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Development of Solid-solution model on Bufffer Materials
and Diffusion Behavior of Nuclides
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Abstract
1. Development of solid-soiution model on bufffer materials

(1) Development of solid-solution model on smectite

Ion-exchange equilibrium constants were measured about Na-smectite.
[on-exchange equilibrium constants (Ln K.x) of K¥, Ca?*, Mg®* and H* were
estimated 1.19, —0.25, 0.64, 1.17, respectively.

Distributions of between Na-smectite and K*, Ca®*, Mg2®* and H* were
agreed to calculated distribution by ionexchange equilibrium constants.

The real solid-solution model can apply to estimation of ionic
distributions. lonr-exchange equilibrium constants of CaCl* and MgCl*
were needed for estimation of behavior of Ca and Mg.

(2) Review of the purpose of solid-solution models
Measured distribution data of Na-smectite in 1993 were agreed to
calculated distribution by ion-exchange equilibrium constants of MX-80.
And the purpose of solid-solution models were reviewed.

2. Measurement of effective diffusion coefficient in bentonite

(1) Effective diffusion coefficient of U
Effective diffusion coefficients of U were measured in Kunigeru-V1.
Dry density of Kunigeru-V1 were 0.4, 1.0, 1.4, 2.0 g/ci. Effective
diffusion coefficients of U were measured 4.0X107'!, 1.2X107'%, 2.6%
107'2, 3.5x10°'% m?/s, respectively.

(2) Effective diffusion coefficient of An
Effective diffusion coefficients of Am were measured in Kunigeru-V1.
pH condition was about 2. Dry density of Kunigeru-V1 were 0.8, 1.4, 1.8g/c.
Effective diffusion coefficients of Am were measured 7.4X10"'!, 52X
10°'*, 1.8X107'! m?®/s, respectively.
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Nuclear Fuel Development Corporation.
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Radioactive Waste Manegement Project
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of time at dry density of 1.8g/cd
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Co—C BiEOWE (100ml )
Kd (eq/g) = X (2.1.1)
C BRogE (1.00g )

Kd : SYBES(RE
Co :fMloxHzEE (eq/ml )
C RHEROTHREE (e¢/ml )

i, BAABRBEER2 1L 2RACXDER LA

i C+A

= (2.1.2)
Kd CEC
Kd : oyECRE
CEC : BEA A B E
C : THZROBEPOA+4 VEE
A B (EEhEE S TREEE)
PIE, HBREHEE2FR2 1L 1ICEFEEDTRT,
Table 2.1.1 Conditions of isothermal absorption test
IHB AIEEY
B NaBIRUHBZ A7 A b
W&+ E K *,Ca?* ,Mg?* ,H* MNaBIRXA %4 F)
Na* (HBRIZ A7 54 b)
B4 DBEE | 0.001 ~0.leq/ 2 (R2EB)
&l th 1. 0g/100ml
P 488%RE] (& S 2465
Bk D48k LSRN A8 (GESFE 100000 00D
A Na, K #@E ------ FEFREar
Ca, Mg#pE ------ 1 C P&
H* B pHET
bR UEEREK 18],/ &4
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(I~BHZRT s HEXA 7 74 M 2WTIENaBBEAERE LIS - oo, B
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Langmeir 70w MO, BEPORELESEEROEROEEZERD, BI4
RBAFBOEWET -7

EOFRERLL IERT, 44 /KHBBERE, K * T Oneq/100g, Ca®*91. 0
meq/100g, Mg**T9l1. Omeq/100g, H * TII91. Oneq/100gL R E » /s 1 A VREBE

BOA A VBICX2A/MNEZIICa>Mg=K >H OIETH Y, Calc oW Titfhaod 14
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Table 2.1.2(1) Result of isothermal absorption test about Na-smectite
(K * +Na-smectite )

Ié f&'/‘%tﬁ. i) -up=lics & AT OREAROEE SYERE gg{%ﬁz@
eq : :
K (eq/ml) | pH |K (eq/ml) | Na (eq/ml) (nl/g) (g/ml)

0. 001 9.51X1077 [ 6.77 1 4.09X1078% | 1.24X107% | 2. 23X 10% | 4.49%X10™*
0. 005 3.66X107%[6.29]1.05X107% | 4.24x107% ] 2.49x10% |4.02x107®
0. 01 8.70x10~¢ [5.74 | 3.68x107® {6.65x107% { 1.36x10% |7.35%x10"?
0. 025 2.05%107° [ 4.78 | 1.33%107° { 6.87X107% | 5.42%10! {1.84x107?
0. 05 4.99%107° | 4.68 | 4.17x107% ] 1.00x10~% [ 1.96x 10! {5.09%x10"?
0. 075 T.80X107° | 4.47 | 6.91X107° 1 9.04%107% | 1.30x10! |T7.T1x1072
0.1 9.72X107% | 4.43 | 8.82X10™% | 1.07x107° | 1.01X10"' |9.86%x107?

Table 2.1.2(2) Result of isothermal absorption test about Na-smectite
(Ca®*+Na-smectite )

(éa&;’fé:’gﬁ TIRE REFEZOERREPOBE | SEHRE fggﬁéﬁﬁD
eq
Ca (eq/ml) | pH | Ca (eq/ml) | Na (eq/ml) | (ml/g) (g/ml)

0. 001 0.73x10~7 | 6.38]2.50x10°° <1078 3.89x10* |2.57x107®
0. 005 4.95%107% [ 5.85]2.89X107% | 5.22X107% | 1.70x10* |5.87x107°
0. 01 9.93x107% [5.19]1.05x107¢ | 9.35x107% | 8.43x10% | 1.19x10"®
0. 025 2.46X107° [ 5.3111.23x107% | 9. 041078 | 1.00x10% |9.96x10"®
0.05 4, 87X107° | 4.5713.55X107° | 1.0IX107% | 3. 71x10' |2 691072
0.075 T.44X107°% [ 5.00)6.04x107% | 3.67x107% {2.31x10' |4.32x1072
0.1 9.78X107° [ 4.50 | 8.38x107° | 1.00X107% { 1.67x10' | 6.00%x10°®




Table 2.1.2(3) Result of isothermal absorption test about Na-smectite

(Mg?*+Na-smectite )

l‘-(ig;%"%fﬁ MMRE T PR OBREPOBE HECERE gg%ﬁw)
eq

Mg (eq/ml) | pH |Mg (eq/ml) | Na (eq/mD) | (ml/g) (g/mD)
0. 001 9.30x10"7 | 6.22 [4.11X107° | 1.26Xx107% | 2.25%x10* | 4.44X%1073
0. 005 4.52X10°¢ | 5.90 | 2.90x107% | 5.30Xx107¢ | .55 10* |6.47X107°
0.01 9.21%10"% | 5.24 1 9.79%10"7 | 8.91Xx107% | 8.41x10% |1.19%107°
0. 025 1.88X10°5 | 4.61 | 1. 11X107% | 7.78x107% | 6.89X10! | 1.45%107?
0. 05 4.97x107° | 4.59 | 4.06X107° | 1.04X107° | 2.23X10' | 4.49X1072
0. 075 B.46<107% | 4.42 1 5.51x10°% | 9.83x107¢ | 1. 72x10! |5.83x107?
0.1 0.38%10°% | 4.40 [ 8.47x10°° | 1.02X107% | 1. 07X 10" |9.36X107?

Table 2.1.2(4) Result of isothermal absorption test about Na-smectite

(§ * +Na-smectite )

Ig T.%%)I{E FIERERE RELEROEREROEBE SECRRL gg{%ﬁkw
eq
H (eq/ml) | pH |H (ea/ml) | Na (eg/ml) | (ml/®) (g/nD)

0. 001 9.55X10°7 | 5.51{3.00x107% | 1.21X107¢ | 3.08x10* |3.25X107°
0. 005 4.68X107° 1 3.07] 8511077 {4.35%107% | 4.50x10% {2.22X107®
0.01 9.55%107% [ 2.40 { 3.98x107% | 6.74x107¢ | 1.40x10% | 7.15X107®
0.025 2.45%107% [ 1.78 | 1.66x107° | 8.61X107% | 4.79x10! |2,09%107°
0.05 4.47TX1075 | 1. 421 3.63%x1077 | 9.13x107% | 2.30x 10! |4.34%x107?
0. 075 6.31x1075 {1.20 | 5.50% 1075 | 1.03x107° | 1.48X 10" | 6.75x107?
0.1 8.71x107511.10 | 7.94%10°5 | 9.78x107% | 8.65 1.04x10°¢
Table 2.1.2(5) Result of isothermal absorption test about H-smectite

(Na* +H-smectite)

?f_g?&‘ﬁ PIRRE & EORETDRE SERR ﬁ}ggﬁ
E @D

(eq/ £)| Na Ceq/ml) | pH | Na (eq/mD) |H (eq/ml) (nl/g) (g/ml)
0.001 | L 17x107%(3.97|1.40Xx10°% | 1.07x1077 | —1.64%10* | —6,09%1072
0.005 | 4.78x107%13.71 {4.88x107% | 1.95Xx10°7 | —2.05 ~4.88x10°!
0.01 1.12x107° | 3.59 | 1.15%107% | 2.57X10°7 | —2.61 —3.83x10"!
0.025 |2.13x10°°|3.43 (2. 17Tx107%{3.72x1077 | —1.84 —5.43%x107!
0. 05 4.92x1075 13.34 | 4.97x107% | 4.57%1077 | —1.01 —9.94x107!
0.075 | 7.05%107%(3.30|7.22%107% | 5.01x10"7 | ~2.35 —4.25x10™!
0.1 0.66%107° [ 3.2719.87X107% {5.37xX107" | —2.13 —-4.70x107?
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Fig. 2.1. 1(1) Isothermal absorption line of K * on Na-smectite
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Fig. 2.1. 1(2) Isothermal absorption line of Ca®* on Na-smectite
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Fig. 2.1. 1(4) Isothermal absorption line of H * on Na-smectite
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Table 2.1. 3

Results of calculation for CEC of smectite samples

A A UG Langmuir” 2 v bOEYE EESREL | 1 A VR ER
(v : 1/Kd, x &y BB | (r* ) | (meq/1008)
K+ +NaBztys4b | y=1.091 X10° x+2.87x107° 0. 998 917
Ca?*+NaZla)774} | v=T.129 X10® x+5.36x107* 0. 999 140. 3
Mg®* +NaBizi744b | y=1.088 X10° x +4.39%x10™* 0. 993 91.9
H* +NaBdaps94h | v=1.266 X10% x+2.23x10™¢ 0. 997 79.0

Na* +NaZizis54}

FHEARE




2.1.2 AF U SREHERORE
NaIZ X774 MK, Ca?t, Mg RUH * 142 DA 7 BT EHEERZRE
Lize 44 VASBEHEROFMIZKielland7 o v PEICK 7

1) REHE

Ry FROSERRICED, NaBIZ A7 ¥4 bOA A VABPEERERE Lo
A4 VEBTEHERORENEA A VK *, (a2, Mg RO * Th b, E7,
HEZ A7 %4 PERAWTNY LD A A URBEHEHIC >WTHRIE L,

K+, Ca®*, Mg™*RUH * BE%, ThEh0.001 ~0. leq/ 2 EBL, RBIAHE
2{EBIL7, K, Ca®', Mg®"BOU'H * BBEEISKC] , CaClp , MgCl; , HCl 2&h %
NAVWCHE Lz X 51cNaClAMA, RBREHEHFD 14 L REA) | FHE L7,

ZOMORBEN, BEEED, 2.1 LB LABA 4 VR ARAERE & F
BE Lo RBREMER2 141, BATIELE? 1 2 15T

Table 2.1.4 Conditions of ion-exchange equilibrium constant measurement

IHH e
EfEEE NaBIZR A 7 %A b
HEXAZ %A b
kA A K*,Ca%* ,Mg®*, H* NaBzisp(h)
Na* (HEZ 9541)
A A OEE [ 0.001 ~0.1leq/ £ '
i ke 1. 0g/100ml
EE3ilis b ABiFE] (R & 5 24BFRD
BE E¥i-
Bk D43 BE | BLSTREHRAL 5B (B TFE 10000
A Na, K - BRI
Ca, Mg - I CP4Hinik
H* e PHAUTE




VIV IV

A4 A VATHIK AA 754 pRE
<KC1, CaCl, MgCi, HCl, !
NaCloiE % g4 (110°C)
A A EEREE (0.1) T
HERIEHK g B
v
E ®
(1. 00g/100m1) | R Y o
v
" OB
245 R
7 OE
2485
IR
!
B EE (20000rpm, 9043
!
FRA A8 (ZFES T8 10000)
!
WD
Na, K : BFRESW
Ca, Mg: ICP ¥4t
| H : pHEISE
B 0B EEDOFME

Fig. 2.1. 2 Flow chart of measurement for ion-exchange equilibrium constant



(2) FRRAE
A A RRBEHERE, BREREBHCREL14 VOSBSRTHATE S
ERKXDRDI, 14 L RBEFHEHORBICHFDL 5B EHOEBRUBEFRRNELT
IKELED D,
@ A RBEPHER (Kox)
AATZA PDAF RBRISEUTOL I KIKET 3 &, 44 U RBPHEEHK
132. 1. 3XTRIN 5,

KIGER I s AXza(s) +I 4 BClze(ag)=2Z » BXzs(s) +7 s AClza(aq)

(BXzs(s) ] ** (AClzalaq)) *®
(AXZA(S) ] B [BClzn(aQ)] zA

Kex H 'fﬂ‘?ﬁ&%ﬁ%ﬁ :
MXau: 1A VHPRELTWAER (RA 754 ME)
MCl.x : BBt EKE
Im A F v OERE
(] &R _

(2.1.3)

KBX

(b) BIREEE (K )
1% VRBEHERELRAREAVWTR L, BHOEEREZ 1 ERELALDDE
ERFBEE LTEET 3.

