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Molecular Dynamics Simulation of Kaolinite-CsCl Aqueous Solution

MENG Qingyu', XU Feipeng"*, WANG Zhenhao'
(1. IMT Atlantique Bretagne-Pays de la Loire, CNRS Subatech, Nantes 44300, France;
2. Guangdong Zhongkelansheng Radiation Protection Technology Co.,Ltd., Foshan 528000, China)
Abstract: Based on the molecular structure of kaolinite clay, the molecular modeling and dynamics simulation

of the cesium chloride aqueous solution system containing kaolinite clay layer and without kaolinite clay layer
were carried out by using Materials Studio software. The statistical properties, structural properties and dynamic
properties of the whole system were calculated and analyzed using the Forcite tools, and the diffusion coef-
ficients of Cl and Cs™ in the two systems were calculated using the MSD method and the VACF method,
respectively. The analysis results show that the adsorption of kaolinite to solution ions is exothermic and
spontaneous, and basically does not affect the position of the hydration shell of CI™ and Cs™, but increases
the coordination number of the first hydration shell. The diffusion rate of CI™ in both systems is much higher
than that of Cs", but in the presence of kaolinite, the diffusion rates of Cl~ and Cs* decreased by 56. 12%
and 43.92%, respectively. Cs' interacts with the siloxane surface of kaolinite and is adsorbed on the inner
and outer surfaces of the clay layer to form a complex on the inner and outer surfaces, and because of the

electrostatic repulsion between Cl ™ and the hydroxyl groups on the surface of aluminum alcohol, kaolinite has
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a weak adsorption capacity for ClI=. A series of simulation results show that kaolinite clay can be used as the

immobilization material of radionuclide “"Cs, which provides a certain basis for further confirming that kaolinite

can be used as a good containment material for radionuclide treatment.

Key words: molecular dynamics simulation; CsCl aqueous solution; kaolinite clay; MSD; VACF; diffusion

coefficient

FETCH A A2 RO A2 b, R X 4
J& B A I R BRI A B AR 2R
BRI XTI i 12 A% R e e KBRS Hh ) s AR i
YA IR EEEL ARSI 0T DA SR O A S 4 2
YIAbIE Ty o Cs f Cs BRI 2R, R dr e
MIURPEAZ R Z —, il 30. 174F. RZ195%
L B AR AR R A Y Ba, 1F 153 ns JF iR
Ty SR, A2 590 B AR BIRE ) Y Ba,
PRI ™7 Cs XA T E A5 . o PR A EAERL
I Y Cs, KB R A HE R e A e A PR i
(), QUFTIRIBE YR U DRI FHOR H AR 5 55— 4%
HLSG A R, BB AZREMR R, SR
B ERANE O 2R AT MR
= A1, A2 H i g CsCLCH ¥'Cs 4O R B
HEREETRIATRL, BEBE s AR S R PR A,
TR TR CsCL Ak B Bl TN 2 25 1t ™ 5 (147
ST G, AN G & AR AR P S T ST e
A RO CsCList a1, Blerf e R B
Bk, Horp 4 ABET, 249 N2 rETs g .

Hi B R R AR &R . R A R R
RE I AR AR B PE L BT R - ) #0 J2 ih
NI N AT N G o N VO 2 A LA N TR 2 N £
AN RER T, fE A LSRR T, A
1 6 A R ORI, RO TR EEE R
Fo ARV B\ T AR R DY TR R A% 2 RS AN [
FRi A+, — B 1 TR 2: 1, ARSCRFIEIY e A
M E ORI LY, fEH A EE R
8 SR B RN BT RN VN - ozl 0210 N
FEA, Wi A SR RSB E AR IR . B,
O Z O RHEE AT T = A XK 4 s M
Ak 4 I8 B T W B9 FSE . Mustapha 46 BF 58 {8
e U A S W BRI, KBRS K R R R
B HR L BESE BT Nabbou 510 FH =7 I8 41 5¢ BY
TR BAT IR K ) S P O o b A H g e R SR
T BFF 22 BR 5 Awwad S5 R FH B PE k- 08 A
YE R KW PhCID AT C CIL D 2 09 Wz 570 5
Md Yusof "' BF 58 0E B, o0 M 0 5 18 A 1
Bl CVD W B g S A AR K s -

AR F B A AR = 0 Rk 2R 1w
153 F 3 12, IR Materials Studi 4464 143+
BRI T3 122 A AT LA peAe TR
B TE P ) — R FNE BN, W] LAy i g vy, — 4k
Gy LAY, JEXT AR | AR A
BRI | 535810128 MARDC R TR A BT
1 #EWFHE

4 F 3l 712 (Molecular Dynamics, MD) £ $i)
SRRV, SR A 45 0 SR TR A B
YER S G OUT 38 2 5 J 4% FI H - BT A B 1
3R Z SR i AR iz 3l 5 FE A B L g0t IR
PR . G5H R E R B ) A e, A R S AT A
R HAD T 0 1N B s . BIUAAER A
BB D KRR iR 3506 4 s B e
s 2) Rz ] AR B A G e
1.1 SRR

