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The understanding of the swelling phenomenon of montmorillonite is essential to predict the physical and chemical behavior of
clay-based barriers in radioactive waste disposal systems. This study investigated the key factors controlling crystalline swelling
behavior of montmorillonite with different interlayer counter-ions by molecular dynamics (MD) simulations. On the basis of the
comparisons between MD simulated and experimental results, the water content in the interlayer in five homoionic (Na-, K-, Cs-, Ca-
and Sr-) montmorillonite was strongly correlated to the hydration number of each counter-ion. The analyses for these results offer
insights that the hydration number is controlled by the hydration free energy, the volume and the distribution of each interlayer counter-
ion. The systematic MD simulations with virtually variable parameters clarified that the hydration free energy and the charge of
interlayer counter-ions compete as influencing factors, and the control the formation rate of an outer-sphere complex of each counter-
ion. The empirical relationships between these key factors will allow essential insights into predicting the swelling behavior of
montmorillonite with different interlayer counter-ions.
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Table 1 Potential parameters of montmorillonite with the layer charge of 0.5 e/(unit cell), water, and interlayer counter-ions

used in MD simulations [9, 13].

Atom q [e] w [gmol™] a [A] b [A] ¢ [(keal mor1)1/2 A9

O(c) —1.125417 16.00 1.868 0.151 274

Si 2.10 28.09 0.987 0.083 0.0

Al 1.95 26.98 1.089 0.088 0.0

Mg 1.52 24.305 1.137 0.101 2.0

H(c) 0.46 1.01 0.074 0.032 0.0

Na* 1.00 22.99 1.314 0.115 8.0

K* 1.00 39.10 1.546 0.115 14.0

Cs* 1.00 132.90 1.884 0.130 22.0

ca®t 2.00 40.08 1.494 0.094 6.0

st 2.00 87.62 1.625 0.097 11.0

O(w) —0.92 16.00 1.728 0.1275 27.4

H(w) 0.46 1.01 0.035 0.044 0.0

Two body terms for covalent bond

Atom-atom D, [keal mol ] ARl D, [kcalmol™] B2A'T  Dj[kcalmol™] BsIA rifAl
S0 49200.0 5.0 —3281.0 2.24 0.0 0.0 0.0
ALO 36200.0 5.0 —1946.0 2.24 0.0 0.0 0.0
O(c)-H(c) 13711.0 7.4 —783.0 3.13 8.3 12.8 1.283
O(w)-H(w) 13711.0 7.4 —523.0 3.13 8.3 12.8 1.283
Three body terms for covalent bond

Atom-atom-atom f [10* kcal mol™] 0[] rm[Al g, [A1]

Si(c)-O(c)-Si(c) 8.78 120.0 1.77 16.8

H(w)-O(w)-H(w) 16.55 99.5 1.43 9.2




EUEY BT A NOBEEEN KT TR A A ORE  HTEIFY I 2 b— 3 2L D KEA T ORI

¥CThs. 3 HHIL Born-Mayer HOFTHEKHEIHTHY, a
TR DORESERT /NI A—H, blTY 7 hFRANT R
—% (MHAERO M AR T T A—X) 2KL, fiHOk
DIZENZIREZE LT, 2 DOR 11, iz DOV TOD
B LEbEIZ > T3, E7-f, (=41.8605 kJ/(nm mol), [20])
IFHEN ZTRET 270 0E#KCH L. N()D4HH L 5
HixH RS O 2 £ T HT, Morse AT > o x
N LI bDTHD., 6 BAIIHT T ARMORT v
YNETHY, Ky TEMBET 5E % L CRTEA S
W, e OKRGFOR—MEERIET 572D A b izI]
Thd. BRBABRIZBNDIHMEDE LUBIE, ZNENKRT
U NVBEBDBESBLOBRERD DT A—FThD.
WIT, ROIL3RIT4j,kED 3 EAHETHY, EHHED
FERERLCND. 2T, Oldhifjasde 3kt
Lk DORAEER L, ke, k (ZZFNEHI-jREA B L O-kk
OB EREERDD Y 774 —TdD. £z
fir 00, gr B L O L, ETNVOFEE T XA =2 Th 5. K(1),
QIZHN DI T A =1L, BALWRERSeK k7R LD
WS L O BT 5 £ 912, (LFEREmICESE,
MD #HE & AW CTREBICIRO =L DT B[15,21]. AfR
W CTHWE-HIE T A —2D—E %, Tablel ("7, JLH
FEOH LD TE AR T 2R EE L, (widKky
TEtERT DR ERTHLOLET D,