Es ** [AClza) *®
Ke = IR (2.1, 4
Ea %8 {BClzs) %4 T

By : BAICREE LA 4 v OMBHR

€ 44 RBEHEHRDORHA
17 BT ERY, FEREMRCEEPOYBRSBTHALTHLNB &N
monTna,

MK"=<1A—¢B)-+€<MKG>dEB' (2.1.5)



(d) EHEOERGRRK
BEICRE Lo/ 4 L OMBHRICHTAEEREL 2 L6 KRUF2 1L TRICL
DESNBIEHSHILNT WS,

EB
Islnga=—( s —73s)Es +Es LuKs _.’;lﬂKG dEs (2.1.6)

Ialngs=Tas-123s) (1-Eg)—(1—Eg) InKe¢

1
-[-.!'E%an dEs (2.1.7)

AR, BIREHIEETOA 4y ONSBLRERD, 21.5RcEDAF Y
RBREEHEREERdZ & E L
i, BB A L OMBAR (Es ) 22 LRI VFEETEEE L

18 Qs

Ea=
ZA QA+ZB de

s Qs
CEC

Zs [Co(B) —-C (B)) XV M
= (2.1.8)

CEC

Au : BEEICRE LA A OEE (wol/kg)

Co :#OWHETOA 4 L OUBEEE (eq/£)
C : PHBOEEDD A OLSREBE (eq/ L)
V EEOERE (£)

M EHE0HEE (g)

CEC : A A H|EE (eq/p)

BHPDOA 4 OFEGEERFE (yue ) . 12 TRITRTDaviesdRIZ L DEE
fili L 72

‘ V1
Log ymer =—A|Z1+7 - | —— — 0.3 1 (2.1. 9
1+v 1

[ : A4 58K
— 14—



(3} MERVEEHFER

NaBZ A 7 5 4 hOSEABROEREZEEL, FEREH (o Ko ) ETRIFLICE
BER2LS~ANCEEDTRT, £, HEZA 754 MzowWTiR, BAA Y
RPEROMEDES LR Nat LOAMA VRBRIENEI SRWIEh D A4 &
R EERDOFHEIIATIRETH - 720

§2L5m~mi0,mamﬂfnwb%ﬁot%%%HZL3m~mK%?oH
HTXBRERICRE LA 4 v OSESE (B ), yHILERGZE Unks ) T
HbB. 2.L5RICLY, Lo Ko 2Es THEALTAA VBRTEHEREEHT 5700,
Es&Lln Ko OEBRZERD/:, K *, Mg RUH * i3 | KRR K O EBERERD I,
Ca?*iZ 2\ Tidle Ko MBEAERT LI RERICR SN, 2IRASK DEET 3
&Ll EDER, PNEREICIDRDSNIEERNERL L 6 ISR,

2 L5k, KDONEHERNEH VTl Ko 2Es THSL, 14058
THERDHEEEIT 7o TORBER2LTIORY, a2 A 754 bOK *,
Ca®*, Mg**R O * 1o % 1 & VB EHEHR (Ln Kew) . ZHENL L9,
—0.25, 0.64, L17&kDohtz,



Table 2.1.5{1) Kielland plot data in K*+MNa-smectile system

MiE i RO THioEE
ALTESM (eq/ £) - IEIRRE
MERE (mol/ £ BEREE (mol/ 2> e fEMIES ( Logy) W4y | Bighose SROERFE
{1y K | hER . Ln Ko
K* Na* | pH K* Na* pli K* Na* K* Na* X+ Na* (meq/100g) | Ex | Ene | Lo gx | Ln Zua
0.000 [0.099 {5 41{9.97Xx10* | L.OLx10"" | 4.78|7.88x 107 | 1.02x10"" | 6. 14Xx10~* | 7.97x10"* | —0.108 | —0.108 | 0.103 9.7 0.023 | 0.977 0.075 | —0.002 111

5.41| 1.29%107° [ 1.02x10"" | 4.64 | 1. 07x107° | 1. 08> 107" | 8.31x107* | B.39%10°7 | —0,110 | —=0.110 | 0.109 9.7 0,024 |0.976 0.212 | —0.007 0.909

0.0025 | 0.0975 [ 5,41 | 2.97x107° | 9.92x1072 {4.63 | 2.11x107* | 1.06x10™" | 1.64% 107 | 8.24x107* | —0,109 | —0.109 | 0.108 9.7 0.094 |0.906 | —0.418 0.043 1. 649

0,005 J0.095 {5,385, 17x107 19.78x107% | 4.62 | 4.25X10~* | 1.04%10~' | 3.30x107 | 8.08x1072 | —0.110 | —0.110 | 0.108 SL.7 0.100 | 0.500 0.165 | —0.018 1004
5.38 4.86x10°7 [ 1.00x10"" [ 4.73[3.25%107° | 9, 78x107* | 2.64x 107" | T.64 X107 | —0.107 | —0.10T | 0.10¢ 8L 7 0.190 [0.81¢ | —0.62! 0.145 1. 853

0.0075 | 0.0825 | 5. 38 { T.6TX107° | 9.43%107% | 4.61 [ 6.29X 107" | 1. 01107 | £.89X10™* | 7.85%107% | —0.108 | —0.109 | 0.107 9.7 0,151 | 0.849 0.120 | —0.021 1. 046

0.01 [0.08 §5.38)|9.97X107°|9.35X107% | 4.83|B8.18%10°% | 9.57X107* { 6. 38X 10"° | 7.46X10"* | —0.108 | —0.108 } 0.104 8L 7 0.195 |0.805 0.116 | —0.028 1. 043
5.38 | 1.14x107? | 9.17x107% | 4.60 [ 8.29x107* | 1.04x107 | 6.43X107? 1 8.06X1072 | =0, 111 | ~0.111 | C.112 9L 7 0.339 |0.661 | —0.446 0.229 1.863

0.025 |0.075 15.30 2.55%107" { T.TI1Xx107* § 4.54 [ 2.30%107* [ 8. 70X 1077 | L.T9X 1672 | 6. 75X 102 | 0. 110 | —0.110 | 0.110 9.7 0.2713 [0.727 0.609 | —0.229 0. 350
5.30 1 2.50X107% [ 7.91x107% 1 4,62 | 2,12X107* | B.26X107* | 1.66X%10"* [ 6. 44X 107 | —0. E08 | —0.108 | 0.104 L7 0.410 | 0.530 0.113 | —0.079 0. 996

0.05 |[0.05 }5.30(4.99%10°%|5.22Xx107* 1 4.58 [ 4.35%107* | 5.65x107% | 3. 401072 | 4.42x107% | —0. 107 | —0.107 | 0.100 9.7 0.706 |0.294 0.014 | —-0.035 1.138




Table 2. 1. 5(2) HKielland plot data in Ca**+Na-smectite system

EaNluresd Pk OEik SEMHROEE
WE(eq/ 2) TEPR
NERIE (mol/ 22 FERE (mol/2) & & TEEER ( Logy) B4 | Bighoss SROE RN
ity IE | ThER Ln Ke
Ca** | Na* | pH Ca?* Na * pH Ca?* Ha * Ca®* Na * Ca®* Na* (meq/100g) | Eca Eva | Lngee | Lngua

0.001 }0.099 £5.42|2.87X107* |9.91%10°2[i4d.74] 2. 18%107* | 1. 0‘0X10" L13x107* | 7.81%107% | —0.214 | —0.107 0. 101 140.3 0.010 (0.990 | —0.252 0.001 g —0.783
5.42 | 468107 | 9.66> 1072 § 4,63 | 2.12%10~* [ L OIx10~' | 1.29%x10~* | 7.88>10-% | —0.215 | —0.108 0. 102 140.3 0.037 (0.963 | —1.617 0. 029 0.638
0.0025|0.0975 | 5.36 | 1.25%107° [ 9.43x 1072 | 4.63 | 5.85%10"* | 9.92x10-* | 3. 57x 10~ 7.75%107% | ~0.215 | —0.107 0. 101 140.3 0.095 [0.9065 | —1.561 0.071 0. 666
0.005 {0.095 5.30 | 2.46X107% | 9.24%1072 1 4.61 | 1.25% 1072 [ 8.78%10°* | 7.62x10~* | 7. 64X 10~* —-0,215 | —0.108 0. 102 140.3 0.173 |0.827 | —1.463 0.116 0. 696
5.30|2.50x107° | 9.70x10°* §4.69 | 1. 28X 10" | 8. 871072 [ 7.7T9x 1074 [ 7.70%10-2 | —0.216 | —0. 108 0,103 140.3 0.173 10.827 | —1.463 {.116 0.657
0.01 0.09 5.45 | 4.83x107° | 8.87x 1072 | 4.61 | 2.70X107 {9.40% 1072 | 1.64x10~* | 7.34%10"* | —0.215 | —0.108 0. 102 140.3 0.304 |0.695 | —1.305 0. 180 0.718
5.45|4.97Tx107 | 9.22X10% | 4. 71 | 2.75%107° [ 9.78x 1072 | 1.66%10™* [ T.61%10~* } —0.218 | —0.109 | ©.108 140.3 0,317 | 0.683 | —1.482 0. 208 0. 860
0.025 [0.075 [|5.59 | 1.20x107? | 7.39%1072 } 4.52 | T.79%10°* [ 8. 14x 1072 | 4.73%10~° | 6.34¢10-2 | —0.217 | —0.108 | 0.105 140.3 0.600 |0.400 | —1.388 0. 406 1. 162
5.59]1.29x107% } 7.39x107% | 4.65 | 8.56X107° | 8. 48X 107* [ 5. 15X 10™* { 6.58%10"% | —0.220 | —0.110 0,110 140.3 0.615 [0.385 | —1.406 0. 441 1. 251
0.05 (0,05 [572]2.50x107%|5.30%10% §4.53|2.00>1072 | 6. 17%10° | 1. 19%10°2 | 4.76 102 | —=0.226 | —0.113 | 0.122 140. 3 0.711 |0.289 | ~1.068 0.230 0. 490
5.72 | 2471072 1 5. 10X 1072 § 4.46 | 1. 93X 107® [ 5.92x10°% | 1. 19X 102 { 4.58%10°? | —0.224 | —0.112 | ©.117 140.3 0.770 (90.230 | —1.142 0.433 0.971
0.075 |0.025 | 5.81(3.70%107% [2.652x1072§4.44 | 3.09x107% | 3.38%10-% | 1.83%10°% { 2. 60102 | —0. 228 | —0.114 0. 127 140. 3 0.870 |0.130 | —0.968 0.709 0. 639
01 0 5.894.92x10°%* | 0.00 4.43(4.25%107% | 1.00X107% | 2. 481072 | 7.64 %1075 | —0.233 | —0.117 | 0.138 140.3 0.955 |0.045 | -0.833 0.322 0.118




Table 2.1 5(3) Kiefland plol data in Mg®*-+Na-smectite system

Vi EFROIEE ERikoREg

BeftiCen/ £) EIRGREL

HIEREE (mol/ £) JERE (mol/ 2) g fit FERR (Logy) fBA4r | EfgdhosR SBROTERI{FEH
- {1y B | SRER In Ke

