes in membrane capacitive deionization.
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