T AT B4 T4 RN ALSLOS(OHD,, J& T =
B R, H RS8R a=0.515 35 nm, b=
0.894 19 nm, ¢=0.739 06 nm, a=91.93", p=
105.04°, y=89. 8", Z &M Ry TO KL, HIZ5 5
T )2 2 Fh A AR DU 1T A 5 7K AR S A N AR ARV C
LRSS | TS AR 13 )= D2l =1 B Sl 2 - S W
T, A (OO —H=0. 289 nm) 58 1 454 2 0]
A% . i F Materials Studio 4 @t i) i 08 4 4G +
S 1 Fin, BRmat ., (e, & 8
EIFF AR AL RERIER

C

() WI935



810 b R A s CARBEA O

2025 45 6 )]

(b WU 13 T B4 Sl Al Kk
1 S Faim

Fig.1 Molecular structure model
B CsCLAK U W 70 31 5 08 A0KG )2 R s
R LS TEERNE 1) Fs, K gk @R 1
RECI, BOFEFRECS, ZERWUF EBBK
ST 1. 24 nm 1Y 56 N IEJFRK 5L 44 Cs 4
A Cl, KUK e Ak + 501
1.2 JLERRKMgEEML
TE 58 A N 19 20 F LS, 75 EE T PR L
far O Ak i Re it UL Ak (i R Ge Ik B0V, SRS 5 W
VAl R G B ) AR AE O . 7 H AT AR, K
53 R a7 B S far 8, B F- 4 Lennard-Jones %,
Jr LA 5 2 - =2 1] i A EAE o] LA A6

12 6
ulr, r;)=4e, (Uij) (GU) +M, (D
i i i

Abe ¢ o iR B TR LA 5 AR
HAEHRF Z M EE ;0,1 e; 4 Lennard -Jones
ZH, 0,= (o+0)/2, e5=Jeie;, o Flle 3B N i
A F- 8 5 - ) Lennard-Jones H A% M BFIREE o
A D AT LASRTS RGN G it FetE . At

WA B RS EUEINER 1 FiR.
# 1 JEFEEF Y Lennard-Jones 41 Hi faf &

Tab.1 Lennard-Jones parameters and charges of atoms or ions

BT/ BT o/nm ¢/(kJemol ) LM it /e
b 0.355 32 0.000 00 0.410

o 0.355 32 0.000 00 —0.820
ho 0.355 32 0.000 00 0.425

oh 0.355 32 0.155 40 —0.950

ob 0.355 32 0.155 40 —1.050
st 0.370 64 0.184 05X 107° 2.100
ao 0.479 43 0.13298x10° 1.575
Cs" 0.430 02 0.100 00 1.000

F1HAYN, o, ho, oh, ob, st, ao /1t K
SFIIH, K3 FIO, BEEH, RO, #7140, SiO,
H Yy SR\ TE A R H ) Al 1e=1. 610 C,

Bl ) 2E AR AR e e i, Rk

d?r.(¢)

det
e () S AR B 0L ) o5 e 5 R
TR Fo& B ZWE RES R+ L.
FIH Verlet B 3: 5t (OB TEUER > o X AE R
[ 5 141/ 200 B RTT, FK RO A, nT 15

F,=m; 2)

r(t+ At)=
ri(z‘)+(dr’)At+1F"(l‘)Azzo (3)
ds ) 2 m,

i B, AT LA il — R AL R 4
FEA R AR bR A RS o X AR A, AT LARAR
RGBSR R Bl ) 22

fiff MD U E 24k F BN R 2 —J2) 1Z Rt
PN AL G Nt 2 SR N B R N 3 &
TR E TR EAEE s, 10 O—HEERdR ), Az
WL 107 s SR . AR SO FZE AR R B
TP B Y BRI R, AR NS BT
P HHRAE R — N, BT MEAEEL, 0. 01~
0. 1 ns (Y] RO © R 225K, 25 [ RUE 2k
3nm, B Forcite Bk, t Forcite 1AL 5 AE
It AT o E A R gL AL, JF B
T AR FR . BRI E N RZE(NVT)
R AT DU AR R ok T8 BRI R AR
18 123 FH Berendsen [H iz 7 21 5 I8 L -3 B LA
PR . /MBS N Smart 59, ERERT
AR N1 fso [F)F ] Ewald sR A # L IAIG
PEARTH , ARSI 0. 418 68 I/mol, A SR
BT 2T CLAYFF I EAEH . A TS
A, TSR RGEIE T R TR] 30 ps., 254430 000,
it 100 9 MDA, FEsthad B, S Ties
AP, DMEASAR AT, % | e
B2, T T B B AR ] | AR
535124 50, 50 000 A4, FRRHAT MDA, L
AT, 315 T RGAL TP S — LA S
R 5. 051 909 nm?, #FE R 1. 950 g/cm’, BHE L
FEAEBRIHAIN, AKAF-. Cs' . ClIIAFNZE 3 93k
RGMFGIER, IR R TRE , 155 500 MR
IHEERAE T — 154 275. 21 kJ/mol, %478 AH R fH,
MO E , AH=E gy — E 3, <0, XM =518 A1
X VA TR 5 - N R 2 A N B R ey