Mg®t | Na* pll Mg** Ha * pH Mg?* Na * Meg** Na * Mg?* Na* {neq/100g) | Ewe Ewe | Lngue | LnEwa
0.001 |0.099 [5.44)3.72x10°* | 9.69%10% §4.72 | 1.80x107* [ L.03x107! [ 1.09x10~*{8.03x10°2| —0.216 | —0.108 | ©O.104 91.9 0.042 | 0.958] 0.659 | —0.725 0. 986
5.44 [ 4.53x107" [ 1.00X107" [[4.75 1 2.56X107* | 1.00OX107" | 1.56X10™* | T.BL1x10-21 —0.215 | —0.107 | o.101 9.9 0.043 | 0.957] 1.033 | —0.731 0.598
0.0025 | 0.0975 §5.43 | 1.02X107° | 9.48X 1072 4. 71 1 5. 10%10~* [ 1. OIX10~! [ 3. 10X 10~ | 7.88X10°2 | —0.216 | —0.108 | 0.103 91.9 0.111 | 0.888] 0.698 | —0.569 1.033
0.005 [0.095 5.41 (2 16X107° |9.23x1072 §4.70{ 1. 19107 | 9.83x 102 | 7.25%x 10~ | 7.67x10°2 { —0.215 | —0.-108 | 0. 102 9.9 0.2t1 | 0.789| 0.818 | —0.355 1.013
541237107 [9.48X1072 | 4.74 | 1.31X1077 } 9.T0x 1072 | 7,98%107* | 7.57x10°% | —0.215 | —0.107 | 0.101 91.9 0.231 | 0.769] 0.821 | —0.311 1.032
0.01 |[0.09 535457107 |8.91x10"2§4.72 2.Q3><10” 9.78X107% | L. 77%107* | T.61x10°* | —0.218 | —0.109 | 0. 107 9.9 0.357 { 0.643| 0.917 | —0.055 1.037
5.3514.39x107° | 8. 791077 § 4.68 | 2.55X 107" [ 9.5Tx10"% | 1.55%107% | 7,46 1072 | —~0.216 | —0.168 | 0.103 91.9 0.400 | 0.600| 0.735 0.100 1..386
0.025 |0.075 [5.34]9.37x10* | 7.34x1072 [ 4.62 | 5.96x 10~ | B.35%10-% | 3.63% 10~ [ 6.52%10°7 { —0.215 | —0.107 { ©.101 9.9 0.742 | 0.258| 0.639 1. 203 2.568
534 | 119%1072 | 7.61x10°2 | 4.61 | 8.19%107° | 848X 1072 | 4.9410"° | 6.58%10°* { —€.220 | —0.110 | 0. 109 91,9 0.814 | 0.186| 0.653 1. 563 3.034
0.05 |0,05 5.34]2.03x1072 (5011072 44,53 1.61x1072|6.28X1072]9.69Xx107° | 4.87x10°2| —0.221 | —0.110 | 0.111 91.9 0.914 | 0.086| 0.790 1.980 3.406
0.075 }0.025 §5.35|3. 111072 | 2.52X1072 | 4,48 | 2. 701072 | 3.49%107% | 1.62x 1072 | 2.70x10°2 | —0.223 | —0.112 | 0.116 9.9 0.892 | 0.108| 0.980 0. 957 1. 240
0.1 ] 5.4114.24%107210.00 4.46 | 3.79%107 | 103X 1077 [ 2,25X107% | 7.93X107% [ —-0.227 | —0.114 | 0.124 91.9 0.979 | 0.021| 0.948 i.382 1.838




Table 2.1.5{(4) Kielland plot data in H*+Na-smectite system

iR itk OIEE LHEOER
et eq/ £) IER R
MR (mol/ £ RIRRIE (nol/ 2) iE & TEmiER ( Logy) B | @Eifhosgs SROEREE
1ty W | SR Ln K¢
H* | Na* | pH H* Na* phl Kt Na* [ Na* 0+ Na * (meq/100g) | En Exa kn gx | Lo Eua

0.001 {0.009 §3.04}9. 12X107" { 1.04x107"' §3.602.51>107* | 1.02x10-" [ 2.81%10~* { 7.97x10"2| O —0.108 | 0.102 79.0 0.084 10.916 | —4.876 | —0.019 3.367
3.0418.12x107 | 9.78x 1072 13.76 | L. T4x107* [ 9.92X 10" | L74X10™* | T.T6X1072 [ 0 —0.107 | 0.099 9.0 0.083 |0.907 | —5.295 0. 024 3.829
0.002570.0075§2.64 1 2.29%107° | 9.66>10"7 § 3.08 | 8.32x107* | 9.92x10°% | 8.32x10~* | 7.76%10°¢ | © =0.107 | 0.100 7.0 0.185 |0.815 | —4.592 | —0.052 3. 050
0.005 0,095 }2.34|4.57%X107* |9.35%10°2 [ 2.61 | 2.46x107° | 1.0O1>x10"' { 2.46X10~* | 7.87x1072 | ¢ —=0.108 | 0.103 79.0 0.268 (0.732 | —4.126 | —0.173 2.462
2.33 | 4.68x107° | 9.66X107% 1 2.6]1 | 2.46>107% | 9.92x107% | 2.46%10~? | 7.74x10°2| © ~0.108 | 0.102 . 19.0 0.281 10.719 | —4.162 | —0.157 2.514
0.0075]0.0025§ 2. 15| 7. 08107 | 9.55X 1072 | 2.34 { 4.57x10°* | 9.73%107% | 4.57X10~? | 7.59X10"2 | © —0.108 | 0.102 79.0 . |0.318 |0.682 | —3.832 | —0.296 2,046
0.01 ]0.09 §2.04]9.12x107%]9.35X107* §2.19]6.46X10"* | 9.57%1072 | 6.46 %1073 | 7.4Tx10°2| 0O —0.108 | 0.102 79.0 0.337 |0.663 | —3.651 | —0.389 1. 772
2.02]9.55%107° [ 9.24X107* ] 2.17 | 6.76X 107 | 9.40%107? | 6.76%107% [ 7.3 x10°*| 0 =0.107 | 0.101 9.0 0.353 | 0.647 | —3.660 | ~0.330 1.780
0.025 10.075 §1.64]2.29X107% | 7.83X10°2 § 1,70 2.00x10~% | 8. 031072 | 2.00x10°? | 6.28%10"* =0.107 | 0. 100 79.0 0.3714 10,626 | —~2.944 | —0,822 0.632
164 )2.20x107% | 7.01%¢10"2 F1.73 | 1.86%1072 | 8.04x 1072 | 1,86X10~% | 6. 2910 =0.107 | 0.009 79.0 0.543 [0.457 | —3.41T7 | —0.537 1. 390
0.05 [0.05 |J1.35]4.47X1072]4.78%10°* §1.40]3.98x107% | 5,65X10°2 [3.98X10°2 | 4.43%10°t| 0 ~0,106 | 0.086 79.0 0.615 10.385 | —3.057 | —0.992 0.576
0.075 |0.025 |1.18|6.61>107* | 250102 | 1.22 [ 6,03%107% | 3.35x107% [ 6.03x10"* { 2.63x10"2 | 0 =0.105 | 0.0%4 79.0 0.736 10.264 | —2.916 | —1.229 0. 197




Table 2. 1. 5(5) Kielland plot data in Na*+H-smectite system

mNiER TR DB FrkoEE
el (eq/ 2) . EIRIRE
HSERNE (mol/ £ 'fﬂ'lﬁ'ﬁﬂf {mot/ €D & ERRE ( Logy) W14y | BElhosEs SROTERFR
11 HUE | RSN Ln Ko
Na * H* § pll Na* H* pH Na* [ I Na* HY Na * B+ (neq/100g) | Ex. | Eu ln gna| Ln ga

0.000 [0.099 §1.04]1.04x107° 9. 12X107% 1 1.06 | 1. 44X 107 | 8. 711072 | 1. 14x10* | 8. T1x10~* [ —0. 103 0 0. 089 94.3 -0.042 L042| — _— —
0.0025)0.0975 5 1.02 [ 2.71x107° | 9.55X1072 § 1. OB | 3.04X107* | 8.32X107* | 2, 40x 10" | 8.32x107% | —0. 102 0 0. 086 94.3 <0035 1.035| -— — —
0.005 [0.095 §1.05|544X107 [ 8.91x 1072 | 1.08|5.73x107* | 8.32X1077 | 4.52x 107" | 8.32x 10°% | —0. 03 0 0. 089 94.3 -0.031| L.031| — S S
0.0075 | 0.0925 | 1.05 | 8.70x107* | 8.91x10° | 1.09 | 8.70x10~* | 8. 13%10°* | 6.85% 102 { 8, 13%10- | —0. 104 0 0.090 9.3 0 1 -— — —
0.01 [0.09 §1.07|1.04x1072 [8.51x102§ 1. 11| 1.04%107? | 7.T6x10"* | 8.20%10~* | 7. 76X 102 | —0. 103 0 0. 088 94.3 0 1 - — —
0.025 10.075 7114 | 2.79%107% [ 7.24%x1072 § 1. 18 1 2.83X107* | 6.61 X107 | 2, 221072 | 6.61x107% | —0. 105 0 .| 0.094 9.3 -0.042| 1.042| — _ —
0.05 {005 §1.32)|5.48X107%[4.79%107%(1.37|5.48X107% | 4.2TX107% | 4.28X107* | 4.2Tx 1072 [ —0. 106 0 0.097 94.3 0 1 S — —
0.075 [0.025 [1.62|8.04x107* [ 2.40%x1072 § .71 | 8.04X107* | 1.95X10°% | 6.28%10? | 1.95%107% | —0. 107 0 0. 100 9.3 0 1 — — -
0.1 0 5.46 | 9.57%107% | 3.47x 107" | 3.23 | 6.57>107* | 5, 8910~ | 7.50x 1072 | 5. 89%107* | —0. 106 0 0. 096 94.3 0 1 S — —
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Fig. 2.1. 3(1) Kielland plot of K* on Na-smectite
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Table 2.1.6 Relation of between Es and Ke

A7 BRI Kielland 70 v FOEHER FERE G R

(v :Ke, x:Es) (r?)
K* +NaBl22794b | y=—1.249 X10"*x +1. 188 2.915 X107
Ca®*+NaZdz4754 b =—4. 741 x*® +4.749 x —4.555 X107% | 5.627 x10~!
Mg?*+NaBdzt9444 | vy = 1.907 x-6.860 5.797 x107!
H* +Na®ais5{h | y=-5.311 x+3.821 8.493 x107!
Na* +HER174(} AR

Table 2.1.7 Estimated

ion-exchange equilibrium constants

A4 BRIG | AHRICKS | ER4EEORE
AEME LnK.x) | 7—% ALnK.ex)

K * +NaBzi254} 1.19 0. 59

Ca?*+NaZir1944} -0.25 1.08

Mg2*+NaBInr)s4} 0.64 0. 68

H* +NaBIaiss4h 1.17 2.26

Na® +HEIZ154}




2.2 2EBAHRSERENOEREORS
EEkETFVERNT 2184, 2ORLENZDEAM 4 Y REFEHET L Wanner€7
W) Thb, TITET, 14 RBREHEFNOBRAKICOVWTHRSE il
CITH2EARENRELELT, 212 TERBLASEZROERCHAVWTRETIMIC
L BERELHEERT -1, S5, M-80 KW THBLSNTWA M A U REBREHER
ERWCNBIZ A 7 714 SOSEEHEHAREL, BEGFHENELLIREGD M4 /35
EHEROBAKIC VT LN,

2.2.1 EHEHE
AETHOHEIR, Va2 A7 74 FEK *, Ca®t, M2 RUH * OF 2 BARICD
WTER LI, SHEET -y —ARLUTO3Ir—AThH 5B,
OEBEEKEF VL ZHE (M 7—5, EROERHESL)
OFAEREF M X BEE  MMC F—5, BHEOBERESD)
@EMEEHET Ik BHE CUtE, EEOEEMESL)

PIFi, #hFhor—RicEi) 33E&E%2I0RT 3,

(1) BEERGEFVICLBHE QM 7~ BHOBEBHESLL)

2. 1. 2 THEINA A URBEHEREH, BRICBE L1+ v OSE&5R
X AERBEETDREVEYE (EEESKEFL) T NaBIAS 5 hOoA+
L DA Lz |

HERHEAZFR2 2. 1 1T77, B — NiZiZPHREEQE 60%2EH Lz, ARBHEKSE
PEF B, pHT.0 pe+5.9, 0, HRAELNS Satn KB Lic, BHEHE
i, EI3I20va—LyR"NH—FEIlhB3M 4 RBEEOREE 108meq/100g&
AERBROBEEILZELEL 0/10001 £ D, 10. 8100/ £ & LTAS Uiz, RO A 7+ >
122\ Ti, PHREEQE 60@hThebye-Huckel ORIC & D EEBIEZRTT- 7

MR LAt 4 VAR A % 2.2, 2. PHREEGE 60D AFRE L%
#2.2. 3icENThmR U7z, PHREEQE 60D AFPERA~NOBREICEL TR, Na*t +7 -
>Nal DFAERCETRIE L 0 107° &R Lz,



Table 2.2.1 Conditions of estimation for ion-exchange equilibrium

T B

itEoa—F PHREEQE 60
{LERTEREE «pH 7.0
-pet+5.9 (Eh+350mV )

7 R ALSEHK (€0 A RI07* %atn )
ifridnd 10g.71 £ (10.8nea/ 2)
BHEOERFHIER | Debye-Huckel ®F, -

EEOER 1 &RE (BEEEEET )
F=FN—=23 PHREEQE #V)) P F I F—FX—2

X VRBTRER | R2.2. 28R

Table 2.2.2 Jlon-exchange equilibrium constants of Na-smectite

A o BHRRS e
AAERMES R | Sposito data*

Na-smec +K * = K-smec  +Na* 3.28 1.8
Na-smec +H * = H-smec  +Na™ 3.21 1.26

2 Na-smec +Ca?* = Ca- 2 smec+ 2 Na* 0.78 1.48

2 Na-smec +Mg?* = Mg- 2 smec+ 2 Na* 1. 90 1.48
Na-smec +Ca®**+Cl1~ =>CaCl-smec +Na* — 193
Na-smec +Mg**+Cl1- =>MgCl-smec +Na* _— 181

* ; MX-80 izoWTHIEE Nz TF— %




Tabie 2.2. 3 lon-exchange equilibrium constants of Na-smectite
(PHREEQE format)

ARBROAERLRE Sposito data*

A 7 VR
K tLog K [ K : Log K
Na* + smec” =Na-smec | 1.00X10%° { 20.00 | 1.00X10%° { 20.00
K+ + smec” K-smec | 3.28X10%°20.52 | 1.8 X102° :20.26
B * + smec” H-smec | 3.21X10%° 2051 | 1.26X10%° : 20.10

