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ABSTRACT

Due to the Bernoulli effect, the directional flow of water molecules on one side of the nanopore
will produce a pressure drop compared with the fluid on the other side, which makes the water
molecules on the static brine side be pumped through the slit with salt ions being blocked. A high
water flux of 857 L/m?/h-bar with 100% salt rejection rate can be obtained in a single-layer graphene
membrane with the slit of 0.7 nm under an external pressure of 250 MPa. This work provides a
novel desalination method and a useful guideline for the future development of new pumping

systems that separate ions or molecules.
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1. Introduction

The shortage of fresh water threatens the survival of
humans and other species on the earth. At least 4 billion
people (two-thirds of the world’s population) face severe
water shortages [1-5]. As is well known, approximately
71% of the earth’s surface is covered by water, but about
97% of these water resources are mainly distributed in the
ocean. The thermal desalination method that uses waste
heat to drive the phase change of water and the widely
used permeable membrane-based desalination method
have become effective ways to obtain fresh water from the
ocean [6-8]. However, these methods have suffered from
some obvious shortcomings. For example, the multi-stage
flash evaporation (MSF) has complex equipment, high
cost and low efficiency [9,10]. Meanwhile, corrosion of
materials would occur frequently and pollute fresh water
[11,12]. On the other hand, reverse osmosis (RO) has the
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disadvantages of higher energy consumption and mem-
brane fouling [13-15]. Therefore, how to obtain freshwa-
ter resources efficiently and economically is a worldwide
problem that needs to be solved.

Graphene-based membrane is considered as a nano-
material with great potential for desalination [16-20] and
ion separation [21-25] due to its high chemical stability,
excellent mechanical strength, controllable pore size, and
atomic thickness. Nguyen and Beskok [26] simulated the
seawater desalination across a single-layer graphene with
positive and negative charged nanopores driven by pres-
sure, and believed that charged nanoporous graphene have
great potential as reverse osmosis membrane. Willcox and
Kim [27] dislocated graphene to form a tortuous channel
and studied the effect of layer spacing on the structure and
kinetics of water in graphene oxide membranes. Besides,
Li et al. [28] studied the mechanism of molecule transport
in the two-dimensional nanochannels of graphene oxide

1944-3994/1944-3986 © 2022 Desalination Publications. All rights reserved.



38 T. Wang et al. / Desalination and Water Treatment 272 (2022) 3749

by simulation, and found that the strong electrostatic, van
der Waals (vdW) and hydrogen bond interactions from
oxygen-containing groups largely hinder the transport of
water and ions.

In this manuscript, a new desalination method is pro-
posed by combining nanomaterials and the Bernoulli effect,
and it is proved that the Bernoulli effect can be used for
desalination at the nanoscale. We first proposed a desalina-
tion model using Bernoulli effect, and then studied the effects
of different slit sizes and the number of graphene layers on
desalination performance, and finally compared it with
other literatures to evaluate the economy and development
prospects of the desalination model.

2. Simulation method and theory

The mechanical energy of flowing fluid possesses com-
ponents of kinetic energy, gravitational potential energy,
and pressure potential energy. The essence of Bernoulli
effect is the conservation of fluid mechanical energy, that
is, the local pressure of fluid would decrease when flow
rate increases at the same height. Bernoulli effect could be
described as:

p+ %pvz + pgh = const (1)

where p is the local pressure of fluid, v is the local veloc-
ity, p is the local density, g is the acceleration of gravity, & is
the height, and const is a constant. Notably, the formula is
suitable for incompressible fluids with negligible viscosity
and steady flow.