1658 B LR DA RN B 2 £ £k 1 25 0 ik 317
A5, M H Forcite MBI IF 0T84 R 1 40
TR | S5 F R s 12 R



CEVEE 224 1)

TR U A7 - SAR KR I 71 Bl ) A B GRRT 48

811

2 SRS
2.1 it

2.1.1 #Aaedili(Potential Energy Components)

SRR F LA | JUTEARRE RO BE , FE
RESR B T REECHEAN, EAEEaeRER
HEAER, frage e mamfbsae ™. mlg 2]
DA, XETPIAMAR , S e b o 3 0, fr
REAYPE AR /o TR 2(b) h, m iR A7 5 CsCLK
VAW B AR DB R 2R KA AR A
FEEAEAE ST, XF Tl 47 10 (4 CsCLARI L, B
TR REAT — AU E a4 0, (H il T L RERY
IR W JEE S5 ) A, A v 0 A i B4 R A RE A A R
T2l CsCIK W, R i 2 A sl s, R0
ARG H TP AR RS

0.836

[ T T W Y Ty T WYY YTV TS Y TG VYT WY PRV ITY Wy TR S T

e v -
0

-0.836 8
% -16736

-25104

HBE/(MT - m

-3.3472

-4.184 0|

-5.020 8

-5.8576

490 500 510 520 530 540 550
tlps.

10 20 30

(b) U4 A7 KT CsCLKEW Y PECs
Bl 2 PR R RS AR
Fig.2 PECs in two systems

2.1.2 JK3IRE(Total Kinetic Energy)

CsCUKHE W 731 FIES 1 19 s RE GRS 18] JC
AR, AR e A A 1 CsCLK I P 431 e
THIBIEEA W WA s, G 3 Fras. shagpamt
[E1] 14728 A 55 L 38 e 1) 19728 A A e e — B,
R ZR IR AR A e S S RE R A8 1k, — 3% B IEAH
5K, W BE T R 2 I R 2R AORL a2 gy, T R
TR AR

PRZ N TR T BB RE- 5 P RE AR S22
o AEAECsCIRIEFR , Wi B ] 222,

2 —3.096 16 MI., TERIARE 2R M CsClK
VOB, My B I B R R s DN O R E TE
—150. 038 24 MJ., #& 2(b) rhiy E3iaE 518 3
(BB REAR N, A5G i B e i R/ B AR a3

234304

2.175 68

o 2.008 32|

“mol

=
= 1.840 96|

BB/

i
4 1.673 60)

1.506 24|

1.3388

L L
10 20 30
tlps

——Profile —— Running average
[# 3 el Fm CsCLK IR R 1Y s 3h Ak
Fig. 3

S

2.2.1 4215046 R &L (RDEF)

e oA iR g (DR T 8% . TP RS
R A AR ) HES R A, BIVTE S 2 B — kT AR A
GO0, 23 Ta) v At - 149 43 A7 A 25 R0 Jmg 8 3
B o 78 AR ] 53 A eRBCK BE B r AR 1
YRR (o (r)) SRS o Z 1, AP

o(r) 1 dN,
glr)= < 0 > :; dqr?dr’
o AN, R B - dor B Y RN 1 -
rARIIEE RS, & LME R — A S Bk
DA E S IR 5 A’ dr AR ERSEAIIREL, BN
By r, JEEEE Ry dr ERFE I JURFR . 85—~

TKE of CsCl solution on kaolinite-surface

2.2

4

IRy S N S NTR L S e TR O
VR AIOBGR

TR TG B BRHE R BT, S 588 sl AR A
FRFFEE NS . AFE LT, g NOTF
B, M (RO, WSS, RDF 2345
NHERREE (e(D=1) ¢ H—PUERIBL, fLRM]
PRI —K G578, TR TR ECE , BS
P8 DK A SO AH [ T ol B, (L g o /s T 5 —
W, JRAETTREAELZ DK ESE, B T8 —KE
FEIIHERR J1, AR — K G Fe s K BURL T B BE R L
PR 0, B, $ gG W0 BN — > d/ IMEF 50K
AT G BT BB, (O FR .