Ca®*  +2smec™ =>Ca-2smec |0.78X10%° i 39.89 | 1.48X10* i 40.17

Ca?*+Cl~ + smec™ =>CaCl-smec 193 x102° 22.29

Mgt +2smec” =Mg-2smec |1.90X10%°{40.28 | 1.48X10%° : 40.17

Mg?*+C1™ + smec™ =>MgCl-smec 181 X102° | 22.26
¥ : ME-80 it oWTHIES N/ F—5

Q) FABEHEETMCLBHE MC 7—5, BHEOEEFESDHD)
EEEICIRE LM A4 Y OBERECHT 52 EF VR, RERHTDH 5,
LI CREMEFOFRBIEE TN E LTHRL—MAITD SERIER (Regular solu
tion) EFNEEEL, TOBEAMICOVWTRNTEIEE LT,
FREEETFVISEEERTABALLSCEAINIBERBEETTNTHY, 2
BAFRTRERPOSRICHT ZEREFE (ngu ) & (-Ex )OI, BITOX
DL H—ERIH B LRI TN B, £ TOHBIRE (a /R @14
YRECEROTRILThH B JEMREIN TS,

[LngA = (a/RT) *Es 2 = (a/RT) + (1-Ea )2]
Lngs = (a/RT) *Er? = (a/RT) - (1-Es )? (2.2.1)

NaEiZ 2 7 4 A PicoWTid, B4 RZBRITHO>VWT (1-Ex )?*&Llngx OE
FZE7Toy bL, BNERECLVEE (o /RD) 2RODT, EFRICBEVWTER
BEERTH I EE L,



(8) EBEEEETFMCKIHE CUE EHEOFERMHESL)

Sposito BV ICLDAIEEIN/AM-80 O A U RBEHEREHVT, NaBlz A7
74 POSEEEETE LT, Sposito HICL B A4 VB EHESEEL 2 2 R
#£2.2. 3PS 5. |

HECHER L7 MK TERT 25t ERR E BT 2/, EREREET IV
LU, BHERO A 4 OERBEQFT N1, 471 2 SRR EHOA O
HRINTUNEDR LR LR CE Lo,

2.2.2 FREKEEFMLIEHROERGREY
ERBRETVERWCERCRE Lo/ 4 VIcHd 2BEREETI 29, £2. 1.
S5(D~UNTRUINaBIZX 2 7 4 A DO EAERDOERNS (1-En ) K ULlngu ZEHE
L, &2.2.4(D~icE &t /2, (1-En )2&bngu oW TFoy bL, E2
2. 1{~diTim Lo

K+ +NaBIZ A7 54 PETIE K+ RUNa* & HERIFE ngu ) OT2ED
K&, —HFUEERIBR WG -7, Ca?"+NaBiZ A 7 7 4 PR T, Ca’*OiEREF
B gy ) 1E—1 62~—0. BOBECREARICL 5T 1 F R TH 725, Na*
DOERFY (ngu ) BT FA[UTH o712, Mg? +NaBIRA 7 ¥ 1 MR TI], Mg OE
BEE (Lngw ) 130.6 ~0.9 fhETIRIEF—ETH - 712H% Na* OFEERFEE (lngw )
RBIREFRORD & & BIERFRIIREC ERATIERICH 5720 HY +NaBIX A ¥
4 RTIER " BREFRORBDLE EBITERFELRZRBDT 280D -7,

DRk, FAEHRETLTIR (I-Eu )2&lagu @*Eﬁﬁb"/fi‘/ﬁ;f’eﬁ'@—ﬁ
THIENEESNTVAY, BRARRE BEA A VERTHEER—HLEVWIEMD,
ERERE 7L OB RIS S 3 AR S B & & hibi- 72,

ERBRICBOT, &4 VETEI (-Ex )2 Elngy OHBREROLERES
2.2. 5 1R,

LITRXBEOM A VETHBE . Ca?t, Mg RUH * oAicEHL, TOHH
FH (a/RD 2.2 IRIKRALTERIRE LI+ VOBEBERTOCLEL
2o K+, Ca®*, Mg® RO * OHAUEEKIL. £hEh6.07x1072, —1.22X1071,
L52X10°%, —2.94& R bhic,



Table 2.2 4(1) Relation of equivalent fraction and activity
' coefficient in solid phase (K * +Na-smectite)

REE e/ L) K+ Na *
K+ Na* | (1-Ex)? Ln gx | (1-Ewna)?| In gwa

0.001 [0.099 [9.55x107'| 0.075 |[5.23x107* | —0.002
9,53X10"' | 0.272 |5.76x107* | —0.007

0.0025 | 0.0975 | 8.21x107" | —0.418 |8.80X107% [ 0. 043

0.005 |0.095 §8.09%107"| 0.165 |1.01X10"%*| —0.018
6.57x107' | —0.621 |3.60x107%| 0.145

0.0075 | 0.0925 | 7.21X107" 0.120 |2.27x107% | —0.021

0.01 |0.09 |6.48x107" 0.116 |3.81x107%} —0.028
4.37X1071 | —0.446 | 1.15x10"" | 0.229

0.025 |0.075 [5.29x10°'| 0.609 |7.44%x107%| —0.229
3.48x10°" | 0.113 | 1.68x10™' | —0.079

0.05 [0.05 |[8.65Xx107%} 0.014 |4.98%x107'| —0.035

Table 2.2 4(2) Relation of equivalent fraction and aétivity
coefficient in solid phase (Ca®**+Na-smectite)

RIENE (eq/ £) Ca®* Na *
Ca%t Na* | (1-Eca)?| Lo gca| (1-Ena)?| Ln Zxa

0.001 |0.099 }9.81x107"| —0.252 |9.57x107° 1 0.001
. 9,28x107' | ~1.617 |1.33x107* | 0.029

0.0025 | 0.0975 | 8.19%X10"* | —1.561 |8.99x107%| 0.071

0.005 |0.095 | 6.85%x10°!| —1.463 |2.98x107% | 0.116
6.84x107' | —1.463 |3.00x107% | 0.116

0.01 |0.09 |4.85x10"!|—1.395 |9.22x107%| 0.180
4.67X107' [ —1.482 | 1.00X107" | 0.208

0,025 [0.075 [ 1.60x107" | —1.388 |3.60x107'| 0.406
1.48x107' | —1.406 |3.79%107' | 0.441

0.05 |0.05 |[8.32%x107%| —1.068 |5.06x107} 0.230
: _ 5.29%X107% | —1.142 }5.93%x107' | 0.433

0.075 |0.025 | 1.70x1072 | —0.968 |7.56%10*| 0.709
0.1 |0 2.00X107 | —0.833 |9.13x10"'| 0.322




Table 2.2.4(3) Relation of equivalent fraction and activity
coefficient in solid phase (Mg**+Na-smectite)

REMEeq/ £) Mg?* Na *
Mgz+ Na+ (I-EMg)z Ln th (1—EN3)2 Lﬂ gNa

0.001 |0.099 [9.18x10°* ! 0.659 |175X107° | —0.725
9.16x107'} 1.033 1.82><10"‘°‘_ —0.731

0.0025 | 0.0975 | 7.90%10~' | 0.698 |1.23x107* | —0.569

0.005 |0.095 |6.22x107'| 0.818 |[4.45%1072 | —0.355
5.91x107" | 0.821 |5.33%X107* | —0.311

0.01 {009 |414x107"| 0.917 |1.27%x107' | —0,055
3.60x107' | 0.735 |L1.60x107'| 0.100

0.025 |0.075 |6.66x107| 0.639 |5.50x10! 1.203
3.44%X107% | 0.653 |6.83x107! 1. 563

0,05 |0.05 [[7.42x10%| 0.790 |8.35%x107" 1.980
0.075 }0.025 [ 1.16x10°2 | 0.980 |7.96X107 0. 957
0.1 0 4.36x107*| 0.948 |9.59x107 1. 382

Table 2.2 4(4) Relation of equivalent fraction and activity
coefficient in solid phase (H * +Na-smectite)

B o0/ £) T E
H* Na* (1-Ex )2 Ln gu (1I-Exa)? | LD Zwa

0.001 |0.099 |8.40x107' | —4.876 |7.00x10° | —0.019
8.22x10°' | —5.295 |8.74x107%| 0.024

0.0025 | 0.0975 { 6.65X 107" | —4.592 | 3.41X107% | —0. 052

0.005 |[0.095 |5.36x107" | —4.126 |7.18X1072 | —0.173
5.16x107" | —4.162 | 7.92x107% | —0. 157

0.0075 | 0.0925 | 4.66Xx107" | —3.832 | 1.01Xx107' | —0.296

0.01 [0.09 |[4.39x10°"| —3.651 |1.14x107" | —0.389
4,18%x107* | —3.660 | 1.25x107" | —0. 390

0.025 [0.075 |3.91X10""' | —2.944 | 1.40x107" | —0.822
2.09%107" | —3.417 |2.95%107" | —0.537

0.05 -[0.05 [1.48X10"" | —3.057 |3.78x107" | —0.992
0.075 10.025 [6.96Xx107% | ~2.916 |5.42x107' | —1.229
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Table 2.2.5 EBEaquation of relation of equivalent fraction and activity

coefficient about solid phase

4y | F—% ElEe FERERE
TH]EE | OME |y :lage x: (1—EW? (r?)
) R 8% | y= 6.07X107%x —3.86X10% | 2.04X10"°
MBIt | Motk | 3 —8. 14X 102 % —7. 07 10-° | 1,03 10-%
K +Na| y= 100X1072x—3.77X10° | 1. 82X 10~
I e L
NaBIZ#741} | Nadif | y= 5.08X107" x +1 04X 107! | 6.30x 10!
Ca+Na | ¥ =—2.97x 10" x —3.85X 107" | 157X 10"2
N ] il
NaBinpss4h |Nadil | y= 2.46x  —4.91%107! | 8.91x10"
Mg+Na| y= 1.30x  +1.06X107! | 4.30%x107!
) S| y=—2.94x  —2.52 8.66X10""
NaZIIHH | Nalith | y——2.27%  —6.15%10°* | 8 44X 10-1
H+Na| y=—5.94x  —3 14x107' | 6.55% 10!




2.2.3 FHERER

NaBIZ A7 74 F&EK*, Ca?*, Mg RUH * 474 v OFEFHEITO>WT, MESR
EREFMCKXBHERROLEZR 2. 2. 2(I~4NTR Ui, BIPTx Eidigiahoy
ESR yHUIEHEPOSELETH S,

(1) EEEEEE TN & EAEET 7L Ol

ERESEE TV E EAERE T L 2B LB, K+ +NaBIZA 7 4 1 PRT
BIBEAEEREL, EBoHIUTAEBE—FHT 5 bbb o7 THUIERE
BET VT L 7cBEEFOK * OFEFH (gu ) PHBIEKST 1ITEWCHT
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Table 2.3.1(2) Conditions of initial solutions (ternary system)

(mol/ £)

K *+H*+NaBiz)1754 1% K *+Ca®*+NaBUat 75 {13
KC1 HCI NaCl KC1 CaCl: NaCl
0. 001 0. 001 0.098 §0.001 0.0005 |0.098
0.005 0. 094 0.0025 |[0.094
0.01 0. 089 0. 005 0. 089
0.05 0.049 0. 025 0.049
0.005 0.001 0.094 |0.005 0.0005 |0.094
0. 005 0. 090 0.0025 | 0.090
0.01 0. 085 0. 005 0. 085
0.05 0. 045 0. 025 0. 045
0.01 0. 001 0.089 | 0.01 0.0005 | 0.089
0. 005 0. 085 0.0025 |0.085

0.01 0.08 0. 005 0.08

0. 05 0. 04 0.025 0.04
0.05 0. 001 0.049 | 0.05 0.0005 |0.049
0. 005 0. 045 0.0025 |0.045