Water flux and salt rejection rate for different slit sizes
and graphene layers were simulated with models as shown
in Fig. 1. Force exerted on each water molecule in the yel-
low area drives the water to flow from left to the right in
upper reservoir. In order to improve calculation efficiency
and distinguish simulation results, the external forces
F are set as 0.0268, 0.0402, 0.0536, and 0.067 kcal/mol-A
respectively, corresponding to external pressures of 100,
150, 200, and 250 MPa. The pressures we used in the sim-
ulation are higher than that in reality, which is to improve
the computational efficiency and obtain the results under
harsh conditions [29-31]. In order to simplify the calcu-
lation process and highlight the mechanism of Bernoulli
effect in desalination, no functional groups are added to
the surface of graphene, the charge of the carbon atoms of
graphene are neutral, and the electrochemical effect of the
interface is not considered, which is a usual practice in the
molecular dynamics simulation literature [32,33].

All MD simulations in this work were performed by
large-scale atomic/molecular massively parallel simulator
(LAMMPS) [36], using Nosé-Hoover thermostat to main-
tain the system temperature at 293.15 K [37,38]. Periodic
boundary conditions are applied in all directions with a free
space above the water surfaces in both reservoirs. Water
molecules are described by the four-point transferable
intermolecular potential (TIP4P) model [39]. The SHAKE
algorithm [40] is implemented to keep the O-H bond and
H-O-H angle fixed at the equilibrium values of 0.9572 A
and 104.52°, respectively. The non-bonded interactions

between water molecules, ions, and carbon atoms are
calculated using 12-6 Lennard-Jones (L]) and Coulomb
potentials, with a cut-off radius of 10 A for both interac-
tions. The Lennard-Jones parameters of different atoms
are estimated according to the Lorentz-Berthelot combina-
tion rules described as 0, = (0, + o/.j)/z and g, = \/% [41].
In addition, the particle-particle-particle-mesh (PPPM)
solver has a relative accuracy of 0.0001, which is used to
deal with long-range electrostatic interactions between
charged particles [42]. The Lennard—Jones parameters and
charges of species are presented in Table 1.

Water flux in this simulation is defined as the num-
ber of water molecules passing through the membrane per
unit time. Salt rejection rate is the ratio of ions left in the
static reservoir when half of water molecules in the reser-
voir pass through the membrane to the original total ions
number, which is defined as:

N
D=2 2
N @

where D is the salt rejection rate, N is the number of ions in
the lower reservoir at the beginning, and N, s the number
of remaining ions in the static reservoir when half of water
molecules in the reservoir pass through the membrane.

3. Results and discussion

Fig. 2 shows the volume changes on both sides of the
single-layer graphene with a 0.7 nm slit under external pres-
sure of 200 MPa. As the simulation progresses, the volume
of water in the static reservoir gradually reduces, while
the dynamic reservoir gradually increases, indicating a net
water flow through the membrane slit. The number varia-
tions of water molecules in the dynamic and static reservoirs
are shown in Fig. 3a and b. As can be seen from the figures,
when the slit size of single-layer graphene is 0.7 nm, as the
external force increases, the water flux increases accord-
ingly. The same trends were also observed for slits of 0.6,
0.8, and 0.9 nm, as shown in Figs. S1, S3, S5. The velocity
components of water molecules in the x and z-directions
are further calculated to provide an insight into the detail
of flow through the slit. As the external force increases,
v, of water in the dynamic reservoir increase accord-
ingly (Fig. 3d), resulting the same trend for v_ of water in
the slit (Fig. 3c). Velocities of water for the single-layer
graphene with slits of 0.6, 0.8, and 0.9 nm can be seen in
Figs. 52, 54, S6, respectively, showing the similar tendency.

Table 1
Lennard-Jones parameters and charges of species [34,35]

q(e) ¢ (kcal/mol) o (A) Atom Type
-0.8476 0.1553 3.169 (@) Water
+0.4238 0 0 H Water
0 0.105 3.851 C Graphene
1 0.0469 2.430 Na Ion
-1 0.146 4.402 Cl Ion
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(a)

(b)

Fig. 1. Models for desalination using Bernoulli effect with the upper reservoir of pure water and the lower reservoir of 0.6 mol/L
NaCl solution separated by the middle graphene of (a) single-layer, (b) three-layer, and (c) five-layer, respectively. The water
molecules in the yellow area are applied with external force in the direction indicated by red arrow to simulate external pres-
sure. Gray spheres represent graphene, blue spheres represent water, orange spheres represent sodium ions, and green spheres

represent chloride.