Nr=47r,0jrz*g(r)dro (5

& 4 3 CsClKEER T ClmFI7K AT H 142 1]
AT RREL . 7E CsCLKER . CImATH T Z 8] A 3%



812

b R A s CASRBREROD

2025 45 6 )]

FEES 254 0. 18 nm. Cl-H, By RDF kA wi~0 i
RIS, A3 S T 0. 223 938 nm A110. 355 nm,
T Clm Y58 — MIEs —KG% )2, B—1gw N
3.481. FERT0.45 nm#st, CI-FMH #HEAM., RDF
EET 1o 78 mI A R CsCUKE R, S—H
KA T 0. 217 67 nm A10. 356 nm AL,
Wl 3. 754, 54l CsCUKIBHARLL, KE&7%)2
P FAAERT, (RS 1 0. 273, XL
WA CL 7K A 7e 200 B JCH s, ()2, CI-H,
JEF- 22 T A AH B A FH O S DRURG )2 B A AR TG R
HRAE ST AR A S K & 2 B 5, R
YEERANN 7,795 79 A1 8. 52553 o Pl EE A,
VLSS — K B2 IR0 N, 20 57 goR 4
R —IKBEN.

3L Totall
Total(H,) ‘ \ Total(Cl-H,)
1%
|

[
2 (i’\
?

1
|

&)

Total(Cl)

WV

0.4

)
r/nm

(a) CsCIZK# M C1-H,, RDF

pa—
T
H kw’ .
0.6 0.8

1.0

&)

r/nm
(b) EIA AT FETH Y CsCUKIER Y C1-H,, RDF
B4 PIAKZREY CL-H, £ 1406 BB
Fig.4 RDF of CI-H,, for two systems
& 5k CsCLK B W Cs™ FK 4> Frh OF 4%
531 R HEIRTLAA L, 76 CsCUKIE T, Cs*
MO Z A A IEES N 0. 273 9 nm, BRI —IK
G B 0. 313 889 nm, —I&E 0. 318 0 nm.,
TERTF0. 65 nm sy, Cs™ A1 O MIE A7, RDF {H
T 1. 7EmWs A Fmmn CsCLKIEWR T, 55—KE7
MF0.317 133 nm &b, 55 —14 75 0. 331 25 nm, 145
TR, TR R B A A K, 255 CI-H,
05 T TEA R S G =1 L A it o = S 1] = =W S L)
PRI Cs-O, Z A EAE RS, e KR
BElr, Cs"BHAWG 1K O BT, HAT SRS
KT ClUHUK T H A EAE AR, B, Cs*

HERUELL OF b R AEARTE BRI . SR A P
S VT HBOE R O i, HE R A iR o
R CImREBASZARK AL Sl I RLK A 252

A1\ Total(Cs-0,)
{

A i
g2 \‘ \‘ \\ & Total(Cs)
\ Jl ‘ 1)

(b) FU& A7 1 CsCLKIE Y O,-Cs RDF
Bl 5 BiAMK R Cs-O, 21 405 B
Fig.5 RDF of Cs-0,, for two systems

2.2.2 WRIENAG

R 1 @B, (h kDI EER
(00 D, THEHBYHEE AT an &l 6 iR . X T
WA i3, ¢=0. 739 06 nm , % & 3| B s A
FEAE B o CE A C R SAL BT DAAE VR B 53 A
A AR, )2 B BRI 7E 0~0. 75 nm.,

HI I8 6 FTAT, CI7E0. 8 nm Z Rij 1% A AH Xk i
W, B Cl- B e ARISARE )2, (B7E L. 10, 1. 37
A1, 65 nmAbHEE T 3 A AR FE U, XA
Kl 1(h) Hr ClmpyAi e, B A % CL i 5| e
FIARGE B R CL AR 5 2 T R A7 AR el
Fr 419, IF HEm Ay CsCLKE R i H 5] .
Xt Cs"™, ZE0. 75 nm BFHIE H B IR 0 A ARk
JEEWE, RIS Cs " WEBHE S A Rs 12381, Jf
HiXJs FERN RIS GY, WETHESREESS
(BE R M<0. 3nm), A REEBER Y E R F H
REIRFREZEH, BRI AR AT, il #
BRG] Cs ™Y, TiE 1. 1 nm A 1. 4 nm ARV EE
W F W Cs " WAFTERRSINR IS A1, RV ES T it
HhE K 435 F T UEA T AR AR CHE B 10 0. 3~
0.6 nm)"™', [RIIFARERTIEIL S Cs ™ A7 7
YER . AR, Kim 85 S5 iF o8 & 8 Cs T8 5
B FEAR BT I



(RS 224 1D 1R U AT - KT I 53T 30 7 AU Gl IR 2456 813
0.010 0.1
oo 0.16}
=t 0.14f
ﬁf 0.0061 o0.12}
£ 5
go.om §°-’°‘
= £ 0.08F
?o,ooz- 0.06}
0 012 0?4 0.‘6 0.‘8 II.O 1.2 : 1.‘4 1.6 : 1:8 20 oo
BB /mm 0.02¢
(ﬁ) Em@ﬁﬁm% (jl mﬁfﬁi}’?ﬁ 0 2 4 6 8 10 12 14 16 18 20 22 24
0.024 t/ps
o020} (a) CsCURIEH T CI BYMSD
..‘f; 0.0
i; 0016 ol
i
gomz + 0.04]
ﬁ o
3{% 0.008 50.03
38 =
0.004f m ﬂ 0.02}
02 04 06 TR T T 14 = T6 T8 20 0.01F
HEESmm
(b) Eﬂl’%/ﬁlﬁﬁﬂ’ﬂ Csfﬂ?fgﬁjﬁ 0 2 4 6 t/!; 10 12 14 16
6 (00 1)J5Tmmld A7 F i CL A Cs ™ 1 He 41