0.01 0. 04 0. 005 0. 04

0.05 0.0 0. 025 0.0
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Table 2 3. 2{1) Measured data of ionexchange equilibrium in K * +H * +Na-smectite system

mEiE Ffrtk e
BE (mol/ 2)
TEEE (mol/2) EHME (mod/2) i & ERIFH (Logr) o
5 2
KCL HCl | NaCl [ pH K [ Na o K H Na K* n+ Ha* K* n+ Na*
0.001 0.001 10.098 §3.04{1.24X107%|9,12x107* [ 9.87X107* §3.67 [ 9.87x 107" | 2. 14X107* | 1.03x 107" | 7.69x10~* | [.67X10°* | 8.03x 1072 | —0.108 | —0.108 [ —0.108 | ©. 104
0.005 10.004 §#2.341.24xX107° | 4.67X107% | 9,57X107? | 2.57 | 107X 107" | 2.69%107° | 9.92x107% | 8.35%107* | 2.10%10"* { 7.74X10"* | —0.108 | —0.108 | —-0.108 | 0.103
0.01 10.080 §2.041.23X1077 6. 12x107* | 9.24x10°* § 2.17 [ 1.05X 107" | 6.76X107" | 9.57x107% | 8. 19X 10~* | 5.27x1073 | 7.4610~2 | —0.168 | —0.108 | —0.108 | 0.104
0.05 10.043 §1.34| L.2LX107* | 4.57X10°% | 8.61x107* | 1.38 | 1. 06X 10™* { 4. 1T 10°% | 5,74x107% { 8.28X 107" | 3261072 | 4.49% 10" | —0.107 | —0.107 | —=0.107 | 0.100
0.005 (0.001 70,094 43.02]|4.91x107" | 9.55%107* | 9.24x1072 {3.59 | 4.58X 1072 [ 2.57%10~* | 9.67>107% | 3.58% 107 [ 2.01%10~* | 7.55%10"2 | —0. 108 | —0.108 | —0.108 | 0.102
0.005 10,050 §2.34522x107* | 4,57X107" | 9.17x107% § 2,55 | 4.78X107* | 2.82X 107" } 9.67x107% | 3.72% 10~ [ 2.20X%107% | 7.53%1072 | —=0.108 | —0.108 | —0.108 | ©.104
0.01 10,085 §2.04532x1077 19,12X107 | 8, 79X 10~* § 2. 17 | 4.83%107° [ 6. 76107 } 9.24x107% { 3. 76X 107* | 5.27X10™" | 7.20%10~ | —0.108 | —0.108 | —0.108 | 0.14
0.05 |0.045 §1.35(5.22x107 | 4.47107% [ 4.63%107% £ 1.87 | 4. 76> 107° | 4.27x 1072 [ 5.31%107® { 3. 71% 107 | 3,33x 10" | 4.15%1072 | —0.107 [ —0.107 { —0.107 | 0.10]
0.00 0.001 |0.083 §3.031 L 14x10"%|9.33x107* | 8.96xX107* § 3.56 ( 8.70%107> | 2. 7510~ | 8, 41x107* | 6.78X107° [ 2. 15X 10~ | 7.34 %1072 | —0. 108 | —0.108 | —0.108 | 0.103
0.005 {0.085 §2.35| L E4>107% [4.47X107" | 8.70x10"* § 2.54  9.21X107* | 2.8Bx 107> | 8. 24%10% | 7. 181077 | 2,25 {07 | 7.20x 0~ | —0.108 | —0.108 | —0.108 | 0.104
0.0l {0.080 §2.04|1.08x107%]9.12x107*18.26X10°* | 2. 16 | 9.41X107* | 6.92%10* | 8.73%10°2 | 7.34x 10~ [ 5.39x 10" [ 6.81x10~* | —0.108 | —0.108 | —0.108 | 0.104
0.05 10.040 J1.34|1.02x107% }4.57x107% [ 4. 18X 1077 | 1. 37 | 9.41 X107 | 4.27x 1072 | 4.82% 10~ [ 7.35x107° [ 3,33x107% | 3.77x 107 | —0.107 | ~0.107 | ~0.107 | ©.100
0.05 [0.001 |0.049 3.04 4801072 }9,12X107* | 4.96}0~* | 3.44 | 4.49%X107* | 3.63%10™* | 5.65X 1072 | 3.50x 1072 | 2.83%107* | 4.41x10"2 | —0.108 | —0.108 | —0.108 | 0.102
0.005 |0.045 §2.35|4.91>107% [ 4.47X 107" | 4.63X10"2 | 2.50 [ 4.61%10~? | 3.16x10~" | 5. 55X 10~ | 3.59¢10~% | 2.46%107? { 4.32x107% [ —0.108 | —0.108 | —0.108 | 0.105
0.01 10.040 §2.05]5.12x107% | 8.91x107% | 4.23xX1072 2,14 | 4. 76X 1072 | 7. 24X 10°* [ 5. 05X 10~2 | 3.7t 10~* | 5. 64107 | 3.93x 107 | —0.109 | —-0.109 { —0.169 | ©. 105
0.05 |0 1.34]5.12%x107% { 4.57%107% | 0 1.38 [ 4.76X107* } 4.17x107% [ 1. 02X 1077 1 3. 72X 1072 | 3. 86X1072 | 7.79%107? | —0.107 | —0.107 | —0.107 | 0.099
R OEE
SRS S e s B A
RER
K+ H* | Na* K+ H* | Na* § Ex Ex Eus | (meq/1002)
0.000 0.002| 0.988| 0.009) 0.002| 0.988) 0.023] 0,120] 0.847] 108.1
0.010} 0.026| 0.963{ 0,010 0.026| 0.963) 0.016| 0.348| 0.637] 108.1
0.0101 0.065| 0.9251 0.010( 0.065] 0.925| 0.017| 0.437] 0.547} 108.1
0.011| 0.4167 0.573( 0.011| 0.416{ 0.573§ 0.014| 0.744 | 0.242| 108.1
0.045] 0.003| 0.952| 0.045| 0.003| 0.,952% 0.031( 0.120( 0.840] 1I08.1
0.046 [ 0,027 0.927( 0.046| 0.027( 0.927§ 0.042| 0.324| 0.635( 108.1
0.046) 0.065| 0.889| 0.046, 0.065{ 0.889% 0.045| 0.437| 0.518{ 108.1
0.047| 0.424| 0.528( 0.047| 0.424 | 0.52B§ 0.044| 0.372| 0.585| [08.1
0.084| 0.003( 0.013] 0.084| 0.003| 0.913] 0.250| 0.122| 0.629| 108.1
0.088) 0.028( 0.884) 0.088; 0.028| 0.8844 0.203 0.293| 0.505] 108.1
0.001( 0.067] 0.842( 0.091; 0.067| 0.842¢ 0.138| 0.407| 0.454 | 108.1
0.0 0.425| 0.481 ) 0.094| 0.425| 0.481) 0.073| 0.565| 0.363 | 108.1
0.4411 0.004] 0.555] 0.441| 0.004| 0.555] 0.287 0.102| €.612| 108.1
0.440 0.030| 0.530) 0.440| 0.030| 0.530§ 0.278} 0.241| 0.4811 108.1
0.4521 0.068) 0.479| 0,452 0.069 | 0.479§ 0.333 ) 0.300) 0.358( 108.1
04789 | 0.4i8| 0.103| 04783 | 0.418| 0.1034 0.333| 0.744 | -0.077| 108.1




Table 2.3.2(2) Measured data of ionexchange equilibrium in Ca®*+H * +Na-smectite system

it EHikoikig
BIERE  (eg/ )
MEBE (nol/g) ERE (nol/2) W & SRR ( Logy) P
. ¥
KCl | CaCl; | NaC! ) pH K Ca Na pH e Ca Na K+ Ca®t Na* K* Ca?* Na*
0.001 [0.00050.098 §5.51(1.27x107% | 4.52% [0~ | 9. 74X 1072 §4.74 [ 9.72%107* { 2. 14%10™* [ 9.78% 1072 | T.60% 10~ | 1. 31 %10~ | 7. 65¢10-2 | —0. 107 | —0.214 | —0.107 | 0.099
0.002510.094 543 (1.33X1077 12.39%107° | 9.24%1072 | 4.73 | 9.87x 10~ | 1.26x10~° | 9.48x10* | 7.72x10-* | 7.70% 10~ | 7.41x10-* | —0. 107 | -0, 214 -0.107 | 0.100
0.005 [0.089 §563]|1.27x107% |4.53%107 | 8.96x10-2 [ 4.73 | 1.02x10-° | 2.66%10~" | Q. 26X107 | 7.96%10°* [ 1.62X107* | 7.23x10°2 | —0.108 | —0.215 | —0.108 0.102
0.025 |0.049 |5.6471.33x107°(2.33%107% (5.05%1072 § 4.57{ 1. 13%10-" | 1.89X102 | 5. 71X 102 | 8. T4 X 1071 1131072 | 4.42%1072 | —0. 111 | —0.223 [ —0.111 0.115
0.005 ]0.0005(0.094 45.50 5. i2>< 107 | 4.80% 10" 9.38x10°% §4.71 | 4.53%107* | 247X 107 | 9. 481072 | 3.54x 1077 | L.651x10~* | 7.41x107* | —0.107 | —0.214 | —0. 107 0. 100
0.0025 | 0.090 #6.51 9. 12X107* | 2.38X 107" | 8. 96> 102 § 4.69 | 4.63%10~* { 1.35X%10-* | 9. 15%10°% | 3.62x10°° | 8.24x107* [ 7.15%10°* | —0.107 | —0.214 | —0.107 | 0,100
0.005 10.085 {5.54|5.22%107" [4.68X1077 | 8.70%107 1 4.69 | 4.91x107 | 2.83%10~? | 8.96x 10~* | 3.83%10-* | 1.72X10™° [ 6.99%10-2 | —0.108 | —0.216 | —0.108 | 0,103
0.025 [0.045 {5.66(5.22X107 (2. 34X107? { 4,62x10°2 | 4.56 | 5.29% 1072 | 1.91x1072 | 5.39% 10~ | 4. 09xio-2 L14x107% [ 4.17x10°% | —0.112 | -0.224 | —0.112 0.116
0.01 0.000510.089 [5.43| 1.22X%107% (4. 78X 10" | B.87x10°2 | 4.68 { 9.41Xx 1077 | 2.6T% 10" | 9.40%10°% | 7.33%10"* | L. 62 10~ T.32%107* | —0.108 | —0.217 | —0.108 ¢ 104
0.0025 | 0.085 || 5.50 | L. 14X107% [ 2.38107 | 8,46 107 §4.65 | 9.41x107* | 1.47x10-* | 0.05%10°7 | 7.39x% 107° | 8.92X 1071 | 7. 051072 | —0.108 | —0.217 { —0.108 | 0.104
0.005 10.080 J5.53] 1 14X107% | 4,57%10°° | 7.86X1072 § 4.66 | 9.41x 10~ | 3.08>10~° | 8 70> 10°2 | 7.33%10~° L89XI0™ |6.77x10°2 | —0.109 | —0.217 | —0.109 0. 105
0.025 | 0.040 {5.641{1.14%10°* | 2.26x10"? 4,18%107* 1 4.55 | 9,72X1077 § 1.94107% [ 5.05X1072 | 7.51X 107 [ L. 16%10-% [ 3.90%16-* | —0.112 | —0.225 | —0.112 0.118-
0.05 [0.0005]0.049 §5.44{4.84X1072 '4.70x10™* | 4.96% 1072 | 4.56 | 4.60%107% | 3,53%10~* | 5.92x10"? | 3.58%10-% | 2. 14x10-* | 4.61x10-2 | —0.109 | —0. 218 | -0.109 | 0.106
0.002510.045 75,49 (4. 84307 1 2,31X107° { 4. 54X 10~ } 4.51 | 4.55X 1072 | 1. 75 10~* | 6. 481072 | 3.54%1072 | 106> 10-* | 4.27x10-2 t —0.109 | —0.217 | —0.109 | 0. 106
0.005 [0.040 |5.56|4.80x107* | 6.91%107% | 4.04x1072 | 4.50 { 4.61>10"% | 3.58X10°2 | 4.86%10~% | 3.50%10-2 | 2. 17X 10" 3.86x10°* | —0.109 | —0.218 | —0, 108 0. 106
0.025 [0 D, 6B[4.92x10°*[2.26%X10°2 |0 4,51 14.93x107% [2.01x10°* | L.oOX1072 3.80x107% | 1.20x107% | 7.72X10"* | —0.113 | ~0,225 | —-0.113 0.120
o
URBAESR YEERyR . Egho ity =R
RREE
KE* | Ca?* | Ma* K* | Ca?* | Na* | Ex Eca Ex. | (meq/100g)
0.010| 0.004) 0,986 ( 0.010| 0.002| 0.988] 0.028( 0.044( 0.928| 108.1.
0.010 0.026( 0.964| 0.010) 0.012| 0.977] 0.032| 0.208| 0.750( 108.1
0.010| 0.054] 0.936| 0.011] 0.026| 0.963] 0.023| 0.346| 0.631| [08.1
0.012| 0.394] 0.595| 0.015] 0.231] 0.754 1 0.019| 0.814| 0.167 108. 1
0.045| 0.005] 0.950 | 0.045| 0.002| 0.952] 0.055] 0.043| 0.902{ 108.1
0.047] 0.027] 0.926| 0.048] 0.013| 0.939% 0.045] 0.291| 0.764{ 108.1
0.049 | 0.057{ 0.894| 0.051| 0,028 0.922( 0.020} 0.2342] 0.629] 108.1
0.054 0,392 0.553| 0.069| 0.230; 0.701§-0.006} 0.795| 0.211| 108.1
0.081} 0.005| 0.904 | 0.091] 0.002| 0.907F 0.258! 0.039| 0.703| 108.1
0.0911 0.029| 0.880| 0.093| 0.014{ 0.8931 0.184| 0.168| 0.648( 108.1
0.092| 0.055| 0.849) 0.095| 0.0251 0.877( 0. 184 0.289| 0.527| 108.1
0.098| 0.302[ 0.5107 0.124( 0.22%1 0.647] 0.155| 0.592| 0.253| 108.1
0.434| 0.007 | 0.559| 0.436| 0.003| 0.5610 0.222| 0,022| 0.756| 108.1
0.438) 0.034 | 0.528| 0.446| 0.016| 0.538 0 0.268 | 0. 104 0.628 108.1
0.438) 0.070| 0.482| 0.465| 0.034| 0.501] 0.176] 0.616| 0.208 108.1
0.485| 0.404| 0. 101 | 0.634| 0.238| 0.129]-0.009| 0.463| 0.547 108.1
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Table 4.2.1 Dry density of bentonite and the number of
times of Uraniumu diffusion experiments.
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Table 4.2.2 Improvement point of steady state diffusion
experiment method.
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Table 4.2.3 Condisions of steady-state diffusion experiment

of Uranium.
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Table 4.2.4 Chemical composition of Kunigeru-V1

Chemical component (weight-%)
Si0, 70.2
Al.03 14.2
Fe20s 2.5
Cal 2.0
Mg0 2.2
Na.0 2.5
K20 0.2
Ignition loss 4.6

Table 4.2.5 Mineral components of Kunigeru-V1

Mineral component weight-¥
montmorillenite 50 ~55
quartz 30 ~35
feldspar 5 ~10
calcite 1 ~3
others 0~1
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Table 4.2.6 Chemica! composition of synthetic pore water
for Kunigeru V1.