MD #HECHWEEVEY B A FOSFETIVIE, T
NTNFRY— P CRFEBEHRL TS B0 & L, —Ih
Bom ORI A A HE™H L L TR LZERE VT B

F A bOBPE, HAEL (uniteell) & L THROMBEATE
ENOEEET L THD.
g.ls+/m - (Al sMgg5)Sig019(0H), - nH,0 3)

¥, AN CRIEO SHEEOH A AL e £ 1)
A METT, JBEM =05 e/(unitcel) &5, E-nid,
JE RIS £ DK OEn/(unitcel)| TH 5. #ilL L
T, Na BEF Y ur A FOBEESIZRG)THE SN D HAL
EAOENXK 2 ') %, Fig 1 (@R, 7272 LEM
EWET B2, BACKRREZ KR Uiz, EBEOFHEICHW
R (Ial—varbl) 1, RG)TRINDHEE
ZEAEL L LT, 240 B4 (10x12x2 1) 2B SR

e A== E A, 3 RO NS EIE IR ISR
FEAFGE L. Bl E LT, BRI 2 DKy 8 (h=5.0)
EHTH NaWECEYV R A OV Ialb—va L
%, Fig. 1 OO 7272 LEREREZ RT3 5720

KEGFIEER LTV, 2 2 CEmMPBME (basal spacing)
EIE, K LE (clay layer) @ FI—H L ifE OFEREE L,

RS EEOEI 25 Wicb O & fE g
(interlayer spacing) EFESZ & &35, 2k, ARENTCTE
BTHOMTBORES &%, fhtEo—ho~—H¥ /i ki
FAET DBREFDORLOEHMEL, b5 —FHDX—+
JVIE FICHET DR T O L OFHNRE & OEETH
%, AMEHTCHEM L7 MD FHEILT T, EEAEIREE (298.15
K,0.1 MPa) |28} 2%iR - EEDONTPT v 7 )V CTalE
L7z, UL Lo S0 T, BERNOKS T E LS
w, ENUo TERREMAROROT o Z e —72 Eoi
BREDLHICELT D D0 % MD FHE TR L7z, 3
2 b—ya U CHE LZMHEIC OV, KRECTHIEY
5.

2.2 MD ¥3al—YavIckdEVEIOSA MNREE
B DA %

MD ¥R = b—3 g LR DEHEERICESS, £
Un A ~OBEER ORI TFIEO T 2720, —fFl
ELTNaZillE Y m) A b OFEZEEN % Fig. 2 12”7
i n (XBRITROEKETH Y, BER 0.5 D Na Bl
&, BB Na A 4> 0.5 mol \Z%F L TKEF7 nmol T1E
T 5%%KT. Fig. 2 (D EHBIL, EmkROZ(, 37
bHFElRAE R L TS (R —/W3E Mo B R . Fig.
2 (@DFRBIE, WA THEINDKDEFAT L ZLE—
(immersion enthalpy) AH(n) T® VW [22], EEV atA b
Imol %720 DK T & OMEERT Z L E—%2£T (X
= AR O E ) .

