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Fig. 2 The number of water molecules in PA membranes

ith different thicknesses (2. 98~8. 94 nm ) varies with the
simulation time.

5 BRI RE T /K5 18 2 8005 #h 8 T i R 0 1]
3 BN . o PA IR B SR Bt 55 HE 8 D/
MR KBS R Z KIEHRTE. 2 PA )R
T 5. 87 nm I X S AL BN -5 BRI B A0 RS R
AEINE 10020 1AL T PA JEA B 5 i B ER AR T
PA BEEREAKT 5. 87 nm B}, KB 5 R T+
A AR 2. 98 nm PA JFHE 2 5. 87 nm PA
B 38 LA Lo H Gk S A B 48R R ORI R B =

(a) 83% DPCYAKAT (b)) 83% DPC KIS

16 X B R B A L BR T BE & 6400, S52R KW

(c) 62.25%DPC # KA

5. 87 nm/EFE Y PA BREE G BRECAS - IUAS SCR HH:
T Je it — AU 9T .
_T: 14 + / - 1100
2l — -
- —— Kt 80
= 10 + —e— NaCI#{ B R °
5 o _ =
j, 2 i / —— NaSO,#iE R 160 t;
< L 4 B
> =
Ne 4r
%) ) \\ 20
QN T i
% 0 : ; —0
3 4 5 6 7 8 9
JEEJE /nm

&l 3 A[FREERE T KEERYCGHET
B MARCR GE 1T (1 bar=0. 1 MPa)
Fig. 3 Statistics of water permeability coefficient and
salt ion rejection test results under different membrane
thicknesses(1 bar=0. 1 MPa)

T EREXT TRC fE4BE AT 2200

Hsr KTy 32 AX32 AX200 A k& 1.
PA B 540k 3 000 4>, 38R EE PA i
WILRIE EE YR 5. 87 nm, % JE 2 1. 06 g/em’, 7E
XY Jym) e B R WM B AR WY Z hiE
0.1 MPafy & 7. & 4 WP PA B IK G S )
VMD 7R, PA B BRI SRR . B 388K
FER 75 AT Y 4 FRETE IR IR 2 S5 Y3k T, G
R ETE A ek T 3 T IEE 1.
[, PA % P it 2 S 106 2 P R ALK I 2o 5 gl s A
T TE B IS T P B i 5 S TR 8 ol 1 A %
W RE (DPC) Hy 83 %11 PA BELEZ3 30 ns VA K
W5 T e R S AN , B E A LR 1
KRB ENRE.

2.2

(d) 62.25%DPC I IKE

B4 PRh PA BT VMD &R
Fig. 4 The VMD display of two PA membranes before and after swelling



523 43

R4 : SWNT/PA WRE & BB BRI 7013 1 2 AU © 95 -

4 (a) HACHRIE 83 %0 A PA B AK AT VMD 1
K, 2eat 1000 ps M3 IRAEAUS - A5 2R 4(b) 13K
B RTOK FEEY EGE PA 2 A FLER
ZIAL KB T PA A E K H1 . BRI/ 5
IK A>T R R P A A R S K K
F14) 4L I R 1 184 T R, WK TS . PABEE Y
JEL RS A Y Y T B AR Ak, AR B T HoAE K T
meyFaE k., K 4(d) K DPC 62. 25% i1y PA e
1 000 ps¥s KI5 17 0 » Ho 50 ik M BUE X &
A B E AR, FEAFY R RIR

5 PP BRBE Y PA RV Z s B gt LI 5.
BAURGH 78 1 000 ps (1) NPT %A~ , flE
IR BE (R 1 I, PA TR %% B2 WA N B] 5 Ced T iy
0.98 g/cm’ FWHGINFNE 5Ca) H1 iy 1. 645 g/em?,
R PA %5 BE 43 A 0 R Rl =2 95/ AR 5 Ce)
) 0~13 nm, Z#HEFIE 5 H119 4~10 nm, {5
1 13 nm g% 6 nm, Horp SRR 830611 PA i
TSI SR/ 1N o SR B B0 60 e 1 1L 4 v VMID 1Y ik
INEER . IR E A BRI RS E e 2R S IR
83%01Y PA AT SWNT #54% PA AELIBIGY .