FERRFRE Na* Cl- 0,2~
(g/cn®) | (wol/£) | (mol/£) | (mol/£)
0.4 2.9X107% | 3.0x10™*| 7.8x10"®
1.0 T.8x1072 | L1x107®| 2.7x10°?
1.4 1.3x107! | 2.1x107®| 5.0x107%
2.0 2.8x107" | 6.0%x10°% | 1.4x107!
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Table 4.2.7 Effective diffusivities of Uranium in compacted bentonite.
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Fig. 4.2.3 Amounts of Uranium diffusing through filiers as a
function of time at dry density of 0.4 g/cm®.
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Fig. 4.2.4 Amounts of Uranium diffusing through bentoniie as a
function of time at dry density of 0.4 g/cm®.
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Fig. 4.2.5 Amounts of Uranium diffusing through filiers as a
function of time at dry density of 1.0 2/em®.
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Fig. 4.2.6 Amounts of Uranium diffusing through bentonite as a
function of time at dry density of 1.0 g/cm®.
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Fig. 4.2.7 Amounts of Uranium diffusing through filters as a
function of time at dry density of 1.4 g/cm®.
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Fig. 4.2.10 Amounts of Uranium diffusing through bentonite as a
function of time at dry density of 2.0 g/cm®.
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Table 4.3.1 Results of the sorption tests for the purpose of
decrese of Americium sorption on the equipment.
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Fig. 4.3.1 Ratio of adsorption of Americium onto acrylic
acid resin and stainless.
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resin by adding Europium or by surface treatment.
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Table 4;3.5 Bffctive diffusivities of Americium in
compacted bentonite.
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Fig. 4.3.6 Amounts of Americium diffusing through filters as a
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Fig. 4.3.9 Amounts of Americium diffusing through bentonite as a
function of time at dry density of 1.4 g/em ® .
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Abstract

The theory and application of solid solution models are presented and discussed. References
are given that allow to follow the development, improvement and scientific discussions of
different modelling approaches for solid solutions.

Laboratory experiments with clay minerals under natural environmental conditions can
usually be sufficiently well described by using surface interaction models. In the long term,
however, alteration of the smectite barrier in the near-field of a high-level nuclear waste
repository cannot be excluded. Since the demonstration of safety of a nuclear waste repository
requires defendable predictions over geological time scales, potential mineral dissolution/
precipitation reactions involving the smectite matrix should therefore be considered.

Solid solution models allow a thermodynamic description of solids of variable composition.
The solids are divided into components of constant composition (so-called "end-members")
for which solubility products are estimated or derived from laboratory data. The stabilisation
of a solid solution with respect to the free end-members is due to the energy of mixing.
Deviation from ideality can hardly be modelled for solid solutions consisting of more than
three end-members. A large number of end-members are needed to simulate the behaviour of
natural clays.

Another field of application of solid solution models is the thermodynamic modelling of
coprecipitation reactions. It is probable that the solubilities of radionuclides are not
determined by pure, solubility-limiting solid phases, but rather by coprecipitation processes,
i.e., by the removal of radionuclides from the solution and inclusion into the lattice of a
precipitating bulk solid. This means that the isolated use of chemical speciation models may
not be a realistic basis for the prediction of radionuclide mobility, but that coprecipitation
processes should be considered and investigated.

It is recommended to use solid solution models to simulate slow, long-term alteration
processes of the smectite structure. Surface interaction processes and short-term experiments
are simulated best by using ion exchange and surface complexation models such as the
Wanner model. It is therefore recommended to combine the solid solution model and the
Wanner model to develop a powerful system for clay modelling, both for short-term and
long-term processes.

MBT Environmental 1



1 Introduction

The existence of mixtures of solid phases is a well known and important fact in technology
such as metallurgy and in science such as mineralogy and geology. In order to allow
predictions of the behaviour of mixtures of solid phases under various conditions, it is
necessary to establish a thermodynamic basis for the energetics and reactivities of such
substances.

The reactions between solid and aqueous phases may be divided into two types: (1) reactions
taking place on the surface of the solid phases, and (2) dissolution and precipitation reactions
involving the solid matrix. Only kinetic considerations allow to distinguish between the two
types of reaction. The first type includes reactions such as ion exchange and surface
complexation which can be described using, e.g., the Wanner model. The second type can
best be described by solid solution models, especially in the case of solids of complex
composition such as clay minerals.

Mathematical treatment of the solid/water interactions of various mixed solids started about
25 years ago in the group of Helgeson, where the first theoretical computer model was
developed for this purpose. The lack of data limited the practical use of the model at first.
However, the great interest in modelling the formation and dissolution of clay minerals and
the complex composition of clays was the reason for the need of computer programs to model
such reactions. It became obvious that the compositions of clay minerals have to be
considered as variable. Two ways had been chosen to take into account such variations in
composition: (1) Clays are modelled as well defined compounds, characterised by means of a
solubility product. (2) Clays are modelled as solid solutions of a number of mineral phases,
and their composition changes continuously during the chemical evolution. In both
approaches thermodynamic data are needed to model the dissolution and precipitation
reactions of the thermodynamically defined constituents. The first approach was used by
Tardy and Fritz (1974, 1976) and Fritz (1975), the second approach was used by Helgeson
and Mackenzie (1970) for montmorillonite-illite systems. Tardy and Fritz (1981) concluded
later that the first approach is limited in practice because it requires a very extensive data set
to cover the whole range of chemical compositions of natural clays, while the second
approach is more suitable for modelling the chemical evolution of natural systems. However,
in the second approach one has to choose the so called "end-members”, i.e., the pure minerals
of which the natural system of interest is supposed to consist.

2  The solid solution model

2.1  General
A solid solution of n mineral phases is distinguished from a simple mixture of the same n

minerals by the Gibbs energy of mixing, ApixG. The Gibbs energy of formation of a bulk
phase containing m; moles of each constituting mineral M; is expressed as
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mixture” of minerals, each mineral forms its own phase and is characterised only by its mole
fraction.

In thermodynamic terms, each mineral (end-member) participating in a solid solution can be
assigned a chemical potential, 1;, of the form

uj =RTIA; =RTh@QX) - 2)

with: A activity of the end member, j, in the solid solution
A activity coefficient of the end-member, j, in the solid solution
X5 mole fraction of the end-member, j, in the solid solution

The chemical potential, s has two terms:
Hj = RT In Xj + RT In lj 3)

The first term represents the chemical potential in case of ideal mixing, where the activity
coefficient is unity: .

N

The second term is called excess chemical potential and describes the energetical difference
between the ideal and the non-ideal solid solution. It defines the activity coefficient of the
end-member.

2.3 Mass actidﬁ law

The equilibrium condition between an aqueous solution and a mineral, or end-member, of a
solid solution, is written as follows:

Q Ilm% o | o
Ki=% =% ®)
j f b
with:  a;  activity of the aqueous species, i, in the aqueous solution
05 stoichiometric coefficient of the aqueous species, i, in the dissolution reaction of
the mineral, j
Kj: solubility product of the mineral, j
Qj: ion activity product of the mineral, j

Aj, X; and A;: already defined above

In the case of a pure mineral, the equilibrium with the aqueous phase is characterised
exclusively by the composition of the aqueous phase, i.e., Kj = Q;. On the other hand, the
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AG = (2’1 m, AfG_j) +A ;G | (1)

If the term ApixG is negativ, then the bulk phase is more stable than the simple mixture of the
same minerals. This means that the bulk phase can be stable under conditions where none of
the constituting minerals (= end-members) are stable. This observation is of fundamentai
importance, e.g.:

« A magnesian calcite may be in equilibrivm with aqueous solutions which are
undersaturated with both calcite and magnesite. :

» An aluminum smectite can be stable under conditions in which the constituting end-
members, muscovite and pyrophyllite, are unstable.

A large number of theoretical studies have been devoted to the problem of solid solutions.
Binary systems and the derivation of AmyixG have been described by Wagner, Mellgren and
Westbrook (1952), Prigogine and Defay (1954), Saxena (1973), Kerrick and Darken (1975),
Grover (1976), and Powell (1976). Experimental studies of the solubility of (Ca,Mg)COs;,
leading to a confirmation of the solid solution concept, were published, discussed and
criticised by de Boer (1977), Thorstenson and Plummer (1977), Lafon (1978), Garrels and
Wollast (1978), and Berner (1978). Meanwhile, a large number of studies have been
published applying solid solution models to simulate the evolution of natural systems,
presenting improved methods of deriving thermodynamic data of end-members, or reporting
experimental studies that allow to improve the quality of the thermodynamic database: e.g., in
chronological order: Tardy and Garrels (1974), Chen (1975), Nriagu (1975), Tardy and
Garrels (1976, 1977), Pfeifer (1977), Helgeson et al. (1978), Mattigod and Sposito (1978),
Stoessel (1979, 1981), Fritz (1981), Tardy and Fritz (1981), Garrels and Tardy (1982), Tardy
(1982), Aagaard and Helgeson (1983), Fritz (1985), Fritz and Kam (1985), May et al. (1986),
Sposito (1986), Tardy, Duplay and Fritz (1987), Tardy and Touret (1987), Duplay (1988),
Clauer, Frape and Fritz (1989), Crovisier et al. (1992), Michaux et al. (1992}, Tardy and
Duplay (1992), Ben Baccar and Fritz (1993), Jensen (1993). More references on specific
subjects can be found in the publications mentioned.

2.2 Thermodynamic description

An agueous solution is a mixture of pure water and dissolved compounds such as electrolytes,
in which all the dissolved species are characterised by their molality and their activity. The
molalities describe the mass balance, and the activities describe the mass action, or
energetical balance, of the mixture. Solid solutions can be described in the same way: A solid
solution is a "chemical mixture" of minerals in one single solid phase, in which all the
minerals are characterised by their mole fraction and their activity. In contrast, in a "physical
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description of the equilibrium of a solid solution with the agueous phase requires the input of
the composition of the solid phase as well. This means that, for a solid solution consisting of
n end-members to be in equilibrinm with the aqueous phase, n equilibrium relations need to
be fulfilled simultaneously, each of them to the degree corresponding to the abundance of the
respective end-member in the solid solution.

2.4 Ideal solid solutions

In the case of ideal solid solutions, the activities of the components, A;, are equal to their
mole fractions, Xj, and the equilibrium condition is expressed as:

Q = XjK; | | (6)

This means that, at equilibrium conditions, the degree of saturation of a mineral (or end-
member) in the aqueous solution is equal to its mole fraction in the solid solution. This simple
expression involves a very important statement: A mineral that is largely undersaturated in an
aqueous solution may still be a minor end-member of an ideal solid solution, and a mineral
which is close to saturation in an aqueous solution is always a major end-member of an ideal

solid solution.

It is worthwhile mentioning that the formation of an ideal solid solution is characterised by a
purely entropic energy gain. This can be visualised by considering the solid solution as a solid
phase of a defined composition and expressing its ion activity product, Q¥, in term of Gibbs
energy of reaction. Q" can be expressed in terms of the ion activity products and the mole
fractions of the end-members:

Q" = IT Qf = 1 kY Q)

This corresponds to a reaction energy of:

AG" =RTInQ = RT _il X;InK; + RT i‘,l X;lnA,; (®)
i= i=
* L 3
AG" = j>=:‘1 X;AG; + R'rj};1 XinA,; )
(1) (2) (3)

The term (1) is the free energy of reaction (formation/dissolution) of the solid solution, the
term (2) represents a simple combination of the free energies of reaction of the end-members.
The terms (1) and (2) differ only by the purely entropic term (3). This term is always negativ
for an ideal solid solution, and a solid solution is thus always more stable than a simple
mixture of its end-members. It is, however, important to mention that Eqgs. (7) through (9) are
meaningful only if all the n Egs. (6) are valid, which means that all the n end-members are in
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simultaneous equilibrium with the aqueous solution. Egs. (7) through (9) thus represent the
mass action law of the solid solution only if its composition is strictly constant.

2.5 Non-ideal solid solutions

Non-ideal solid solutions are the normal case in the real world. In practice, Eq. (4) will not
represent a realistic situation, but in some cases the approximation of A; = 1 and A; = X; may
be a reasonable assumption. In Eq. (3) the term “RT In A;" represents the chemical excess
potential which quantifies the deviation from ideality. Fritz (1981) suggests, like several
authors earlier, to express the activity coefficient of each end-member as a function of the
mole fractions of all the end-members:

RTInA; = £(Xy Xg, oeeer Xp) (10)

In the simplest case, i.e., the regular binary system, only one coefficient, A, needs to be
determined:

RTInA, = AX3 = A(1-X,)? (11)
RTInA, = AX? = A(I-X,)* (12)

For a regular ternary system the functions become considerably more complicated:

RTInA; = A1y X3+ A X5+ XoX5(A p—Agy +Apy) (13)
RTInA, = Ay X5+ A X5+ X X3(A 13+ Apn—Ayg) (14)
RTInA; = A X3+ ApX5+ X Xo(-App+ A+ Apy) (15)

The number of coefficients, Ajj, to be determined for the characterisation of the non-ideality
of a regular solid solution with n end-members is equal to n!/2. This explains why no
thermodynamic data of chemical excess potentials are available for n > 3.