AH(n) = Hyix(n) — (Hdry tn: Hwater) (4)
1
H=3 z Uyj(ryy) + z Usjie (7 Tk Oijkc)
i,j(#0) i,j,k (5)

1 2
+EZ mv{ + PV
i

Interlayer
spacing Basal
spacing

} Clay layer

Basal plane

5.202 nm

Fig.1 (a) Schematic view of two unit cells for Na-montmorillonite. (b) Snapshot of the MD simulation supercell for the clay—
water system: 2-layer hydrated Na-montmorillonite with the layer charge of 0.5 e/(unit cell). The color code of the atoms
is red for oxygen, blue for silicon, blue gray for aluminum, orange for magnesium, pink for hydrogen, and yellow for

sodium. These figures are modified from [9, 13].
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Fig.2 Results of molecular dynamic simulations for Na-montmorillonite with the layer charge of 0.5 e/(unit cell). (a) Basal
spacing (black line) and immersion enthalpy (red line) as a function of water content per unit cell. (b) The packing fraction
of interlayer (black line) and hydration number of counter-ions (red line) calculated from the same MD simulations. The
errors in the MD calculations are smaller than the line width. These figures are modified from [9, 13].
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Fig.3 (a) Schematic view of the radial distribution function of water molecules. The area of the shaded region represents the
hydration number in the first hydration shell. (b) Snapshot of the counter-ion (circle filled in red) and its hydrated water
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Fig. 4 Relationship between basal spacing (black line), immersion enthalpy (red line) and the packing fraction of interlayer
(blue line) as a function of water content per unit cell for (a) Na-montmorillonite and (b) Ca-montmorillonite with the
layer charge of 0.5 e/(unit cell). The red dashed line shows the relationship between the amount of water in bulk water

and the volume it occupies. The data are taken from [9].

5 FRIED T BB A A2 DS T B AU 7 JE i IR
BAT )L —3 L OVERIFBR O Fe R o0 0 B fR % 3t
H¥5. 22T, SEEOEVEIRTA DS H, Na
MBI Ca BEVEY B FA FZFIZLT, ENENLD
@)% Fig. 4 |2 LIz (ZOMOFERIL, EITHHE9]1%2 2
B X72\Y). Fig. 4 ()23 Na %, Fig. 4 ()23 CaZZiThH 5.
I TCIEHEMREZ B, BATUZLE—L0RE, FE
REFMTTr Yy L. ZRETNOMBRIL, H55T0
BIKEDNE TEND DZEBHALLL TWD T L DHERT
DN, TOEKEDOEMIFE KL TWDHI EnD, Z
O OWHED IS OBMRMBIFET 5 2 & 3R
SN, KM E REEOMIZITN(G) 2@ L THEZRSE
BEMENR D DT80, b DEEMRLE(S B EKEDEN
—HTHZ LIEFEATHD. T, BAZUHALE—
1EX@), 5) TEZR L TWDH, fHFE (PV) 0HEOFEIXIF
FEYrTHY, EREWREOBRIZERETIIRY. Zhb
OHEEOBUREIC SN TIE, OB ORITHMETT LV E
AW, MIHER A 5. Fig.4 BT, JEmMkEoZE S
MO THIZROEHTT 7y b LIZERE, L7 KICE
FAKOELEZEANED LR E OBRERLTEY, £
DEZ AR FE T OKDELE (T72 5 0.997 kg/dm?) 12
YT 5. L7dd->C MD #5 TRl S h e @RK D& E
X, SR OBFE TORIT/VL T KOBEEUTTHY,
FRIREBERBIZIIR > TV RN EEZLND.
fdRIEE OB CR LN D IEHFER, BAT XL E—
BIOEMEBROFTEEOM OB (Fig.4) 12OV THfRE
EURD 5720, Fig. S IO T RS ET LV TELET 5.
FHORNE, EEY mr A MNERIZKS T E2FE L TV
BraRT. EHESEZRT 5720, BREIZITAEERTET

