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Introduction

A Rich anions such as Cl-, SO,%, HCO?* and CO,? exist in groundwater
A The role of anions was largely overlooked

Table 1 Chemical compositions of groundwater

Meuse/Haute- Beishan Grimsel Mont Terri Yucca Mountain  Aspo
Marne(MHM)

pH 7.5 7.2 9.7 8.0 7.4

Na* 3.783 608 0.04 5610 63.6 1300

K* 0.228 3.8 0.51 65.3 7.6 6.6

Ca?* 1.014 90.2 20.89 570 46.1 990

Mg?* 2.618 18.5 <0.32 344 11.5 65

Cl- 1.411 621 1.52 10395 54.3 3820

HCO 6.390 136 38.3 - 89.8 71

(TIC)

SO,* 2.073 591 7.97 1251 50.4 106

NO; - 13.8 0.01 - 77.1 <0.01

F 0.237 1.4 21.3 0.77 11.6 1.3

Ref. Linard et al. (2011) Wou et al. Konno et al. Mazurek and Yang et al. Smellie et al.

(2024) (2013) Haller (2017) (2003) (1995) 3

mMIL mg/L mM/L mg/L mg/L mgL €U
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Introduction

A The hydro-mechanical behaviours depend on both concentration and anion type

A Swelling ability: CO,% > SO,2 &
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Introduction

A Specific anion effects in inhibiting montmorillonite particle aggregation: H,PO, > Cl- > SO,2-.
A Increase in negative surface charge due to polarized anions adsorbed onto the surface

—_ I=7.5 mmol/L I=9 mmol/L 1=12 mmol/L
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Introduction

A Specific anion effects can not be explained by traditional Gouy-Chapman double layer theory
A Mathematic difficulties in extend the traditional DDL theory to asymmetric electrolytes (1:2, 2:1, etc.)
A Obijective of this study: to develop simpler interpretation and prediction of the specific anion effects

A Concentration and valency of cations and anions
—D = pcss(h) + popi(h, ¢, V) — pyaw(h) are not distinguished _
_h | A Only for dilute, symmetric electrolytes (1:1, 2:2, etc.) |electrostatic
Pcss = k exp (T) Reciprocal [I)ebye length —J Surface charge density I 2
_ ] l S0 \ 1/2 0
Liu (2013)=< Acv o
(2019 pppL = 2CRT(cosh|y™|— 1) = y% =2 sinh™ Yoo
Midplane potential T
Ay { 1 2 1 : Relative
_Pvdw = —< 73— 3 + 3 } Surface potential dielectric
6 | h (h+ Dp) (h+2Dp) constant of ym T,
pore solution

A Traditional DDL: y™ ~ electrostatic (c, V)

A Modified DDL: y™ ~ electrostatic (c, v) + dispersion (adsorption of polarized anions) (X, 01°)
dispersion -

A Complicated chemical reactions and calculations for the X and (i°

EURAD2 ANNUAL EVENT®

8-10, September, 2026



- |

Materials and methods
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Table 2 Material properties

Samples Tests
A Height: 10 mm A Swelling pressure
A Diameter: 50 mm A MIP
A Dry density: 1.3 Mg/m3, 1.5 Mg/m3
Screws Bolt
Top plate
A Water/air
PiSton SRS T — - OUtlet
Stainless “ Sample o
steel cell
DR RM Porous stone
Valve ‘\\ —~—— Water inlet
Force
transducer
Pedestal O o d
Data logger

Table 3 Solution properties

Properties Values Solutions Concentrations (mol/L)
Montmorillonite content (%) 86 NacCl 0.001,0.01,0.1,1.0
CEC (meq/100 g) 80 Na,SO, 0.0005, 0.005, 0.05, 0.5
Exchangeable cations Na* (67), Ca?* (8), NaHCO4 0.001,0.01,0.1,1.0
(meq/100 g) Mg>* (4), K* (1) Na,CO, 0.0005, 0.005, 0.05, 0.5

Initial water content (%)

14.5

*lons in Meuse/Haute-Marne groundwater (mol/L) (Linard et al., 2011):

Liu and Cui (2026) JRMGE
8-10, September, 2026

Na* (0.0038), CI- (0.0014), SO, (0.0021), HCO, (0.0064) ey
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Results: swelling pressure development mode
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Results: swelling pressure vs. Na * concentration
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Results: pore size distributions
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Main physicochemical reactions in bentonite/salt system

A Salinity increase (SlI): increase of internal solution concentration |:> Osmotic swelling Z

A Cation exchange (CE): exchange of interlayer and external cations |:> Crystalline swelling y

A Salt precipitation (SP): precipitation of low solubility salts |:> Dry density Vy