Fig. 6 Concentration profile of C1” and Cs™ on the surface of

kaolinite at (0 0 1) direction
2.3 T

2.3.1 ¥ Hifs(MSD)

TSRS FAER R ARB ), X—id
Tt Y Hozsh ., 2 N AEA s S oE ik
W T — AR TEREYLAS SN 5 BT 280 R B 5007 S
(] R IE He, B

(r(£)—=r(0)F)y=2d*Dx, (6)

X () AR S E] 2B kA2 8 DA
PHEURE, FRRi T BOR R YRR, 7E
MD U, T =ik R hiz g, BTk d=3.
T B K AR B Bl ) S B, R AR B 7
it D2 Bl Einstein C R R (7) 6

J— 1 . 2
D= ()= r(0)F).

TEMSD [ Bt 5 v, CsCUKE B =il £
FIIA) CsCK R B AR SE B 1] 43531 2y 25 ps I
15pse M7 A 8 FTLAFE Y, ZEZ R 0. 5 ps AR
[P, B LAE s 2 8y, iz 2 B A R] B aE
L, BRI MSD 5 RIS 5 BUE H, 25Tt
2, XA R AT DB AR 2 88 R A S — IR R 1)
W], 4 -FAkEERE o, 5 HAh B 1 & AR Rl
XA IE L E LR s, B T is s AR S REL
(1), BENLZEhIR RS R S A SGE R, MSD
RLRMEASE, ARPER (DTS BEABD, id3%#
Wk 2 .

7

(b) 7 £ 1 CsCUKFH CL I MSD
B 7 AR SR T C i3I ik

Fig. 7 The mean square displacement of Cl~ in two systems

0.14,
0.12f
0.10f
5 0.08F
3
= 0.06F
0.041
0.02f
0 é ‘Jl 6l i; 1‘0 1‘2 1‘4 1‘6 118 210 2‘2 24
t/ps
, () CsCUKIF#iH Cs ' 1 MSD
0.03r
%
002
ES
0.01r
0 2 s 3 8 10 1 m 16
tlps
(b) FUAA M CsCUKIER H Cs T iy MSD
K8 WIAER T Cs ks
Fig.8 The MSD of Cs ™ in two systems
# 2 VACF HIMSD 349 1R KD R AR
Tab.2 Numerical comparison of the diffusion coefficient
D obtained by VACF and MSD
HWHIT Dyace/(m™s™")  Dygy/(m*s™) TFHEH/(m*s ™)
Cl..  L1534X10° 1.2821x10 ° 1.21775X10°
Cliaoiinite 5.1740X101  55130X10 " 53435010 "
CSYer 6.6670X1071  7.0510x10" 6.859 0010 1
CSioimie 3:5430X1071" 4,150 01071 3.846 5010 1°




814 b R A s CASRBREROD

2025 45 6 )]

2.3.2 P AAMCERE(VACE) FIL R

P H A R B R TR R T A R T S
B AF 6 A2 o, S T 2 s 220 D S A
PR 2 [6] AR G FRE . N R TR R h VACF H

D —i N R —>

umanwawm%+m»

C,(1)={0,(0),(2)), (8)

s 0 W AR AR B 2 8 I o
Ko

T H AR S ] JC R K VACF S 5510, #7
BN )3 R F st B B[], 2113 VACF B, n]
PLMAADL I A i R 8 22 145 B LA A
A E M, RZIASRESS HER 255 . X
SR AN R ], AEVEREY SR B, R B
BEAEWI IR [ R B # FI0 55 Z By, (HILES
T B R AT E AR, HAefS 20T R

R YRS HUA 2T feft RS A0 S ) R b B B ], A
PR [R] e $E0 3 pso BB C1-HI Cs " 19 VACFE 1
K9 FlE 10 FR .

0.18
0.16
0.14f!

E 012

Lol

£ 008

= 0.06)
004

0.02f

0f \/\
-0.0; + %
t/ps

(a) CsClKIEH T Cl 1 VACF

4
>

S
1S

VACF/(m?+ ms™)
=3

=)
T

I
S

(b) WA T CsCLKE W C1I 1 VACF

B9 BAMRZR A CL BHEE [ AH X R

Fig.9 VACF of Cl in two systems
TE = B WA R e, B AR s
BT EFMRE R, XFELT, BT aiin
PR3l , I AE RO S 45 R [ % iz 2 Jr ), LAt
ok AR 3 AN 5| g 4 T T A N R BE R R
ERLIE . Kk, B9 FE 10, 781 ps BB
A, VACF 78 A A5 (E 22 8] [ml 3 5l , B
ClImH1 Cs ™ i i 9k iz s ok S i o 4R,

TS A I E A T b, R IR s 0 B
ANEHHEE, BRI R, [, 720, 5 ps Z Al
VACF BRFE B ARAE , 302 BN A s 3
] RN B, B 1062 B S R il R IR
izdf), Fitk, VACF 76 30 3 & Z /i vl fig s 8
— R R BHLIE R

0.