T 1600f 1600 F
- 600 f - 3
L1200} L, 1200
S 800 S 800
X y X r
< 400} < 400
ﬁfi( 0: i 0 1
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
BTUE 28 J7 ) /m BTUE 28 J7 ) /m
= 1600 — PA T F (d —PA
; F () ' " g 1 600 (4) "
o 1200F % ) ] 2o 1200F
S S ‘ 5 F
x 800¢ % 800f
< 400} =
i 1 m 400f
X3 0‘ ; X . . ) ) ) ) X2 oF - ‘ ) e ) ) ) )
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14 16 18
BTHE 7% 7715 /om BTIE 7B J715) /am
T 1600F (e) —PA
E L 7}(
© 1200F .
&0 F
S 800f
> i
= 400}
M L
w0k .
0o 2 6 8 10 12 14
B TUE 2 B 71 /om
Fl5 83%(a).75%(h).70.83%(c).66.67% (D5 62. 25% (e)5 FiACHLEE Y PA ISV Z s E4i it
Fig. 5 Density statistics of five kinds of crosslinking degree [83% (a),75% (b),70. 83%(c),66. 67 % (d)

and 62. 25% (e) ] PA membranes along the Z axis

2.3 ZKIERT TFC BEMEEE RIS N
RIS A UEM T CONT 1R R 4K
BURIN [ B 24 a4 THE R . AP T
oy FEh e E Tkl e SWNT 2244 . it 1
— Rl aB ) SWNT/PA 245, il fE A5 K 0
RN PRATEL R KB B R BT R A0 T
HER S BOdSr PA AR %208 1. 06 g/
e’ SEHRJE Ry 8304, JE N 5. 87 nm. 78 Hrh 43l

$B442.4.6.8,10 4~ SWNT i, SWNT - 1/PA,
SWNT - 2/PA,SWNT - 3/PA, SWNT - 4/PA 5
SWNT-5/PA 5 FE G IRIEAT B BB,
=1 SWNT(8,4) BA2H 0. 83 nm, KJ#H 0. 8 nm,
BT dswr > dsp~ > dvt > da > dHZ()[%] . H
SWNT 7& il #2 2 A B TR AL BRI R GE 0 iRk
Ji SWNT fLAR 2/ VT BB FLAS  AEAS R THRARAR
BT KA EAR AT G S B BR B Bk T



- 96 - BB 2%

5 # A

45 %

i€ SWNT i E 1500 .

PA TFC Rkt il S mgdi gt Lk 1. 8
227 SWNT By 6 Bl 4 T mm il 5 &1k i iy
M R B R, X NaCl, Na, SO, #k B =ik 5 T
100%., SWNT-3/PA B RE i ML 5 . KB &
ZHE1A 70, 391 L/(m? « h « MPa), /& PA R
L. 5f%. UbA SWNT 725 & B 48 225 6,
SWNT 35 R H 0. 199 g/cm®, Bfigs SWNT % &
IBEIN 7K B 5 R BB N, KB 8 R B HE T AT
IR T B B K @ 8 ) SWNT #4828 Ry
KT PA BEFLER, i B30 T K o> FA& fnm . 7K
B R B SR AE T, E 3G 0 T B, BB AR
SWNT #iih % 8 B, KB iEREES P, X &
BUEH A BEX KB E R R mEL T

%1 PATFC

SWNT X 7K 2 i F 5 IE 5200
30 ns P SWNT-3/PA KB & 2 5 M i3k
émia_mﬂlzl 6 FIrn. MR 6 Ff Al L% 51 it 5 A 400 )
AT IR A KN E A A M AFLBE. T PA
LR T BRI, 3 88 76 52 A B b 9 4% i a2 BEL
B GR 2 T0E S8 Al o B A I T A R A Y
KO FECH IEEZEH N, VMD #7250
R T E AN S B KEE S . BeAk, X HE
6(b) 5K 6(c)n] &P .6 ns 5 & & WA v 093550
SWNT i h A ZEH K+, M H T 12 ns B
TN AT B 7K 43 T 0% A DK 4 7 Bl g
ZJE L 6 (d) H U R AN TR B (R 7K 4 T
T SWNT #EYISL S5 T K45 F L
L

i AL B3 St

Table 1 PA TFC membrane brine filtration simulation data statistics

AFS BEER em %
PA 198 46. 303 5. 87 100 100 1. 06 30
SWNT-1/PA 236 54. 724 6.42 100 100 1. 06 30
SWNT-2/PA 275 64. 770 6.71 100 100 1. 06 30
SWNT-3/PA 301 70. 391 6. 97 100 100 1. 06 30
SWNT-4/PA 268 62. 682 7.24 100 100 1. 06 30
SWNT-5/PA 172 40, 217 7.53 100 100 1.06 30