Montmorillonite ! DDL ; External solution : Crystal | (®» cCations Nar, K*, Ca&*and Mg")
I | I .
oo O © Anion (CF, SOZ, HCO; or COZ)
© : O é Calcite
(D), ® ©, ; Inflow/outflow of external solution
Interlayer —T» CaCQZ
void DONe ® o O«g-cancayz . .
© ©) e Exchange of interlayer and external cations
' ®
©) (+) : ©) ©) e Precipitation/dissolution of low solubility salts
+ + + + @ @ @ . . . .
@@ | ® a Reduced interparticle void by precipitated crysta
|

@@ : © © ® e Initial interparticle void without precipitated cryst;
. O ) :
3 [5) |
N “1

Liu and Cui (2026) JRMGE
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Impact of salinity increase (Sl): reducing the osmotic swelling

N Change of osmotic pressure with salinity increase
IR T T e (V a nHbff equation):
+ + + +

- - . Dp; 0.00ERT(G, €.) GO00LzRTg, ( A

+ + - - +
+ + o+ -+ o+ -
A A Only for ideal, dilute solutions
+ . .
¥ R A R A Y A For parallel montmorillonite layers
+ + + + + + +4+ + + +
;I;:roer"mlmo -+ = + B + - + sz -+ ——
Concentration - -+ + + + + + ++ + Water
+ 4+ 4+ + _ o+ + _ + ] ] o
et v e o o i T S - Change of osmotic pressure with salinity increase
+  m———— e g :
e e e (Empirical equation):
+4++—FFF+FFF+++++ artircing
- + +++++++-+‘>m,;ma. .
R Do, §Aexp(Bryo) +pRJ{ ex Gz /mY g}
+ + + +
I . B . c

(Mitchell, 1993)

Liu and Cui (2026) JRMGE
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J 100 mL circulating solution

Cation exchange (CE) Ve — E'F?:;

Clay sample —

(a) 1:1 electrolyte (e.g., NaCl, NaHCO ,)

] [ ‘. {
Exchange L 00 00¢C A (@) 0626 NacCl

L \
© @ ® —> CICICIC] 0.0313 (: )
\ 7 Y 7 - LOE-0l0©156—#% $ 5.0
) | ®@® ) |\ 2 s | &
S 1.0E-02 *# 40 =
E F . adadbab sty | ©
(b) 1:2 electrolyte (e.g., Na ,SO,, Na,CO,) T 10E-03 e 3.0 §
< .E‘ 4 [
v 7 0 7 O . a.
| | I | o 1-0E-04 20 5
! ‘z Exchange [ S— — b= ; ] R
® — ®0OOO®® = 10E05 § 10 %
\ 7 Y 7 ; 1 &
/ | &S } '\ & Joposd——— o o Lgg
0 20 40 60 80 100 120
Time, Days
e ISENa -—+-ISECa ——ps (Karnlandetal., 2011)

A General exchange selectivity: K* > Ca2* & g Na*
(Birgersson and Karnland, 2009)

A But Ca2* and Mg2* can be replaced by Na*, given sufficient Na*
concentration (Wersin et al., 2004)

A cy,.. decreased while ¢, increased with time, suggesting
exchange of interlayer Ca2* by external Na*.

A With increasing c,,., higher c.,,, was detected, indicating
increase in degree of cation exchange with cy..

eu - 2
Liu and Cui (2026) JRMGE
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Cation exchange (CE): experimental evidence

1.0 T T T T 1-0 T T T T - 1'0 T T 1 T =
a Exchange of Na* by K* b Exchange of Na* by Ca?* ’ ¢ Exchange of Na* by Mg+ ’
08 L i 08 F L . 0.8 A ,-’/
= [ ] s 4 e
T 06 | 1 Tosl g I Zos g
° o @
L - L 2
> | i ® i PY - i o et
u-l 04 ‘ | u°_| 0'4 ® uﬁ 0.4 ‘ ’,I
° L
I :' m Measured o o ® Measured 2 A Measured
R A —— Non-preferential | 02 T ’ ial | 0.2 .
preferentia B Non-preferential M Non-preferential
J", Calcuiated ’11’ Calculated Calculated
00 ’ 1 [ ) 1 00 ‘ 1 1 1 L 00 L 1 1 |
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 04 0.6 0.8 1.0 0.0 02 0.4 0.6 0.8 1.0
Ex (liquid) Eca (liquid) Ews (liquid)

Pure Na-bentonite + NaCl/CaCl, mixed solution

Pure Na-bentonite + NaCIl/KCI mixed solution Pure Na-bentonite + NaC|/MgC|2 mixed solution

E, (solid): equivalent fraction of exchangeable K* in initial pure Na-bentonite treated by NaCIl/KCI mixed solution = degree of cation exchange of Na by K.
E, (liquid): equivalent fraction of K* in external NaCIl/KClI solution.

Huertas et al. (2001)

e 1
h. =100%¢1 Cy.. external K* concentration.