Fig. 2. Snapshots of volume change for single-layer graphene with a 0.7 nm slit under 250 MPa at (a) 0 ns, (b) 1.5 ns, (c) 3.0 ns, and
(d) 4.5 ns. Gray spheres represent graphene, blue spheres represent water, orange spheres represent sodium ions, and green spheres

represent chloride.

In order to better understand the desalination process
using Bernoulli effect, the water density is analyzed. Fig. 4a
shows the density at different positions on both sides of the
single-layer membrane. Fig. 4b displays the density in the
static reservoir (black lines) and the dynamic reservoir (lines
of other colors) vs. the simulation time and external pressure.
It can be seen that the water density in the dynamic reservoir
fluctuates with the simulation time and external pressures.
The time-average values are marked with the dotted lines. By
using the linear relationship between density and pressure

[43]: [%J ~59x10™ g/MPa-cm?®, the pressures converted
T

from the different water densities in the dynamic reservoir
and the static reservoir are shown in Table 2. If the pressure
in the static reservoir is set to 0 MPa, the pressure in dynamic

reservoir would be a negative value and further decrease
as the external force increases. According to the Bernoulli
effect as Eq. (1), the kinetic energy and pressure potential
in the dynamic reservoir are converted to each other, so a
faster flow rate above the slit causes an increase in the pres-
sure drop. Under the action of this pressure difference, the
water is pressed from the static reservoir to the dynamic
reservoir, and the salt rejection effect is achieved under the
barrier of the slit.

The desalination performances of single-layer mem-
branes with different slits under various external forces are
compared in Fig. 5. It is clear that the water flux increases
with the increase of slit sizes and external forces, but the
salt rejection rate is significantly affected by slit sizes while
basically not affected by external forces. The salt rejection
rate of single-layer membrane with a slit of 0.6 nm or 0.7 nm
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Fig. 3. Number variation of water molecules in (a) the upper dynamic reservoir and (b) the lower static reservoir under different
external force for single-layer graphene with a 0.7 nm slit. The velocity component of water molecules in the (c) z-direction and
(d) x-direction along z-axis for the single-layer graphene with a 0.7 nm slit.

Table 2

Conversion of different water densities to pressures
External pressure (MPa) 0 150 200 250
Water density (g/cm?) 0.947 0.933 0.924 0.912 0.896
Pressure in reservoir (MPa) 0 —23.7 -39.0 -59.3 -86.4

was very close to 100%. The equilibrium vdW distance o_
between the carbon atoms at the edge of slit and oxygen atom
in water molecules is 3.508 A, which makes it difficult for
water molecules to pass through a slit of 0.6 nm but smoothly
for 0.7 nm. On the other hand, the ions of Na* and Cl- with
hydration radii of 3.25 and 3.80 A, respectively [44], would be
blocked by both the slits of 0.6 and 0.7 nm, but the former is
more obviously [45].

The desalination performances of multi-layer graphene
with slit of 0.8 and 0.9 nm were further studied. We did not
study the cases of 0.6 and 0.7 nm, because the water flux of
single-layer membrane with a slit of 0.6 nm is already very
small. In addition, increasing the number of layers would
not have a beneficial effect on water flux. Meanwhile, the
salt rejection rate of the single-layer membrane with a slit of