(a) Ons

(b) 6 ns

(c) 12 ns

K6 SWNT-3/PA B #EE R (0~30 n) Hlik VMD B8R
Fig. 6 The salt-cut process (0~30 ns) trajectory VMD display of SWNT-3/PA membrane
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Fig. 7 Quantity statistics of pore sizes of PA membrane and SWNT/PA membrane

FI7KA BRI PA R fgamE i R F i 404 F A
BRI T . 2R ARILIE AR (GCD) 5 R fLIE
AR (LCD) B ARSI F35 8 11, 403 A, 8 TEh 5
TR A B AR (AR LI A TP O A SR B T o
PA fLIF. W] PLD J2 FR A £8 2 Tom it PA B &
FHZE, Ki#H SWNT 54, TFC B 1 FL 12 1
ERA Iy AR TR AR B 1K & B B T
METKEER NE A BREETKEE R PO+
Xt B T 1 e A B SRR T AR
k2 LR
Table 2 Aperture data

- SlRmRflE UERIR mRALE
H%jtg:! 2 A 4 R 4 R
B/ A HE/ A HE/ A
PA 11. 403 6. 116 11. 403
SWNT/PA 12. 846 7.485 12. 791
3 i

RG> T8 Iy 07k B T — o R
SWNT/PA WJZE A FB B NREH I3 57 A AR
RIIFIEE B EKE 3 R B8 B PLEETT .
TG

D) S ZFREE R PA JROBE RS, F ek
A B 2 A PA JZREE . B
SERRI] Y PA BERE Ry 5. 87 nm I A EAEL
Rk R H T ELABAERF 100 26 i ERE0RE L wicAE
RS P E PA JZJEN 5. 87 nm,

DL Z PSR PA IR Ik R 5. T R
PRASEEL I 3 DL Bl 2 A B R PA SR I SR .
VMD F& R FfifF DPC R PA 97 T HERUE

KR W EH . PA B IK G 0y % B 0 (8 bl &
DPC 997N, A 1. 645 g/em® FREZRE 0. 98 g/cm®,
JEEH 6 nm % 13 nm, H, DPC 2y 83% )
PA BEFEZ 5T 30 ns A KIS - v 4E3e R 48 3
AR PEHEA L R KR OB BV RE

3) #37 SWNT/PA TFC R B35 2 4. T &
BERTEREDISY . BERIGE IR W] . SWNT - 3/PA (Y
PERESCA IR KB % RS 3L 70. 391 L/ (m* +he
MPa) , & PA A 1. 5 %, % Na; SO, . NaCl % i %
12 100%6 , it SWNT 7E 4 & B b i 18 2 80tk
6, X PA il SWNT/PA 5 i) fLAR B 5 113k
W1, SWNT (45238 n 1 Al (oK 43 3@ o i FLAR A
B KB & RGN HE T . TR FLAR R
o PLD A R4 T, —Jr il 1 2 G RSB Y 2%
PRSI0 55— 7 T 1t B &2 G IR R 3 ek RS i 43 4
R R B0 = AR R

S E k-

[1] Chen Q, Yang X. Pyridinic nitrogen doped nanoporous
graphene as desalination membrane;: Molecular simula-
tion study[ J]. J Membr Sci, 2015, 496(15); 108-117.

[2] Ding M, Ghoufi A, Szymczyk A. Molecular simulations
of polyamide reverse osmosis membranes[ J]. Desalina-
tion, 2014, 343(16) . 48-53.

(3] ®am. % W, Kz, & i 2HERBEE S
MBI HERELT ). Rl 5 R, 2021, 41(6) . 226-
235.

[4] Wang L, He J, Heiranian M, et al. Water transport in
reverse osmosis membranes is governed by pore flow,
not a solution-diffusion mechanism[J]. Sci Adv, 2023,
9(14) . 1-12.



- 98 - BB 2%

5 oH A A5

[5] Mansor E, Abdallah H, Shaban A M. The role of
membrane filtration in wastewater treatment[ ] ]. Envi-
ron Qual Manage, 2024, 34(1) ; 1-14.

[6] Yin Y, Liu S X, Zhou J, et al. Polyamide thin film
nanocomposite with in-situ co-constructed COFs for or-
ganic solvent nanofiltration[ J]. J Membr Sci, 2023,
686(15): 1-13.

[7] ZhuJ, HouJ, Yuan S, et al. MOF-positioned polyam-
ide membranes with a fishnet-like structure for elevated
nanofiltration performance[ J]. J Mater Chem A, 2019,
(7). 16313-16322.

