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Fig. 1. Porous GC membrane model. The red, bule balls on
the outside of graphene baffle and inside of GC membrane
respectively represent sodium ion and chloride ion in salt-
water. The transparent part represents the water molecules,
gray cylinder is GC membrane, black plate is graphene
baffle. The red dotted line in the middle of the image on
the left is the GC with a diameter of D. The red line in the
figure on the right represents the nanopore on the GC
membrane with a diameter of d. The total height of the
simulation system model in the z direction is H, and the
main height of the salt filter equipment is A, and the model
is symmetrically distributed. (A certain degree of section
processing is made to the view to facilitate observation of
the model structure.).
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Table 1. LJ potential function parameters and atomic

charge quantity.
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Fig. 2. (a) The variation of the number of water molecules in the draw region; (b) the variation of the number of salt ions in the

draw region; (c) the relation between slip velocity and angular velocity value; (d) the radial velocity gradient of salt solution in GC

at different angular velocities.
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Fig. 3. Water flux and salt rejection of single-layer GC re-

verse osmosis membrane.
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Fig. 4. The relationship between slip velocity and angular
velocity of GC membrane with different layers. (Monolayer:
single GC membrane; Bilayer: double GC membrane; Mul-

tilayer: three layers of GC membrane).
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Table 2. Nanopore diameter combination of GC

membrane.

A Typel Type2 Type 3 Type4 Type 5 Type 6

HMEE 20nm 25nm 3.0nm 2.5nm 3.0 nm 3.0 nm
FEAE 20nm 2.0nm 2.0nm 2.5nm 2.5 nm 3.0 nm
SNZEE 2.0 nm 2.0nm 2.0nm 2.0 nm 2.0 nm 2.0 nm

Il Monolayer
160 + Il Bilayer
Il Multilayer

Water flux/(10? L-cm~2-d~1)
I
S

20 60 100 140 180
Angular velocity/(rad-ns—1)

K5 (a) NEEEEZ AL GO BB T R 5 ABEN R, (b) RFEZEL AL GO A /KE 55 M 3 X R
Fig. 5. (a) The relationship between salt rejection and angular velocity of GC membranes with different layers; (b) the relationship

between water flux and angular velocity of GC membranes with different layers.

R B c A N o HE - AF - B
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Type 2 Type 3
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Type 5 Type 6

6 GIRFLIE RN I FR S5 4 17 7R B (GO B AR AP IREE, B 4 nmx4 nm (9 77 H B /R FLINTE AR, Typel-Type6s3 il X K. A-F:

AR 1 FETE AR AL, BRI 2 /N IR IR 9K L ; C-28 00 3 B i JE A0 oK AL 5 D-28 10 4 5 /NS 4 A0 K £L s B2 T

e 6 SEE U AR AL)

A BB 4K, F-

Fig. 6. The schematic diagram of different nanopore shapes and internal structures. (GC membrane is observed from the inside to

the outside, and squares of 4x4 nm are taken to show the shape of nanopore. Typel-6 correspond to A-F respectively: A-Typel is
cylindrical nanopore; B-Type2 is small mushroom-shaped nanopore; C-Type3 is mushroom-shaped nanopore; D-Typed is short

mushroom nanopore; E-Typeb is stepped nanopore; F-Type 6 is short mushroom nanopore).
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Fig. 7. At angular velocity of 100 rad/ns, different nano-
pore structures: (a) Salt rejection; (b) water flux.
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Fig. 8. Influence of pore diameter on (a) salt rejection and

(b) water flux of innermost GC membrane.
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Fig. 9. Comparison chart of salt filtration efficiency. (Mo.,
Bi. and Mu. represent single-layer, double-layer and three-
layer GC membrane respectively; T.1—T.6 respectively rep-
resent six different nanopore structures; black, red, blue,
purple, and green correspond to angular velocities of 20, 60,
100, 140 and 180 rad/ns respectively).
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Fig. 10. Comparison of permeability and selectivity with
other excellent RO membranes (including commercial film
composite (TFC) RO membrane, nanopore graphene mem-
brane G2017, graphene-CNT (GNM/SWNT) hybrid mem-
brane, MoS, membrane, CNTs of different sizes, Columnar
graphene (CG), Hydrogenated porous graphene (HPG); In
this work, single, double, triple GC membranes and differ-
ent nanopore structures T1-T6 represented in the label ta-

ble and given the best data).
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Abstract

Reverse osmosis (RO) technology is currently the most progressive, energy-saving and efficient membrane
separation technology . Meanwhile, graphene becomes a promising candidate for fabricating the RO membranes
in water desalination due to its high salt rejection and water flux. The concept of “temporal selectivity” is first
proposed in our previous work in terms of the time difference between the penetration time of an ion passing
through the pore and the tangential slipping time for the ion sliding across the pore. Nevertheless, the temporal
selectivity mechanism of multilayered graphene membrane remains ambiguous. In this paper, the RO process of
saltwater through porous graphene column RO membrane is studied by using molecular dynamics (MD)
simulations method, and the effects of rotating angular velocity and the thickness of RO membrane on
desalination performance of seawater are considered first. The MD results show that the salt rejection increases
with the rotation speed of porous membrane increasing while the water flux initially increases and then
decreases . Meanwhile, the interfacial slip velocity increases linearly with angular velocity increasing. On the
other hand, the increasing thickness of porous graphene membrane can enhance the selectivity and reduce the
permeability of water molecules. As expected, the tri-layered porous graphene RO membrane can achieve high
salt rejection at low interfacial slip velocity. In order to ensure high selectivity and energy conservation and
efficient, the pore structure of the porous graphene RO membrane is optimized. The results show that the
optimized nanopores can increase the water flux significantly, whereas the salt rejection is not changed
appreciably. It is found that the pore size of the innermost layer membrane near the feed region has the most
significant effect on the water flux. The water flux increases sharply with the increase of pore diameter and
the salt rejection remains totally higher than 80%. Moreover, the RO membrane with a special Type 3 struc-
ture exhibits excellent performance in seawater desalination, specifically, the ultrahigh water flux reaches
20029 L-cm 2.d ! and the super salt rejection arrives at 94%. The research results further clarify and verify the
mechanism of the temporal selectivity in RO process, and improve the water flux under the condition of the
same membrane thickness by designing gradient hole. The findings can conduce to the in-depth theoretical
understanding of porous graphene-based membranes and designing and developing the large-scale seawater
desalination devices and water filtration equipment.

Keywords: reverse osmosis, porous graphene, temporal selectivity, interfacial slip velocity, molecular

dynamics
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