JE LTRSS F T EBITHRL, *A A4 rRo—3 1
DA A NTRERE L2, E72KD OO R
g C BRI E o AR L, fLE bk TET v
b3 %. ZEORNL, JBROEKEEE( S EZEEO K
@ (), AT L E— (R B L OFHEE (Fi)
OELDOEFEZBERTRLTND. HROLRRT, Fig. 4 &
FIERIZ L7 KIZEBIT DAKOEE ZNNED DIRFE & DK
REET. EOKHBICR LIETOMBICKIST 2 E™ O
RIER, HOBAXTH D, ROOWEOTIE, ERICK
DFIEERT, WHAOR—TIVHN A A 720 A
TREBICH D, EOBE, ROMEFERZRLX —NREE
W72 5 X 00, mliloS—V L EITETERRE L 7220, &
MM O BN E/N L 72 2 ER CREFTR AL 2D, R
RE@IL, N AR 725 1 EARHNTIR A LTZRRETH 5.
Zokx, HEMOSIIEFRT) (steric repulsion) (2L 0 [l
DOR—FVEAHEN T (HEZRLXF AL T) ==
X —HUIARLEITR Y, FIJERICITEZE Ok — 2
W 2 CHREEENED T 5. REOL S BRI DK FHE
oL TW &, BB —E % (o0 CTHRIFEER)
MMLTWE, FESRBEA (V7 KOBEIHRY 3 500
fB) LA IREEGICET S, TR, BRI A 4
NR—PVEA~OKFIEDNETT D720, RiTTRF—
FNCZEEL L T RBE@N D X BITAK T 20T &,
WRE@ D& & FERIZSLIR RN & - T g —2Z812
KLU, FHERNFPATEE L HITROTRNF—RNRLE
LLT, REDITET D, ZOREREORFEZEY KT Z
LT, RiE®, REO~LHETD.

Fig. 5 OWEEET WIS L 28R &5 & % T Fig. 4 %55
&, FEBEO MD FHE TIERVRELL TlE v &, /M



BT Iy 72 RIS

Packing
Fraction

Immersion

Enthalpy

Basal
Spacing @

Water content [n/(unit cell)]

Fig. 5 Conceptual model for understanding the behavior of the crystalline swelling. The figures on the right show how water
molecules are filled into the montmorillonite interlayer. The figure on the left shows the behavior of basal spacing (black
line), immersion enthalpy (red line), and the packing fraction of interlayer (blue line) as a function of water content per
unit cell. The red dashed line shows the relationship between the amount of water in bulk water and the volume it occupies.
The state of the position of the numbers shown in the figure on the left corresponds to the schematic diagram on the right.
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Fig. 6 Comparison of evolution of (a) basal spacing [6, 7] and (b) the amount of water vapor adsorption [9] for five homoionic
montmorillonite (MMT) samples (Na-, K-, Cs-, Ca-, and Sr-MMT) as a function of relative humidity.
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Fig. 7 Comparison of swelling curves between MD simulations and experimental results for Na-montmorillonite (a) and Cs-
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Table 2 Ion characteristic data and hydration number of counter-ions calculated from MD simulations. The hydration free
energy of ions are taken from [28]. The other data are the set values and calculated values in this MD simulations. For

the contents of each item, refer to the text.

Predicii
. (4) Hydration [ (5) Prediction| (6) Relative |(7) Hydration| (8) Rate of (9) Prediction (10) Relative
. (1) Hydration . . . . value of
Species of (2) lonic (3) lonic number in value from error for nunber in | outer-sphere . error for
. free energy ! 3 . L . hydration L
counter ion [ki/mol] radius [A] | volume A% agqueous regression prediction interlayer complex nunber in prediction
solution equation value (n=15) (n=15) . value
interlayer
Na* —375 1.314 9.503 5.61 5.64 0.46% 5.52 0.959 5.57 0.93%
K* —304 1.546 15.478 6.14 6.10 0.64% 5.33 0.681 5.45 2.19%
Cst —258 1.884 28.011 7.24 7.26 0.21% 4.92 0.226 4.77 2.98%
ca® —1515 1.494 13.968 8.05 8.06 0.11% 7.85 0.981 7.98 1.68%
Sr? —1386 1.625 17.974 8.24 8.23 0.13% 8.19 0.999 8.22 0.42%
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Fig. 12 MD calculation results of the case where the ionic atomic weight is changed to the value of Cs ion (Ionic mass mod.), the
case where the ionic radius is changed to the value of Cs ion (Ionic radius mod.), and the case where the dispersion force
parameter is changed to the value of Cs ion (Dispersion force mod.) based on the parameter value of Na-montmorillonite.
(a) Basal spacing, (b) immersion enthalpy, (c) the packing fraction of interlayer, and (d) hydration number of counter-
ions as a function of interlayer water content. The case where all parameters are Na-montmorillonite (Na-Original) and
the case where all parameters are Cs-montmorillonite (Cs-Original) are shown by the red plot and the blue plot,