[8] Khan N A, Yuan ] Y, Wu H, ez al. Covalent organic
framework nanosheets as reactive fillers to fabricate
free-standing polyamide membranes for efficient desali-
nation[ J ]. ACS Appl Mater Interfaces, 2020, 12(24);
27777-27785.

[9] Zhang Y, Hao Z, Hussein I, et al. Tunable ionic sie-
ving membrane via reactive layer-by-layer assembly of
porous organic cages[J]. Adv Funct Mater, 2024, 34
(25): 1-8.

[10] Xia M, Zhang W, Xu Y, et al. Polyamide membranes
with a ZIF-8(@ Tannic acid core-shell nanoparticles in-
terlayer to enhance nanofiltration performance[ J]. De-
salination, 2022, 541(1). 1-11.

[11] Hao W, Wang H, Li S, et al. Tailoring polyamide
membranes via dynamic interfacial manipulation with
functional Fe; O, nanoparticles for elevated Nanofiltra-
tion performance[ J]. Desalination, 2024, 586(1): 1-
10.

[12] Matshetshe K, Sikhwivhilu K, Ndlovu G, et al. Anti-
fouling and antibacterial -cyclodextrin decorated gra-
phene oxide/polyamide thin-film nanocomposite reverse
osmosis membranes for desalination applications[ ] ].
Sep Purif Technol, 2021, 278(1). 1-17.

[13] Wang G, Wu T, Zhao J, et al. Cationic COF nanoshe-
ets engineered positively charged polyamide membranes
for efficient divalent cations removal[ J]. J Membr Sci,
2023, 684(15): 1-9.

[14] Wang J. Yang D, Gao X, et al. Tip and inner walls
modification of single-walled carbon nanotubes (3. 5
nm diameter) and preparation of polyamide/modified
CNT nanocomposite reverse osmosis membrane[ ] ]. ]
Exp Nanosci, 2017, 13(1).11-26.

[15] Zhao H, Qiu S, Wu L, ez al. Improving the perform-
ance of polyamide reverse osmosis membrane by incor-

poration of modified multi-walled carbon nanotubes

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[J]. J Membr Sci, 2014, 450(15):249-256.

Li D, Li H, Wu H, et al. Using the group contribu-
tion method and molecular dynamics to predict the
glass transition temperatures and mechanical properties
of poly-( p-phenylenediamine-alt-2, 6-diformyl multi-
phenyD[J]. J Chem Res, 2021, 45(9/10) . 823-830.
Ahajo B] R K, Cumpa J] C D L, Lozuno A E, et al.
Thermally stable polymers: Novel aromatic polyamides
[J]. Adv Mater, 1995, 7(2); 148-151.

Zhanga X, Cahill D G, Coronell O, et al. Absorption
of water in the active layer of reverse osmosis mem-
branes[J]. J Membr Sci, 2009, 331(1/2). 143-151.
Silva T F D, Vila-Vicosa S, Reis O BP S, etal. The
impact of using single atomistic long-range cutoff
schemes with the GROMOS 54A7 force field[J]. ]
Chem Theory Comput, 2018, 14(11) : 5823-5833.

B . 467, MR L. ARG TELAIE T ALEB/
OL]. [2024]. https://jerkwin. github. io/gmxtools/
model/graphene. html.

Doherty B, Zhong X, Gathiaka S, er al. Revisiting
OPLS force field parameters for ionic liquid simulations
[J]. J Chem Theory Comput, 2017, 13(12); 6131-
6145.

Ma Z, Ren L., Ying D, et al. Electrospray interface-less
polymerization to fabricate high-performance thin film
composite polyamide membranes with controllable skin
layer growth[J]. J Membr Sci, 2021, 632(5) . 1-10.
Yang G, Zhang Z, Yin C, et al. Polyamide mem-
branes enabled by covalent organic framework nanofi-
bers for efficient reverse osmosis[ J]. J Polym Sci,
2022, 60(21):2999-3008.

Hu Z, Chen Y, Jiang J. Zeolitic imidazolate frame-
work-8 as a reverse osmosis membrane for water desal-
ination; Insight from molecular simulation[ J]. J Chem
Phys, 2011, 134(13). 1-7.

ik AR B ST R RN R K 3 7 AT S IR B
B3T3 SRR 7T (D], Kt REE T R,
2021.

Abdelkader B A, Antar M A, Laoui T, et al. Devel-
opment of graphene oxide-based membrane as a pre-
treatment for thermal seawater desalination[ J]. Desal-
ination , 2019, 465(1) . 13-24.

