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Abstract. Seawater desalination is one of the most promising solutions to fresh water shortage all over the
world. The rapid development of nanotechnology led to the boom of nanoporous membranes for water purifica-
tion. Recent theoretical and experimental studies reported ultra-high water permeability and salt rejection in
nanoporous monolayer graphene. However, the difficulty of precisely creating nanometer-scale pores and con-
trolling their distribution greatly limits its industrial application. Through molecular dynamics (MD) simulation,
the monolayer quasi-tetragonal phase fullerene (qTPC,,) was found to have tremendous potential as ultra-per-

meable membranes for desalination due to their unform pore distribution. The monolayer fullerene membranes
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exhibit high water permeability compared to conventional polymer filtration membranes. The work offers in-
sights into the molecular mechanism of sieving, and the MD simulations show that Na" and Cl™ ions have large
energy barriers. This 2D monolayer carbon material with unique structure exhibits great potential in seawater

desalination.

Key words: seawater desalination; monolayer fullerene; water permeability; ion rejection;

molecular dynamics
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hexagonal phase, qHP)Z5H4) (VAT Ei#RA qHPC,, ) FHEPUIE ( quasi-tetragonal phase, qTP) Z5#4 ( DL &k
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NAHEAE S Lorentz-Berthelot 41 & B 72 ', 2R A ( particle-particle particle-mesh, PPPM ) #3517
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Fig. 1 Schematic of the simulation model
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Table 1 The LJ parameters and partial charges for ions, water molecules (SPC/E) , and carbon atoms of Cg, and graphene

site o /nm & / (keal/mol) q/e
) Na* 0.333 0.002 772 1.0
1on
Ccl- 0.442 0.117 8 -1.0
H 0 0 0.423 8
water
0 0.317 0.153 5 -0.847 6
Ceo C 0.340 0.086 0
graphene C 0.340 0.086 0

e AR AN S ST 1 A KPR 0.1 MPa, ZEE A E T ALERBER R S ns, RGILEIP
/5 ARV BE B AP0 400 MPa JEAy TS B0 (545 52,y T 447 BROOCIIE 1o P 05 157
S, HEFET 400 MPa KB HE A3 22 X SR T HEANAAM T T B 59

PA
r="
n

Forp, ARG JER AR, n S 9% 28 BB I3 50 /K e BERADLS [R] S AP, R AU R Gk B AR A,

2 R51HE
HE P B RE I S . (D AR AL A SR FLIR N ST e BT S 3 5 ) 86 5 BE R e ML B,
e, BRI R TR (1 B 5 B S MRS AT 9T BT, % B qHPC, FLBR T U/ , LI 43 A 55 B A X T
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Fig. 2 Top views of the monolayer crystal structure
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N T AT R qTPC o, 2K VERE S 8 1 HE R PERE , FRAT T3 1 S 1 AR A [R]RF 1) LS AR [T R
(7K, AN 4 BT, 5 R kb A BB L (MFL B0 A7 2 Rl SR SR B 20 >
PR A BB 20 ) R L, qTPC o J B HY B 135 (147K 325 5 3 1 B 14 4 8, g TP C o JA A PEHE B (1 FL B 25 A AR
KRR B4R 1 IRAYIEKYERE , s+ 2 Bk AT 0 SR (A E B R, 7RSS BN B 5 A 58 2 TR 48 1Y
B4R T, LA sk A S B o Ko i .
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Fig. 3 Water fluxes and ion rejection rates of the Fig. 4 The performance chart for qTPCy,
monolayer crystal structures vs. various membranes
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DI BB F AR AL R SE Na" B R0 CL B F kAR 42500 5.35 A,6.35 A ¥ KT qTPC, fLAE, M It
IKEBFAEH A qTPC o, LR AR B — LK 5 7K 53,38 2 45 T 45— K472 (Nel ) FIEE K k5te)2
( Ne2) Rz (4 e Aor B AE AR K b B 5 — R K AsE 2 il B 5.6 N F 171 KOS B FiEA
e BE A7 B )38 T PN BB, Ry Tl N R R AZ R, B K B R WK F RS A A, R BOK S ZE A K.
B, FRAT A MK Na™ 5251 FH R FOL500 5 (7 2 7 38 0 rpo O 7 B, DA L ] AT 3 3 S T P A 37 B i 52 .
T, Na* B F 248 1 qTPC, , HZEFLAS 2158 — KAk a2 HA PN K T aX B Na' B T2 28T qTPC,,
o RS KRR MK AL TS )2 rh ) B8 K Am 7K o - A 5 B A2 B 938 38, T A BB AN 2, (45 Na" B 0
BT SR 2 WENE T qTPC,, 10 BHLER 1 RE.
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(a) Radial distribution function curves of distances between (b) Schematic of the permeation of Na* ions

Na®, CI” ions and water oxygen atoms in bulk water
5 RHIKH Na® B TR CL B T R4 1 A
Fig. 5 The radial distribution of Na™ and Cl” ions in bulk water
F2 W W IKMSEIRIERARIK | qTPC g, AR BYTCAT ZL B AR B /K £ B

Table 2 Coordination numbers in the 1st and 2nd hydration shells and reduced numbers

Bulk ¥ qTPCqy N reduced number NV,
Nel 5.6 2.0 3.6
Ne2 17.1 3.2 13.9

BT BUKGH BEA N T 5 9L 35 19 R S KL BEAF K  CI T It Na' BT 5L A 2k
WL AN T RFE OB TRA TR L Na' BT O B 5k A AL e 5 B S R 7
M RE iR B KA SE E N ER K o S BUBK AT Na® 851 1 B 1 5 fLE iz (1 XE 2.