2.6 Variations in the composition of solid solutions

The composition of a solid solution is likely to change if a perturbation occurs to the system,
such as dissolution, evaporation, temperature change, etc. The progress of this variation is

described by a new variable, £, which is the basic parameter of a kinetic description of the
reaction. A theoretical development is given by Clément (1992) who also describes a new
computer code for such calculations.
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3 Application potential of solid solution models

The potential field of application of solid solution models for radioactive waste management
purposes includes two unresolved and critically important problem areas: (1) the long-term
behaviour of engineered barriers, such as clays or concrete, and of host rocks; and (2)
coprecipitation reactions. The use of solid solution models in these two areas will be shortly
discussed in the following sections. :

3.1  Long-term behaviour of engineered barriers such as smectites

The alteration behaviour of smectites is an important factor in assessing the safety of a final
repository of radioactive waste. Smectites are often used as backfill materials providing both
physical stability of the repository and a chemical barrier function towards the dispersion of
the higly toxic radionuclides into the host rock. The favourable properties of smectites,
especially of the sodium type, are mainly based on their swelling capability, leading to the
necessary counter-pressure against the rock mass, as well as to an almost complete
impermeability for water. In fact, compacted sodium smectite is completely resistent to
advective water flow, and transportation of radionuclides thus occur exclusively by diffusion.
A mineral transformation of the smectite structure may result in a partial or even complete
loss of its favourable properties, and predictions of its long-term behaviour are therefore of
prime importance. ' '

Speculations about possible transformation products of smectites have been published by the
radioactive waste community over many years. These speculations are characterised by a
general disagreement about possible alteration products such as illites, hydrous micas,
zeolithes, etc. Predictive modelling has been limited to simplistic estimations, for example a
linear reaction rate proportional to the potassium supply for the transformation of smectite
into illite, etc.

For the modelling of the retention behaviour of radionuclides in the near field, the surface
characteristics of the solid phase are of key importance. The long-term behaviour of the
surfaces will be determined not only by the surface reactions but also by the transformation
processes of the solid phase, by which new surface types with different chemical behaviour
may be created.

It has been recognised that dissolution/precipitation reactions of the clay structure will occur
on long time scales, especially since, in a final repository for radioactive waste, the clay
backfill will be surrounded by minerals of completely different composition. The
groundwater in contact with the clay backfill will not be in equilibrium with the clay either.
Therefore, dissolution reactions of the clay structure are very likely to occur.
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3.2 Modelling of clays as solid solutions

Solid solution modelling of clays has been the subject of various studies in the past,
especially by Fritz and collaborators: Duplay (1988), Fritz (1981, 1985), Fritz and Kam
(1985), Garrels and Tardy (1982), Tardy (1982), Tardy, Duplay and Fritz (1987), Tardy and
Fritz (1981). Estimated data can also be found in the above publications, as well as in Tardy
and Duplay (1992), Tardy and Garrels (1974}, and Tardy and Touret (1987). Clay solid
solution modelling and data estimation methods published by other groups include Aagaard
and Helgeson (1983), Mattigod and Sposito (1978), May et al. (1986), Nriagu (1975), Sposito
(1986), and Stoessel (1979, 1981).

The fact that a comparatively large number of publications is available on the solid solution
modelling of clays does not mean that the problem is solved, quite on the contrary. It means
that there is a strong and worldwide interest in reliable predictions of the behaviour of clays,
and that the solid solution approach is considered to be the most promising model to meet this
need. Clays are among the most complex minerals because ionic or atomic substitutions can
occur at different sites (tetrahedral, octahedral, interstitial) and thus a large number of
different end-members have to be considered. The state of the art in the group of Prof. Fritz at
Strasbourg is to use 36 different end-members to represent the entire range of clays. It should
be mentioned that the spectrum of end-members used considers different occupations of the
ion exchange sites and can thus handle ion exchange reactions as well. However, a weak
point of this procedure is that dissolution/precipitation reactions of such minerals are slow,
whereas ion exchange reactions are fast. This situation can be improved by (1) combining
solid solution models with ion exchange and surface complexation models, or (2) by
introducing kinetic rate Jaws into the solid solution model as has been proposed recently by
Madé, Clément and Fritz (1990) and Clément (1992).

It is not the purpose of the present note to discuss specific solid solution models for clays in
detail. It should nevertheless be mentioned that the models serving to describe the chemical
composition of most smectites, vermiculites, illites, etc., in general include the following end-
members:

(Mg3*, FeZ*, Al3*, Fe3")Si,0,4(0H), talc-pyrophyllite (phyllosilicates)
K*(Mg3, Fe3*, AI3*, Fe3hAISi;0,o(0H),  phlogopite-muscovite (tetrahedral K*-micas)
K*(Mg2s, Fedt, Al3%c,, Fet)Si,0,o(0H), celadonite (octahedral K+-micas)

An up-to-date publication for advanced reading, including a method for estimating formation

energies of end-members, has recently been published by Tardy and Duplay (1992).

3.3 Coprecipitation reactions

Minerals found in nature usually contain small quantities of other components which had
been incorporated during the formation period. Such an incorporation of minor components
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can be due to a thermodynamically favoured reaction, or it can as well be due to a temporary
availability of the minor component. In the latter case the incorporation need not necessarily
be energetically favoured but it can be explained by statistical thermodynamic simulations.

Coprecipitation reactions may be important retardation processes for the migration of
radionuclides. They are usually neither considered in sorption models nor in speciation
models of solubility limiting phases. It is considered likely that radionuclide solubilities may
not be controlled by a solubility limiting solid phase of the radionuclide, but rather by
coprecipitation reactions of the radionuclides. The coprecipitation mechanism may be
described, in a simplyfied way, as folllows: Solid phases that are in equilibrium with an
aqueous solution dissolve and reprecipitate dynamically, at a rate determined by the kinetic
rate constant and the equilibrium concentrations according to the rate law. A common
example is calcite, CaCQOj. In a solution that is in equilibrium with calcite, it is possible that
minor cations can be built into the calcite structure without requiring a net precipitation of
calcite, see Section 2.1 above. Coprecipitation reactions can be simulated by kinetically
controlled solid solution models. However, the data are scarce, and the incorporation of
statistical thermodynamics could be of valuable help in improving the thermodynamic basis
of solid solution models for coprecipitation applications. :

3.4 - Availability of thermodynamic data for clays

Clays are among the most complex natural minerals to model because of the variability in
their composition. Consequently, a large number of end-members are necessary to obtain a
reliable solid solution model for clays. Each end-member is characterised by a well defined
stoichiometric composition and a solubility product. At an early stage, the solubility products
of the end-members were derived from solubility products of well known, crystalline end-
members. By using these constants, the stabilities of clays predicted with any type of solid
solution models were overestimated considerably compared to the observations in nature and
in the laboratory. Hence, the solubility products describing the dissolution thermodynamics of
highly crystalline end-members are not appropriate to model solid solutions consisting of less
crystalline end-members. Tardy and Fritz (1981) have adjusted the solubility products to
correspond to lower stabilities of the end-members, and they thus obtained more reliable
predictions of the long-term behaviour of clays.

The procedure of continuously adjusting the solubility products of end-members according to
new observations from geology and laboratory experiments has been used ever since. One of
the most recent tabulation has been published by Tardy and Duplay (1992).

The temperature dependency of the solubility products of end-members is important to
simulate the geological formation of clay minerals as well as to predict their long-term
alteration in the near field of a repository for high-level nuclear waste. Estimations of the
temperature dependency of the solubility products of end-members are available, e.g., from
Tardy, Duplay and Fritz (1987).
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More publications containing thermodynamic data for end-members are given in the first
paragraph of Section 3.2 above.

4 Conclusions

Clay minerals are metastable compounds that are subject to slow dissolution/precipitation
reactions. Surface interaction models are not sufficient to model the long-term behaviour of
clays because they do not take into account any structural changes in the clay matrix due to
dissolution/precipitation reactions. Solid solution models represent a promising tool for
mathematical handling of structural alteration reactions of minerals. Although it is difficult to
validate long-term model predictions, tendencies in rock alteration processes are predicted
correctly by solid solution models, and in a few cases they have been applied successfully to
explain the formation of presently existing minerals, e.g., by Crovisier et al. (1992).

Solubility product data are available from estimation procedures and have been continuously
improved in concordance with evidence from geology and laboratory experiments. Estimation
methods for the temperature dependency of solubility products up to 200°C are also available.

Theoretically, solid solution models can also handle surface reactions, and the model
presented by Tardy and Duplay (1992) does involve ion exchange reactions. However,
surface reactions and dissolution/precipitation reactions in clay minerals cannot be
distinguished unless kinetic aspects are considered. Short-term surface interaction
experiments, such as ion exchange and surface complexation reactions, may therefore not be
explained by a solid solution model, becanse the model would predict structural changes due
to dissolution/precipitation reactions, which in practice would only occur in the long term.
Surface reaction models seem to be the best tool to simulate short-term laboratory
experiments. For the prediction of the long-term development of clays and their retardation
behaviour for radionuclides, the most promising modelling tool seems to be a combination of
a solid solution model and a surface interaction model.

It is also recognised that solid solution models can be used to model Coprecipitation reactions.
This is a potentially important retention mechanism for radionuclides, probably more
important than the solubility control by a pure solid phase of the radionuclide.

5 Recommendations

1. It is recommended to use solid solution models to simulate slow alteration reactions of
the bentonite backfill. The solid solution models successfully used by the group of Prof.
Fritz at Strasbourg are the following:

DISSOL: Fritz (1975, 1981, 1985), Tardy and Fritz (1981). Path calcuiation model

to simulate rock-water reactions. This code has been specially adapted to
take into accout the solid solution behaviour of clay minerals.
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THERMAL.: Fritz (1981). Effects of temperature on solution equilibria to simulate
hydrothermal reactions. ‘

KINDIS: Madé, Clément and Fritz (1990), Clément (1992). This code uses
chemical kinetics to account for differences in the dissolution/
precipitation and surface interaction rates. The code is at an early stage of
testing, and has at present limited applicability due to the scarcity of
kinetic data.

2.  Reactions taking place on the bentonite surface are best modelled using ion exchange
and surface complexation models such as the Wanner model.

3. It is recommended to work in the direction of combining the solid solution model
DISSOL and the ion exchange and surface complexation model by Wanner (1986) and
Wanner et al. (1993). This procedure will allow to model long-term alteration of the
clay while adapting continuously the fast surface reactions to the slowly varying
composition of the clay phase.

4.,  Thermodynamic data to quantify the energetic properties of the end-members have been
estimated and adjusted to be compatible with evidence from geology and laboratory
data. It is recommended to use these data while continuous adaptation to new
experimental findings is essential.

5. Cooperation with highly experienced specialists in the field of solid solution model
development and application is recommended. Collaboration with the group of Prof.
Fritz at the University of Strasbourg, France, is encouraged as this group has over 20
years experience in solid solution modelling and is still actively devoted to this subject.
MBT Environmental (H. Wanner) is willing to act as a coordinator and is in a position
to supervise and give the necessary input for the inclusion of the surface interaction
model.

6. It is suggested to perform long-term leaching experiments with Japanese bentonites
under relevant conditions to obtain an experimental basis for testing solid solution
models combined with surface complexation models. Such experiments should be
carefully designed at a stage where the boundary conditions of the combination of the
solid solution model and the surface interaction model are fully defined.
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| Abstract

The experimental results of the investigation of the ion exchange behaviour of Na-
smectite, provided by Mitsubishi Materials Corporation (Yajima, 1993), are analysed
and interpreted with the help of a classical thermodynamic model. The model is based
on the concept of hypothetical surface complex formation and can be used to predict
ion exchange equilibra and speciation in solution and at the solid/water interface. The
experimental results reported by Yajima (1993) are compared with the exchange
isotherms of K, H*, Ca2* and Mg2*t as predicted from model computations for the
special conditions used in the experiments. The experimental results are successfully
interpreted by the model. The model computations correctly predict the exchange
isotherm for K+ on Na-smectite in a chloride background medium of increasing ionic
strength. The model suggests that the interaction of K+ with the layer sites of Na-
smectite is independent of pH under neutral and alkaline conditions, and that the
contribution from negatively charged edge sites is negligible. Protonation and
deprotonation reactions occurring at both layer and edge sites are of crucial importance
and should be taken into account in the acid as well as in the neutral and alkaline pH
range. Modelling of Na/Ca and Na/Mg exchange. reactions in chloride background
medium emphasizes the role of CaCl* and MgCl* as adsorbing species. The
experimental results indicate that the Na/K exchange exhibits ideal behaviour on Na-
smectite; this allows the assumption that the activity coefficients for the surface species

are unity.