VACF/(m?+ ms™)
s o o 9o
2 8 8 B

=)

=3
2

L L
1 2
tlps

o

(a) CsCUKIEWH Cs™ B VACF

o
&

VACF/(m?* ms™)
> o o o o
o 2 8 3 B =

o
2

o
S

(b) il A7 2 CsCLKIR P Cs ™ 19 VACF
B0 HAMARR T Cs™ RYTERE A ARG PRk
Fig. 10 VACF of Cs" in two systems
o t AR 9 I 10 BIAEL, BENMA R Cl
i VACF {83 $I7E 0. 75 ps A1 0. 4 ps 4b#a i T 0,
MR R T Cs™ 3 BIAE 1 ps 10, 7 ps 4b 4 i)
T 0o X UEH I A B R T BE AR, RS
T HAL TR . W, Cl Rz iz shiiig
TP, AR L Cs TR
fBI5 FR S8 I A AR R , R
AReEB AR, LU minEEEs, KA
VACF ¥ & — 5K F2k, PRI s oK F- 19 VACFE
HRE R B WMEEAEN I ES ., CI i VACF
EILE Cs " HF-22, UbA AR X CL AR EAE /N T
XFCs A EAEH, B0k T &4 A R X CsCLK
W) Cs™ MR 2 1 CL
W KA ] R VACE Z238 8 0, i af LA
FIH Green-Kubo ¢ & 2% VACF #E47502# 1
R HRBD, A8

D=%J:<vi(o)-vi(z)>dzo 9
T HIMSD ik 7 b8, K VACE fFL
AL AR 2

WYEE 2, EMMERR T, CEgY HGE R Y

02 04 06 08 10 12 14 16 18 20 22 24 26 28 30



CEVEE 224 1)

TR U A7 - SAR KR I 71 Bl ) A B GRRT 48 815

ERF Cs™, EHEIIAKZM—BWHELT, &
TP GRS RS R B, ClofkER Rl
181 pm, Cs'{2E42 K 167 pm, —FHEFAK, i)
JOSE X = 8 9 850HE R A 5% g/ o (ER PE
VACF, IR R CLUAIFHEAE /N TS Cs 1Y
HEAER. WA, KEZTRZ0E -1 HE
T, W% F A S AE KGR INERA
Clm, HEANKGFEHA A% TFHEmCl,
e Cs " EK WP R %, fE e A —CsCl
KIERIERRT, Cs HrEA e RmER, AN .
HNRILA Y, FR Cl IR IR 1 BRI A7 R
HF 1. UL BB SEE MR NMA R T CL ik
BRI T Cs' s

MRS G AR, BT AP ECR B KR
BEAC, 2D 1 e Aokt CLAR Cs " H5A WL R
B EVEH . A, VACE 7 iy s & 5kt
MSD kit Es R P RO Ein-
stein & & 2 M Green-Kubo ¢ &2 7EHE M
I A3 R B o s RVRR A3, RN O 1k ) A 22
KV FEA D BN [ 33 VACF K58
ARIEE  2) BRI K T SO 3 3 W
i 30 BUF B R iR 2 ol X B R O
TG 25 SR CF YA T LA 850/ B R B
250 WRAEE 2 B BEEE , S AAAERT, CIo
I BB TR T 56. 12%, Cs™ 14 Bos = T e
T43.92% . WMULAI UL, ms A X CL fCs A —
SE W MAVER, BRI T e TRy iuz 3.

T B VACFE B 4077, MR 4 2 9 - =F 50
B, X SR R G R EGIEAT () B AR e, 75 5 T
FE(PS), B A RzIE G RN

S(fJ::J+yCL(z)am(2¢ﬂ)dzo (10)

Ao fORBIR, (HBK, BIRE IR,

s HRER T IZR A B Tz sk
B PS M RT2 shRME -7 AL, B4
T IR A IE A (A B

TERE 1L A, O By 2335 i s — &1
B B otk 00 [HIRS, W B AR &
PR R ia 8l , VIR AR R EE, Clo
MY ERE 1z sl R0 . o B D e AE AT L A AR 43
o n] DURAE B 1 1 5 22, BV e sl R
Clr BRI K F Cs™, BB Cl H A Cs™
FaRFUN Y Bz 3.