0.7 nm is very close to 100%, and increasing the number of
layers of the membrane has no more room for improvement
in the salt rejection rate. As shown in Fig. 1, three-layer or
five-layer graphene is used to construct multilayer mem-
branes. In three-layer or five-layer membrane, the number
changes of water molecules in the upper dynamic reservoir
and the lower static reservoir with the simulation time and
different external forces can be seen from Figs. S7, S9, S11,
S13. Along the z-axis in the model, the velocity component
of water molecules in the z-direction and the x-direction can
be seen from Figs. S8, 510, S12, S14. The water flux and salt
rejection rate of single-layer, three-layer or five-layer mem-
brane with slits of 0.8 and 0.9 nm are all displayed in Fig. 6.
As can be seen in the figure, the water flux increases with
the external force but decreases with the number of layers.
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Fig. 4. Density profiles of water molecules changes with (a) position along z-axis and (b) simulation time under different external force
for the single-layer graphene with a 0.7 nm slit. The dotted lines are the time average of the water density under different external

pressures.
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Fig. 5. Water flux and salt rejection rate changes with external
force and slit size for single-layer graphene.

Due to size effect, the salt rejection rate of membranes with
a slit of 0.8 nm is higher than that of membranes with a slit
of 0.9 nm. Similar to the single-layer graphene, the slit size
rather than external force is the key factor in controlling the
salt rejection rate and the water flux is affected by both of
the external pressures and the slit size.

According to the results discussed above, we suggest
that it need to comprehensively consider all factors such as
slits, external forces, and membrane thickness to achieve a
higher water flux with the premise of higher salt rejection
rate. Increasing the size of slits on membrane is beneficial
to improve water flux but not conducive to the salt rejection
rate. The increase in the number of layers can increase the salt
rejection rate, but this is achieved at the cost of reducing the
water flux. In addition, increasing the external force as much
as possible in consideration of the membrane bearing capac-
ity can increase the water flux.

As shown in Table 3, the simulated calculation results
of this work are compared with commercial RO [46], two-
stage RO model simulation [47], 25% cellulose acetate

(CA) + 0.05% carbon nanotubes (CNT) membranes [48],
graphene oxide (GO) modified polyamide reverse osmosis
(RO) membrane [49], thin-film nanocomposite (TFN) mem-
branes fabricated by embedding graphene oxide quantum
dots/silver phosphate (GOQD/AP) into polyamide (PA)
layers [50], graphitic carbon nitride (g-C,N,) [51], graphene
strips woven filter membrane (GWFMs) [52], the bilayer
graphene (BGR) membranes with ripples [53]. Compared
with literatures, it can be seen that when the desalina-
tion rate is 100% the water flux is similar to the value of
molecular dynamics simulation in literatures, and signifi-
cantly higher than the value of RO.
We calculated the energy consumption by using Eq. (3).

.
E=—2> ®)
uzNA

where E is the energy consumption per ton, kWh/t; F is the
force exerted on water molecules, ]/molu&; v_ is average
velocity driven by external pressure paralleled to the mem-
brane, nm/ns; u_is the water flux across the membrane, t/s;
N, is the Avogadro constant.

As shown in Fig. 7, when the external pressures are 100,
150, 200 and 250 MPa, respectively, the energy consumption
per ton with different slits is calculated. We find that the rela-
tionship between energy consumption and external pressure
is linear, similar to the linear relationship between external
pressure and water flux [18,54]. After the linear fitting of
external pressure and energy consumption, the energy con-
sumption value can be obtained on the fitting line by using
the feed water pressure of commercial RO, it can be inferred
that when the external pressure takes the pressure value
used by commercial RO, the value of energy consumption
per ton in this work using the Bernoulli effect is not signifi-
cantly higher than the energy consumption of commercial
RO reported in the literature [55-58].

Carbon based nanomaterials have much smoother
surface and small pore size, so can reduce the chances of
heterogeneous nucleation on the surface, and prohibit
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Table 3
Comparison with literatures

Water flux (L/(m?>h-bar)) Desalination rate References
Commercial RO 0.997 99% [46]
Two-stage RO model 15 100% [47]
25%CA-0.05%CNT 43 96% [48]
GO@RO 45 96% [49]
TFEN-GOQD/AP 2.5 98.4% [50]
g-CN, 660 100% [51]
GWFMs 771 100% [52]
BGR 1,020 98.1% [53]
This work 857 100%
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Fig. 6. Water flux and salt rejection rate of single-layer, three-layer or five-layer membrane changes with external force and slit size.