XK AT 2L AR FRAT TR T RGN BB K 4316 28 L B2 9 AH A I 2 (interaction energy ) B
FEES qTPC i B Z B AK, AN 6 Firs X Tk o 7R U 7ERE B8 5 A W IR A | 7K 7315 B 22 1) e
FH 1. BEE FEES /N, 38 Z 8 WA B A T R B s B 5 | IR i 1S O 5 247K o33k — 25 BA LB o
IF, AH AR TS| G ) I 7K g HEEES B — AR 2R 0.1 eV I RE i #4225 A8 52 K 73+ 85 A% Hi.
XULAEERE T qTPC g %o £ B FK 43T et 22 5 19 JL 1AL
2.3 RYERRYNKIEIE 2 PR/K AT B EL 1 BE RO RS M ATLER 53 47

K 53300 3t FLB IS 1% 25 1) e e JE 1) 7 i R HE R 38T 3 () AT, K43 T AR 3 qTPCg I 3R
o Bk s RS X 5 B AR K (carbon nanotube, CNT) (6,6) 7K ¥z 25 #4001, an & 7 Fras Fe A0
T BN I PRE K 3038 76 T K 43T e A SRR 42 | T B B 235 M DLt [ A 3o A 0 O i
FATLLEL TARLEBR ORI L H WAL A R IS5 F 38 1E |, CNT(6,6) AR AR R/IN B2 Ak Z 4L A 55
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J#i (nanopore graphene, NPG) jHi 5.
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Fig. 6 The interaction energy of water molecules with ¢TPCg, at different locations
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Fig. 7 Oxygen density contours and water transport of ¢TPCg,, CNT(6,6) and NPG

T T r 5 0.20 — T T T T T -
10 * 5 —o—qTPC,,
- 'S 14 5 .\. —o— CNT(6, 6)
s 5 e . NPG
o 2 ~ z axisA
E= 38 Z 010 L3 B
‘ M = 0.10} »
27 1t T £ * X ' :
5 ' 12 & k=
s ° * L g g. 4k e
Z A ° r
Ng 11 €
N . 5
0.1 . L L 0 U5 h .
qTPC,, CNT(6, 6) NPG 0 60 120 180
type angle ¢ /(°)
(a) Koo AL RSS2 (b) M P A T (B R 1 OB 3 53
(a) The water flux rate and the number of (b) The probability distribution of the dipole orientation
hydrogen bonds ( HB) of water molecules inside the channel

8 (TPC4 .CNT(6,6) K NPG ¥}t
Fig. 8 The qTPCg, .CNT(6,6) and NPG comparison
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T E A L 3 FlOR )RR Y38 N K B g Z , AT T qTPC,, .CNT Fil NPG 3838 7K 38 £ DA
K38 8 BT B ) EUHE (hydrogen bond, HB) %t H. 2 X 4 WA FHEE/NT 3.5 A, H £ OHO XF 120°
B AR WA 8 (a) F/R.E X @ /KB F15 2 3l iE J5 h) Z IR A9 5 £, A 8 (b) 4 R 315 3%
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B WA E FRESE I .qTPC 5 CNT AH L, i T qTPC o, P /K 43T 28 FLIN A T 4 1 ] 4 il 2 s 20N
Pl 8 (b)) 7K 4B ) PR AR 43 A1 L vt ] LU HE 2 qTPCy (NPG IS I 7K 23 1A 5 I AR B i -
3 B T IC P 40 A0 T AE CNT(6,6) PWIFF/KEEHU 7E 30° 5 150° 7547 H B W Wi, JR 7t o8 B T 11
HEAREEAE J3 A1 .qTPC o IR K BERY BUAS TN CNT PB4 BIRRE AR TE 100% BHER R I IE LT, qTPCy H /KB 12
FAN CNT(6,6) Fl NPG {H qTPC o, 2544 1 B HA 59 4341 i fLIE H AL RS ¥ — AT DARLREXS 7 A0 61 T
Je SR N T IR R B R b BEAIG T S S B A e S T o

3 45 1w

Or TSl AR Al R R DL S B K IR AT 0 AR PR [ B AR 54 v % T /NL
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AR IE /K S FLBR A A Y 22 5 A5 A I B A 7 S5 A T LG b i P o S B TE B, g TPC g
VAT ATy RO BEAR 45 K L B U8 P 28 45 K. g TP C o TE AR5 100% BELER 09 [F] I, HAT U b BB 388 5 1Y) o
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TR A fiE
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