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 1
flom

(a) FIEA M CL 1 PS

8x1077,

7%x107"

6x107"

m")
5

L -5
¥ £ £
T % %

N
&
<

1x1017

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 1
flem™

(b) U AFME Y Cs™ M PS
BT gl A 3 CsCIRIR T CI RN Cs Ty D 2%
Fig. 11  Power spectrum of CI”and Cs™ in CsCl aqueous solution

on kaolinite surface

34 i@

1) U 7 XF CsClK I W5 A W R il 4
PEFN A RN, A5 F 3l ) AR AT B rp s 0
AT IEA R 00 CI- 1 Cs T K & 5200,
DK Sl SEAC T LA XS 25 5 Ml A K 2544, AN 23
XK EER = A AR Mgl . 0%, BT &R AT
Tl U 2 T AR B R I A R AR ELME D, 25— K
e B Bk

2) F I MSD 75 ¥: il VACF J5 %38 C1
AP HOE R KT Cs ', mld & m Cl- A Cs 1Y
PR B4 B R 5,343 5X1071 m*/s A
3.846 5X10'm*/s, # T4l CsCl KB W, ClI°
FCs™ M ¥ 8L R % 0 F BT 56.12% M
43.92% . Cs™ FCL™ 431 W i 7 e 04 A A9 DY T 4R
Ferm AN R L, (0 Cs 'l ad 8 A ol 5E 4K
GRS EE S AR EEN, TR . Sb
FMMGEAY), A CLRIER B3 T () I A e el
SR, R, E0 ARl 12X Cs A7 i i W i1
FH, 6 CU W BFFE 1555

3) A A AT IR A% R T Cs 1 ] 2 b4
Wb T LAHENT, w04 R 4 R B B A R
g1 W B I S R T, ke B T A W B T B
HTER R A KA E T, KoM Cst
FEAE TGRSO, NIRRT Cs ™ 1 I i i



816 b R A s CASRBREROD

2025 45 6 )]

ARICMD B, JOE T HEA I AR )2
{ELASBE H 2o A T 1 g e A H A AN WA 1 ) A
. PR, T RIS AR, S I
B2 WA RS & e 2N T2 NV VAN I o Nt o ) 1 BB
I, k- S DY AR K 7 AR R AR X e RS, PAE
B AR B FE AR A, AR AL n] A2 T SR e £
A T 2k B AL s SR B AR & R —E 4 . Mustapha
FOBIF 9 A B v U A 187 R 8 1 o B 5] 4 i 2
ARSI 3 A, VA T B B T Tk B L A8
H T o U A A 00 % A A 2 SRR SF- 17, TT RE 2K
e I A7 AR P8 AT S B 5 R P A BH S
KD T A, RS R e A
R A O AR R W ANERE SR T 17 22—

SE Lk

[1JYANG S, LIX, JIA Z Q, et al. Molecular dynamics
simulations for the co-adsorption of binary electrolytes
at the interface of montmorillonite and aqueous solu-
tions [J]. Soil Science Society of America Journal,
2018, 82(6): 1384-1391.

[ 2 ]KERISIT S, OKUMURA M, ROSSO K M, et al.
Molecular simulation of cesium adsorption at the basal
surface of phyllosilicate minerals [J]. Clays and Clay
Minerals, 2016, 64(4): 389-400.

[ 3 ]MCCOMBIE C. Nuclear waste management world-
wide[ J]. Physics Today, 1997, 50(6): 56-62.

[ 4 ]DACRUZ A D, VOLPEJ P, SADDI V, et al. Radia-
tion risk estimation in human populations: ILessons
from the radiological accident in Brazil [J]. Mutation
Research, 1997, 373(2). 207-214.

[ 5] MONTES H G, MARTY N, FRITZ B, et al. Mod-
elling of long-term diffusion-reaction in a bentonite bar-
rier for radioactive waste confinement[J]. Applied Clay
Science, 2005, 30(3/4): 181-198.

[6 ] YEWM, CHEN Y G, CHEN B, et al. Advances on
the knowledge of the buffer/backfill properties of
heavily-compacted GMZ bentonite [J]. Engineering
Geology, 2010, 116(1/2): 12-20.

[ 7 ]MARAGHECHI H, AVET F, WONG H, et al. Per-
formance of limestone calcined clay cement (LLC*) with
various kaolinite contents with respect to chloride transport
[J]. Materials and Structures, 2018, 51(5): 125.

[ 8 IBRIGATTI M F, GALAN E, THENG B K G.
Structure and mineralogy of clay minerals[J]. Develop-
ments in Clay Science, 2013(5): 21-68.

[ 9 ] MUSTAPHA S, NDAMITSO M M,
ABDULKAREEM A S, et al. Potential of using kaolin

as a natural adsorbent for the removal of pollutants from
tannery wastewater[ J ]. Heliyon, 2019, 5(11): e02923.

[10] NABBOU N, BELHACHEMI M, BOUMELIK M,
et al. Removal of fluoride from groundwater using natu-
ral clay (kaolinite) : Optimization of adsorption condi-
tions [J]. Comptes Rendus Chimie, 2019, 22(2/3) :
105-112.