The slits in the model are (a) 0.8 nm and (b) 0.9 nm.

the penetration of salts into the pore depth, hence reduce
the tendency for scaling occurred [59]. The simulation
duration of the Bernoulli effect desalination model is in
nanoseconds level, which is very short. The sodium and
chloride ions hydration diameter is very small, so they can-
not pass through the pores during the simulation process,
so other macromolecules certainly cannot pass through
the pores and will not pollute and block the membrane.
Therefore, there is no need to consider the problems of sur-
factants and other pollutants [15,60-62].

According to literature reports, centimeter-scale sin-
gle-layer graphene films have been obtained by CVD
growth on single-crystal copper foil [63], but larger-scale
graphene films are currently difficult to produce. We com-
pare the cost of graphene with other types of desalination
membranes. The total cost of RO reported in Sarai Atab
et al. [64] is 0.11 £/m>® when produce 24,000 m*/d of water
from a feed salinity of 15,000 ppm with water quality of
<400 ppm. Pearson et al. [65] reported that the general range
of the RO operating cost of the City of Cape Coral North
Plant, Florida, is 0.39~0.66 $/m? Electrodialysis has an
energy requirement in the range of 0.4~4 kWh/m? for brack-
ish water (1,000~5,000 ppm) desalination [66]. The levelized

cost of water (LCOW) of osmotically assisted reverse osmo-
sis (OARO) is in the range of 0.70~6.28 $/m?, and the LCOW
of batch-operated vacuum-air-gap membrane distillation
(batch V-AGMD) is in the range of 1.74~2.77 $/m? [67]. The
water cost of the hybrid system of multiple effect evapo-
ration (MEE) and membrane distillation (MD) is found to
be 2.05 $/m? [68]. von Eiff et al. [69] presents an advanced
multi-stage flash crystallizer and the treatment costis 1.17 $/
m?. The integration of the multi effect desalination (MED)
with low temperature (60°C-95°C), medium tempera-
ture (165°C-200°C) and high temperature (370°C-530°C)
solar collectors leads to water production costs of 2~3.6 $/
m3, 1.4~3.1 $/m> and 1.8~2.2 $/m? [70]. Al-Obaidi et al. [71]
developed the hybrid multi effect distillation (MED) and RO
system and the cost of the optimized hybrid MED + RO sys-
tems is 0.66 $/m? Carbon-based nanomaterials have great
potential for efficient desalination due to their hydrophilic-
ity, high water permeability, and high desalination rate, but
their high production cost is considered to be the biggest
obstacle to their industrialization, and it is estimated that
the cost of graphene per gram is $150-$250 [72]. Although
the cost of producing graphene is currently very high
and there are many challenges in achieving desalination
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Fig. 7. Linear fitting diagram of energy consumption per ton for
different slits under different external pressures.

applications similar to commercial RO membranes, but as
demand increases and technology improves, the cost of
graphene is expected to drop significantly and graphene
has a promising future as a reverse osmosis membrane.