6 1l+(ac.)

eu

EURAD2 ANNUAL EVENT® 15

Degree of cation exchange:

2
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Role of cation exchange (CE): enhancing the crystalline swelling

(a) 1:1 electrolyte (e.g., NaCl, NaHCO )

\ ] \

7
I Exchange L \
=%, 000000

Enhancement of swelling pressure due to CE:

®
®
&)
3

] ' / _ e 1

/ ! ! I‘ Ix)ce - mwuhl :pmgél' 1+ (aC )t
(b) 1:2 electrolyte (e.g., Na ,SO,, Na,COj) @ Na"

\ [ \ /

/ @G ® Exchange | \ Where, qp, ., IS the maximum swelling pressure
\ ® @ — ® increase induced by CE.

) | @&® ) '\

Maximum layer number of interlayer water (Liu, 2013):

A Na* 4

A K2

A ca?": 3

A Mg?: 3
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Salt precipitation (SP): theoretical calculations

| . . L
] .( Interparticle concentration of cation i:
Ty ;| ngstacked
Us ! ' [ unit layers c = 0.01EXCH) o 1 .
3' L ' T “1)d_C.C
| Interparticle i 1rg-11 @ Z),m -
h — nas £,
pore
) .( EXC;: exchangeable capacity of cation i
v 7 n, stacked v;: valence of cation i
. : unit layers } 40 INitial dry density
q t ) { 1 ¢ solid density of bentonite
m

Liu and Cui (2026) JRMGE
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Salts to precipitate
(for ¢ 00.1 mol/L, j402.0 Mg/m?3):
A CcaCo,
.. i i i A Ca(HCO,),
Salt precipitation (SP): theoretical calculations A caso,
gL,
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Salt precipitation (SP): experimental evidences

M: Montmorillonite
'l""'l""l""IO"'l'Q"'l""l"Q:Quartz 22
Original Na-bentonite $ b Caloks - O MX80-1.3-DW (Measured)
(DC iy supplxt/) [ N i\! ¥ Ntonite = 21F 5 MX80-1.3-NaHCQ (Measured)
Fiistant. exrres ~ M f 1 20F - O MX80-1.3-NaHCQ (Estimated) g
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Role of salt precipitation (SP): increasing the dry density
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A physicochemical swelling pressure model

@pacted bentonite saturated by salt@ns
Properties of bentonite and interlayer cations Properties of salt solution and crystgls
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Swelling pressure (MPa)

Model calibration

Table 4 Material parameters of bentonite used for model verification.

Bentonite Cn (%) <(Mg/mé) CEC (eg/100 g) 40 (g/cm3)  Solution Na* concentration (mol/L) Data source
MX80 Nabentonite 86 2.77 80:Na* (67),Ca?*(8), Mg+ (4), K (1) 1.3,15 NacCl, Na,SO,, NaHCG;, Na,CO,; 0, 0.001, 0.01, 0.1, 1.0 This study
MX80 Nabentonite 86 2.77 80:Na* (67),Caz* (8), Mg+ (4), K (1) 1.6 NaCl 0.011, 0.0256, 0.116, 0.575, 1.053 Xie et al. (2007)
KyeongjuCa-bentonite 70 2.75 57.6: Na (6.6),Ca?* (46),Mg?* (4), K (1) 1.5,1.6,1.7 NaCl 0,0.04,0.2,0.4 Lee et al. (2012)
Na-smectite 77 2.81 81.5:Na*(68.5),Ca%*(8), Mg* (4), K (1) 1.27 NacCl, Na,SO,,Na,CO, 0, 0.005, 0.01, 0.025, 0.05, 0.1, Goodarziand
0.25,0.5,1.0 Akbari (2014)
1.2 6 7
(b) (©
1.0 %5 =6
o o
{ s s
0.8 ° 4 > O MX80-1.6-NaCl
5 5 O Kyeongju-1.5-NaCl
? 24r A Kyeongju-1.6-NaCl
0.6 05’_3 % & Kyeongju-1.7-NaCl
3 -
O MX80-1.3-NaCl 2 O MX80-1.5-NaCl 2 A—/'/D—H\A
0.4- A MX80-1.3-NaSO, =2F A MX80-15NaSO, 3 ol
v MX80-1.3-NaHCQ & ¥ MX80-15-NaHCQ 3
0.2  © MX80-1.3-NaCO, 1t & MX80-1.5-NgCO, 1L
0.0 1 1 1 1 0 1 1 1 1 o 1 1 1 1
1ET 40.001 0.01 0.1 1 10 1ET 40.001 0.01 0.1 1 1C 1ET 40.001 0.01 0.1 1 10

Na" Concentration (mol/L)

Liu and Cui (2026) JRMGE

8-10, September, 2026

Na" Concentration (mol/L)

Na" Concentration (mol/L)

EURAD2 ANNUAL EVENT®

22