respectively.
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Fig. 13 Density profiles of water molecules (blue line) and counter-ions (red line) from MD simulations for montmorillonite with
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Table 3 Calculation cases for different interlayer counter-ions with virtually variable parameters (ionic charge and radius).
The hydration free energy of ions are taken from [28]. The other data are the set values in this MD simulations.

Calculation | Charge of counter ion | Potential parameter a | Potential parameter b | Hydration free energy
Note
case le] Al [Al [k/mol]
Gh-Cs-1 0.8 1.155 0.101 -258 Same as AG h(Cs+)
Gh-Cs-2 1.2 2.600 0.228 -258 Same as AG (Cs")
Gh-Na 15 2.993 0.262 -375 Same as AG h(Na+)
Gh-Ca 2.5 2.333 0.204 -1515 Same as AG (Ca®")
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Density profiles of water molecules (blue line) and counter-ions (red line) from MD simulations for montmorillonite with

the layer charge of 0.5 e/(unit cell) in #» = 7.5/(unit cell) hydrated state. (a) Comparison of Gh-Cs-1 case (solid line) and
Cs-Original case (dashed line), (b) comparison of Gh-Cs-2 case (solid line) and Cs-Original case (dashed line), (c)
comparison of Gh-Na case (solid line) and Na-Original case (dashed line), and (d) comparison of Gh-Ca case (solid line)
and Ca-Original case (dashed line). Ionic mass mod. case is not shown because it almost overlaps with the dashed line

in Fig. (d).
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Table 4 Calculation case set by fixing the charge and changing the hydration free energy of the counter-ions. The hydration
free energy of ions are values calculated from the equation (9). The ratio of outer sphere complex obtained by MD

calculation are shown in this table.

Calculation | Charge of counter ion | Potential parameter a | Potential parameter b | Hydration free energy | Ratio of outer-sphere
case le] [Al [Al [kd/mol] complex (n=7.5)
G=244 1.0 1.884 0.130 -244 0.188
G=313 1.0 1.546 0.115 -313 0.735
G=326 1.0 1.494 0.094 -326 0.777
G=350 1.0 1.410 0.123 -350 0.894
G=381 1.0 1.314 0.115 -381 0.948
G=400 1.0 1.260 0.110 -400 0.956
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Table S Calculation case set to perform logistic regression analysis of outer-sphere complex ratio using counter-ion charge and
hydration free energy as explanatory variables. The hydration free energy of ions are values calculated from the
equation (9). The ratio of outer sphere complex obtained by MD calculation and the predicted value obtained by its

regression analysis are shown in this table.

Calculation | Charge of counter ion | Potential parameter a | Hydration free energy | Ratio of outer-sphere [Prediction value of outer-
case [e] [Al [kd/mol] complex (n=7.5) sphere complex ratio
G=50 0.6 1.779 -50 0.096 0.140

G=100 0.6 1.255 -100 0.425 0.390
G=150 0.8 1.723 -150 0.212 0.202
G=200 0.8 1.404 -200 0.561 0.499
G=350 1.0 1.410 -350 0.894 0.858
G=400 1.0 1.260 -400 0.956 0.960
G=500 12 1.495 -500 0.966 0.974
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