4. Conclusion

By applying the external force parallel to the mem-
brane on the water molecules in one reservoir separated by
the porous membrane, the directional movement of water
molecules in the reservoir results in a reduction in pres-
sure due to the Bernoulli effect, the water molecules move
through the slits of membrane from the static reservoir
to the dynamic reservoir. An efficient production of fresh
water with high salt rejection rate could be achieved by the
controllable slit in the membrane or the number of layers.
It was found that both of the slit sizes in the membrane
and the layers of the membrane have significant effects on
water flux and salt rejection rate. For slits with high salt
rejection rate, increasing the thickness has no effect on salt
rejection rate, and the water flux would be reduced signifi-
cantly. For slits with a low salt rejection rate, increasing
the layers is beneficial to salt rejection rate, but the water
flux would be still reduced. Therefore, factors such as slit
size, thickness, and external force must be taken into con-
sideration synthetically. The obtained results suggest a
new type of desalination method and provide an idea for
pumping system for separation and purification.
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S2. Single-layer graphene model with slit of 0.8 nm
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Fig. S3. Under different external force, the number of water molecules in (a) the upper dynamic reservoir and (b) the lower static
reservoir changes with the simulation time.
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Fig. S4. Along the z-axis in the model, the velocity component of water molecules in (a) the z-direction and (b) the x-direction.

S3. Single-layer graphene model with slit of 0.9 nm

8500 1 L L L L 1 1 1 1 L L L
4000 - I
80001 (a) [ )
75004 [ 3500 4 [
o —— 100 MPa 5
& 70004 —— 150 MPa [ ,g 3000 - I
g 6500] — 200 MPa i £ 2500 i
= ———250 MPa g
1, 60001 - & 2000 I
Q
< 33007 - § 1500{ —— 100 MPa I
= 5000 - 1000 — 150 MPa i
4500+ [ —— 200 MPa
5001 ——250MPa -
4000 - [ .
0 1 2 3 4 5 6 0 1 2 3 4 5 6
Time (ns) Time (ns)

Fig. S5. Under different external force, the number of water molecules in (a) the upper dynamic reservoir and (b) the lower static
reservoir changes with the simulation time.



T. Wang et al. / Desalination and Water Treatment 272 (2022) 3749

30 1 1 1
(a)

20 =& 100 MPa i
= =& 150 MPa
(=} e 200 MPa
E =250 MPa
5 10
>N

-1.0 -0.5 0.0 0.5 1.0
z (nm)

(b)

—— 100 MPa
—— 150 MPa
—— 200 MPa
——250 MPa

0 200 400 600 800
v, (nm/ns)

Fig. S6. Along the z-axis in the model, the velocity component of water molecules in (a) the z-direction and (b) the x-direction.
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Fig. S7. Under different external force, the number of water molecules in (a) the upper dynamic reservoir and (b) the lower static
reservoir changes with the simulation time.
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Fig. S8. Along the z-axis in the model, the velocity component of water molecules in (a) the z-direction and (b) the x-direction.
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S5. Three-layer graphene model with slit of 0.9 nm
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Fig. S9. Under different external force, the number of water molecules in (a) the upper dynamic reservoir and (b) the lower static
reservoir changes with the simulation time.
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Fig. 510. Along the z-axis in the model, the velocity component of water molecules in (a) the z-direction and (b) the x-direction.

S6. Five-layer graphene model with slit of 0.8 nm

6000 1 1 1 L 1 L
(a) 40004 (b)
.. 55001 —— 100 MPa 8 ”
(D]
2 —— 150 MPa O 35004 |
g —— 200 MPa g
5 50001 —— 250 MPa I =
5 5 3000- -
= 45004 i = —— 100 MPa
= = —— 150 MPa
25001 —— 200 MPa i
40004 S —— 250 MPa
. . . . ; . 2000 +— . ; . r .
0 1 2 3 4 5 6 0 1 23 4 5 6
Time (ns) Time (ns)

Fig. S11. Under different external force, the number of water molecules in (a) the upper dynamic reservoir and (b) the lower static
reservoir changes with the simulation time.
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Fig. S12. Along the z-axis in the model, the velocity component of water molecules in (a) the z-direction and (b) the x-direction.

S7. Five-layer graphene model with slit of 0.9 nm
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Fig. S13. Under different external force, the number of water molecules in (a) the upper dynamic reservoir and (b) the lower static
reservoir changes with the simulation time.
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Fig. S14. Along the z-axis in the model, the velocity component of water molecules in (a) the z-direction and (b) the x-direction.
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