Willems T F, Rycroft C H, Kazi M, et al. Algo-
rithms and tools for high-throughput geometry-based
analysis of crystalline porous materials[ J]. Micropor

Mesopor Mater, 2012, 149(1):134-141.



523 B Wk . SWNT/PA R & B BIEK) 718 )12 TS < 99 -

Molecular dynamics simulation of SWNT/PA thin-layer composite
reverse osmosis membrane

CHEN Zhen, ZHANG Jun, LIU Xuan
(School of Engineering, Shanghai Ocean University, Shanghai 201306, China)

Abstract: A novel single-walled carbon nanotube (SWNT)/polyamide (PA) thin-layer composite (TFC)
reverse osmosis ( RO) membrane structure was designed by molecular dynamics method, and the
corresponding model was established to study the water permeability coefficient of the composite
membrane and the mechanism of reverse osmosis salt interception. Firstly, the PA membrane model was
established, and the influence of membrane thickness on water permeability coefficient was analyzed. It
was found that the water permeability coefficient increased with the decrease of membrane thickness. At
the same time, the swelling simulation test of PA membrane was carried out, and it was determined that
the PA membrane was the most stable when the crosslinking degree (DPC) of the polymer was 83%. On
this basis, the SWNT/PA membrane model was established and used to filter the mixed brine with an
initial concentration of 0. 25 mol/L. It was found that the water permeability coefficient of the composite
membrane could be increased to 70. 391 L/(m® « h + MPa) while retaining the high rejection rate, which
was 1. 5 times that of the PA membrane. The improvement of the performance of the composite membrane
can be attributed to the fact that the doping of SWNT not only expands the pores of the PA membrane,
but also increases the water molecule transport channel. This study reveals that the salt rejection
mechanism of PA TFC reverse osmosis membrane is size sieving effect from the micro level, which
provides a useful theoretical reference for the rational design of high-performance composite reverse
osmosis membranes.

Key words: polyamide; reverse osmosis; molecular dynamics simulation; carbon nanotube
100000 0L 0L>OL> 0L 0L 0L 0L 0L 0L 0L 0L OL> 0L 0L 0L LS00 L>OLS>OL>OL> 0L 0L 0L 0L 0L 0L 0L OS> 0L 0L 0L 0L 0L 0L 0L 0L OS> 0L OL(

BARZAXFEEHIRA NC: SHEERBEAMELGER

P28 KA PRI HAEZ AT NS A s kT R% Allicia Kyoungjin An 082 A G YRR A T —F B A 07 A8 3R s i 11T ffe
TR E ) (B g K il A R 18 S0 & 3R AE Nature Communications ), A SO 85— A 2 74 2 383 R 2 2 A R IS W
5 S — FAN O P 2 Sl R A TR S EAR e

ARG R FRL IS 25 A il 2 T LA 1M 45 4 14 SR 205 (PS) 4 KUK , -0 LU 28 1 il SR A 9 & 4 (PVDI) i L
A b ) PS5 At i L DAk T PS ORI A I AL T 5 R R B IR A M 454 o B SR RS R S B 4 O
ik (PFPE) {1893 R TR UK 2 — P IR ARSR I BE WK T Ak e . AR FH A5 B 1 AT AL SRS A B i R T 5 | AR
REIAT, S50 2 700 v PR A T I K 4 5 S IR S A SR 19 2%, S B J2 5 R R = 1) S i 24 4 5 P A

SRR L I TR BE S Pl T 7 SRR TE ARG AR AL TR SRARHIE RS 500 nm~2 i 5 MR 4544 L 45 3 IR SE
WRIE B4 PEPE )2 JELBE <200 nm) o ffi PSAL2 BRI /K /i 4 fil #2300 15 31 171, 1°H0 139, 6° RS AR T 57, i
A R 15 BB FDLUE S IV A R ARG 0 Y00 2 o ) BB 22 16. 3 s, R THTRERRAIRZE 12, 3 mN/m, 7E5 1.0
mmol /L~ Ag SRR §H (SDS) (Y SE BRifg /K B A1 I i rh 2B E LB AT 120 h AT RAF 99. 900 3h #i B 46 5 28. 5 LMH Fa e i
L HECT R PVDE EAE 0. 2 mmol/L SDS Z644 T Uk AR TR G R 2 B HATys R PERERE THA 3 AR L L. XA a5 81
- ST R R BL A O K e R M IR AR A R A TR

REBHIZ AR