[11] AWWAD A M, NIDA M S, MOHAMMED W A,
et al. Adsorptive removal of Pb (IDD and Cd (ID ions
from aqueous solution onto modified Hiswa iron-kaolin
clay: Equilibrium and thermodynamic aspects [J].
Chemistry International, 2021, 7(2): 139-144.

[12]MD YUSOF M Y, IDRIS M I, MOHAMED F,
et al. Adsorption of radioactive element by clay: A
review [J]. IOP Conference Series: Materials Science
and Engineering, 2020, 785(1): 012020.

[13] BRAUN E, GILMER J, MAYES H B, et al. Best
practices for foundations in molecular simulations [J].
Living Journal of Computational Molecular Science,
2019, 1(1): 5957.

(1414305, M, BTG . 43 1 3h 1 20 S H ARG 42

PR BRI OIS A G E P 5 TR, 2016,
7(3): 15-20.
TONG Zhifang, XIAO Cheng, WEI Zhanlong.
Molecular dynamics simulation and its application to
metallurgical slag [J]. Nonferrous Metals Science and
Engineering, 2016, 7(3): 15-20. (in Chinese)

(15] W2, RXSEAS . 20 T3l 2 plUr s iR [T ], s
il A, 2007¢10): 29-30.

SHEN Hailan, ZHAO Jingsong. The overview of
molecular dynamics simulation [J]. Equipment Manu-
facturing Technology, 2007(10): 29-30. (in Chinese)

[16] MUSTAPHA S, TIJANIJ O, NDAMITSO M M,
et al. The role of kaolin and kaolin/ZnO nanoadsor-
bents in adsorption studies for tannery wastewater treat-
ment[ J]. Scientific Reports, 2020, 10(1): 13068.

[17] ALI THAGIRA BANU H, KARTHIKEYAN P,
VIGNESHWARAN S, et al. Adsorptive performance
of lanthanum encapsulated biopolymer chitosan-Kaolin
clay hybrid composite for the recovery of nitrate and
phosphate from water[J]. International Journal of Bio-
logical Macromolecules, 2020, 154: 188-197.

[18]LIU X D, LU X C, WANG R C, et al. Effects of
layer-charge distribution on the thermodynamic and
microscopic properties of Cs-smectite [J]. Geochimica
et Cosmochimica Acta, 2008, 72(7): 1837-1847.

[19] CHENZ C, ZHAO Y L., XU X W, et al. Structure and

dynamics of Cs™ in kaolinite: Insights from molecular



CEVEE 224 1)

TR U A7 - SAR KR I 71 Bl ) A B GRRT 48 817

dynamics simulations [ J]. Computational Materials Sci-
ence, 2020, 171: 109256.

[20] MANCINELLI R, BOTTI A, BRUNI F, et al.
Hydration of sodium, potassium, and chloride ions in
solution and the concept of structure maker/breaker
[J]. Journal of Physical Chemistry, 2007: 111(48) .
13570-13577.

[21] VASCONCELOS I F, BUNKER B A, CYGAN R
T. Molecular dynamics modeling of ion adsorption to
the basal surfaces of kaolinite [J]. Journal of Physical
Chemistry, 2007, 111(18): 6753-6762.

[22] GREATHOUSE J A, CYGAN R T. Molecular
dynamics simulation of uranyl (VI) adsorption equilib-
ria onto an external montmorillonite surface [J]. Physi-
cal Chemistry Chemical Physics, 2005, 7(20) : 3580-
3586.

[23]KIM Y, CYGAN R T, KIRKPATRICK R J. 133Cs
NMR and XPS investigation of cesium adsorbed on
clay minerals and related phases [J]. Geochimica et
Cosmochimica Acta, 1996, 60(6): 1041-1052.

[24] WANG J, HOU T. Application of molecular dynamics
simulations in molecular property prediction II: diffu-
sion coefficient [J]. Journal of Computational Chemis-
try, 2011, 32(16): 3505-3519.

(25] ZRASALE, TRAEFS, WM, 55 . Bilm Sk b — Atk

PHU > T3 LT ] BHEGE R, 2019, 35(2):
1-5.
CAI Shengjia, ZHANG Yanling, HU Zhanchao, et al.
Molecular dynamics simulation of the diffusivity of carbon
dioxide in supercritical water[ J]. Bulletin of Science and
Technology, 2019, 35(2): 1-5. (in Chinese)

[26] CHELLI R, CARDINI G, PROCACCI P, et al.
Simulated structure, dynamics, and vibrational spectra
of liquid benzene [J]. Journal of Chemical Physics,
2000, 113(16): 6851-6863.

[27]HIRATA Y. Molecular dynamics simulation study of
the rotational and translational motions of liquid aceto-
nitrile[ J]. Journal of Physical Chemistry A, 2002, 106
(10): 2187-2191.