In addition, the experimental results on the interaction of bentonite and water, provided
by PNC (Sasaki, 1993), are analysed and interpreted. These measurements are
compatible with our model, and they are used to evaluate the amounts of soluble
impurities present in Kunipia F and Kunigel V1. The soluble impurities found in
Kunipia F are 0.005% KCI, 0.07% NaCl and 0.69% CaS0O4. In Kunigel V1 we find
0.004% KCl, 0.001% NaCl and 0.38% CaSQ4. The knowledge of these impurities is
important for the interpretation of experimental results, especially in the case of low
ionic strength, because they influence the ion exchange reactions and can thus have a
significant effect on the retardation of certain actinides and fission products.
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Glossary

aj:
ci:

cs:
CEC:
Ei(clay):

Ei(sln):

activity of species i
concentration of species i
solid concentration [g/1]

cation exchange capacity feq/kg]

* equivalent fraction of the adsorbed species i on clay (denoted as

E-i(clay) in the figures)

equivalent fraction of species i in solution (denoted as E-i(sin) in
the figures)

rational acitivity coefficient of surfaée species

single-ion activity coefficient of aqueous species _

activity coefficient in the Gaines - Thomas conventional formulation
thermodynamic ion exchange constant

conditional jon cxchahge constant

conditional ion exchange constant (Gaines - Thomas convention)
(conditional) Vanselow selectivity coefficient

initial molality of species i

molality of species i in the supernatant

weight of dry clay

weigth of sample before extraction of the supernatant

weight of sample after extraction of the supernatant

total mass of water per kg dry clay mineral

gravimetric water content of the slurry (kg water per kg dry clay)
total moles of species i per kg of slurry

moles of species i adsorbed per kg dry clay

sum of the moles of adsorbed species

mole fraction of species i

charge of a species i



1 Introduction

Bentonite has been chosen as a candidate backfill material for nuclear repositories by
many countries, mainly because of its favourable physical properties. These include its
high swelling properties and its effectiveness as a barrter for the migration of hazardous
material. The active component in the bentonite responsible for these favourable
properties is montmorillonite. One can distinguish between different types of
montmorillonite in terms of the major exchangeable ion. A common type is Na-
montmorillonite which has extremely good swelling prdperties. ina cbmpacted form no
advective water flow is possible, and any movement across water-saturated, compacted
bentonite will take place by diffusion and will therefore be very slow. It can thus be
expected that the interactions between dissolved species and the surface of the solid
phase will be controlled by equilibrium reactions. It is important to quantify these
surface reactions thermodynamically, in order to enable predictions of the retardation of
radionuclides in the near field.

The first step in the quantification of surface reactions includes the identification of any
type of reaction that may take place on the surface of montmorillonite. The
identification of possible impurities and their reactivities is also an important part of the
first step. In this way it will be possible to make reliable predictions for bentonites of

different compositions.

The careful experimental measurements provided by MMC (Yajima, 1993) and PNC
(Sasaki, 1993) are used in the present work to test existing surface reaction models and
to quantify the soluble impurities in two Japanese bentonite: Kunipia F and Kunigel V1.



2 Ion exchange on Na-smectite
2.1 Theory
2.1.1 Presentation of the experimental data

The ion exchange experiments with Na-smectite as exchanger phase were performed as
batch-type experiments (Yajima, 1993). The condition of mass balance in a batch
system where an initial molality of species i, mj©, in the reactant aqueous solution is
mixed with 1 kg of dry clay mineral is given by

mi®Mtw = nj + miM1w - Mw) [mol per kg dry clay mineral] (1)

with MTw as the total mass of water in this solution per 1 kg of dry clay mineral, Mw
is the gravimetric water content of the slurry (kg water per kg of dry clay), mj© denotes
the initial molality of species [mol per kg water], mj is the molality of the species i in
the supernatant [mol per kg water] and nj is the total moles of species i per 1 kg of
slurry (dry mineral plus entrained solution). The chemical analysis of the supernatant
solution was carried out after isolating Na-smectite from the reacting solution by centri-
fugation. This kind of separation requires a concentration correction for the reactant:
solution entrained with the clay. The moles of chemical species, i, adsorbed per
kilogram of dry clay contacting an aqueous solution is calculated with the equation
(Sposito, 1981):

Gi = nj - Mw m; [mol/kg] (2)

where n; is the total moles of species, i, per kilogram of sturry (dry clay mineral plus
entrained solution slurry); M is the gravimetric water content of the slurry (kg water
per kg dry clay); and m; is the molality (or molarity) (moles per kg water) of species i in
the supernatant sclution. This equation represents the surface concentration, gj, of a
chemical species per kilogram of dry clay mineral. Substituting n; in Eq. (2) by Eq. (1)

gives
qi = mi°Mtw - mj Mtw [mol/kg] (3)
The weight of the entrained solution, Mw, can be determined experimentally with

Mw =M1 - M2 - Mg (kgl 4)



where Mt and M2 are the weights of the sample before and after extraction of the
supernatant from the reacting suspension; Mg is the weight of the dry clay mineral in
the reacting suspension. The equation ignores contributions to the weight of the
entrained solution from dissolved salts, but these contributions are considered

negligible in the present context.

Once the surface excess of a species, i, and its concentration in solution has been
determined correctly, an exchange isotherm can be constructed. An exchange isotherm
is analogous to an adsorption isotherm except that the variables plotied are charge
fractions instead of surface concentrations (Sposito, 1981). The equivalent fraction E; of
an adsorbed cation, i, on the surface of a clay mineral is:

Ei(clay) = | Z;| /CEC (5)

where Z; is the charge of the cation, i, and q; is its surface concentration given by Eq.
(3). The CEC is defined by

cgc:%‘,]zﬂqk o [eq/kg] . (6)

with the sum extending over all' exchangeable cations, k. Eqgs. (3) and (5) can be
combined to yield:

Ei(clay) = | Z; [ (mioMTw - mj Mrw)/CEC )

Eq. (7) is identical to the formulation given by Yajima (1993):
Ei(clay) = | Zi (ci® - ci }V/(Ms CEC) ®)

with ¢i® and cj equal to m;® and mj, respectively. V and Mg are the volume of the
solution [L] and the dry weight of the clay mineral [g], respectively. Since the ratio
V/Ms corresponds to M1w, Egs. (7) and (8) are identical.

The equivalent fraction of a cation, i, in aqueous solution, E;(sln), can be expressed:

|Zi ley

Eisln) = ———
Z
%l klek

(9)



where c; is the concentration of the exchangeable cation, i, in solution and the sum

extends over all cations, k, in solution.
2.1.2 Presentation of the ion exchange equilibria

The concept of hypothetical surface complex formation is used to model ion exchange
reactions on clays (Shaviv and Mattigod, 1985; Wanner, 1986; Fletcher and Sposito,
1939). This convention for describing ion exchange is based on the concept of surface
complex formation and can be implemented in conventional models such as MINEQL.

The reaction equation describing the stoichiometric replacement of ions on the surface

of an exchanger phase is :
ZpA(aq)?A* + ZaBXzp = ZaB(aq)?B” + ZpAXzp (10)

with Z and Zg as the valence charges of the cations A and B, and X as the solid

exchanger.

The ion exchange reactions considered in this study represent the stoichiometric
replacement of Nat by Ht, K+, Ca2+ and Mg2+ on Na-smectite:

homovalent: K+ + NaX =KX + Nat
A= KHZa=1,B=Nat, Zg=1
H* 4+ NaX =HX + Nat
A= Hr,Zpa=1,B=Nat,Zg=1
heterovalent: Ca?t + 2 NaX = CaX; + Nat
A= Ca?+,Z5 =2 B=Na* Zg=1
Mg2+ + 2 NaX = MgX, + Na+

A= Mgt Zp=2,B=Nat,Zp=1

The therrodynamic equilibrium constant, Ky, for the ion exchange reactions given
above is (see also Sections 3.1 and 3.2):



o (xuf ' )ZB(mpyp)ZA

X (xpfg)Za(m,Y,)B (D

with x and xp as the mole fractions of the cations on the exchanger phase (xp =
MAX7 A/(mAXZ At meZB) and xg = meZB/(mAXZ At meZB)), fa and fg as the
activity coefficient of the adsorbed species, ma and mp as the molalities of i ions in the

aqueous phase and ya and g as the corresponding single-ion activity coefficients,
respectively, calculated by the Debye-Hiickel expression. The conditional equilibrium
constant, Ky, is related to the thermodynamic equilibrium constant, Kx" :

_ (Yg)?A
X X ('YA) Z B

(12)

For the subsequent data treatment with MIN_SURF the ion exchange reactions can be
formulated in terms of hypothetical complexation reactions of aqueous species by
defining the reactive ligand X~ as a hypothetical solution species (Shaviv and Mattigod,
1085: Wanner, 1986; Fletcher and Sposito, 1989).
Aaq)?A” + Za X (aq) = AXz, (132)
B(aq)?B" +ZB X (ag) = BXzp (13b)

The equilibrium reactions representing the replacement of Na* by H¥, K¥, Ca2+ and
Mg2+ on Na-smectite are then given by:

homovalent: K(aq)'*' +X(aq)” =KX
Na(ag)* +X(aq)” =NaX

A=K+ Zpo=1,B=Nat,Zg=1
Hiaq)t +X(aq) =HX
Na(aq)+ + X(aq)~ =NaX

A=H* Zsr=1,B=Nat,Zg=1



heterovalent: Ca(aq)?* +2 X(ag)” = CaXp
Na(ag)™ + X(aq)™ = NeX

A=Ca?t,Zp=2,B=Nat,Zg= 1

Mg(ag)** +2 X(aq)” = MgXp
Naag* + X(aq) = NaX-.

A=Mg?+,Zp=2,B=Nat,Zg=1

The equilibrium constants for reactions (13a) and (13b) are defined by:

ZA
K(AX., )= 14
2y (m A my ) A N
mBXZB
KBX, )= 14b
Pz (mgYp)(myyy)”B .

where max- A and MBXzp denote the molalities of surface complexes, and mp , mp
and my are the molalities of solution species. The single-ion activity coefficients of the
surface complexes, AX and BX, are defined as unity.

The relationship between the thermodynamic equilibrium constant for ion exchange and
the two formation constants of the hypothetical surface reactions can be established by
eliminating the mole fractions from Eq. (12) and substituting MAX7 and MBX7p using
the equilibrium expressions given in Egs. (14a) and (14b) (Fletcher and Sposito, 1989):

Z
Zn M K(AX B
f AB ( ZA)

x = fg A ) KBX, Za (mAXZA + mezB)(ZA'ZB) (15)
B

The activity coefficients, fj, of the surface complexes are defined as unity in our

modelling approach. This assumption can be justified by the fact that montmorilionite

normally shows an ion exchange behaviour which is close to ideality (Sposito, 1981,

Fletcher and Sposito, 1989).



Eq. (15) includes the thermodynamic constant Kx  and (MmAX7 4 T IOB XZB) as
measurable quantities, whereas the formation constants K(AX- A) and K(BXZB) are
unknown, However, if one of the constants is known, e.g., K(BXZB), the value of the
other constant can then be derived from Eq. (15). In the modelling approach presented
in this report, we use a convention by arbitrarily setting the formation constant for the
Na surface complex to 1020 (Wanner, 1986). In the case of homovalent exchange
reactions, the compositional correction term (maxz, + mBXzB)(ZA-ZB) reduces to
unity. The formation constants K; for the homovalent exchange reactions Nat — K+
and Nat — H are then given by:

K(AX, A) = Kx" % K(BXZB) (16)

However, for heterovalent exchange reactions with Za # Zg, the ratio of the formation
constants, K(AX., A) ZBIK(BXZB)ZA, must be dependent on both the level of exchange
(maXy At mBXZB) and the total quantity of exchanger (CEC) in the system. The
formation constant K(AX, A) for the heterovalent exchange reaction Na": — Ca?+ is:

K(CaX,) =K, x K(NaX) (Mg + Mpggs) ] 17)

The expression for the corresponding exchange reaction Nat — Mg2* is analogous.
Eq. (18) relates the molalities of surface complexes to the CEC and the concentration of
suspended clay, cs, [g/1]

2 mcax,y + mNax = CEC X cg [mol/] (18)

The expréssion for the corresponding exchange reaction Nat — Mg2+ is again

analogous.

2.1.3 Modelling of ion exchange reactions on Na-smectite

In the following, we present predicted exchange isotherms defined as a graph of
Ej(clay) against E;(sIn) for an exchangeable cation i at fixed temperature and pressure.
The equivalent fractions are calculated with Egs. (5) and (9). The molalities of surface
and solution species of an ion i are computed with the aid of the computer code
MIN_SURF (Berner, 1986; Sierro, 1992) which is an extended version of the computer
code MINEQL.

10



Model computations conducted with the computer code MIN_SURF involve the
following assumptions and approximations:

1) Ion exchange reactions are adequately described using the convention given by
Shaviv and Mattigod (1985), Wanner (1986) and Fletcher and Sposito (1989).

2)  The consistent set of formation constants published for ion exchange reactions on
montmorillonite (Fletcher and Sposito , 1989) adequately describes ion exchange
reactions on Na-smectite.

3)  The CEC of Na-smectite (77% montmorillonite, 22% beidellite, 1% nontronite) is
108.1 meq/100g and the proportions of exchangeable cations are 97.1% Na, 0.9% K,
1.3% Ca and 0.7% Mg. :

4)  Impurities in the purified Na-smectite and background concentrations of the
relevant cations, Nat, K+, MgZt and Ca2*, can be ignored. This assumption is justified
because the concentration of background electrolyte, NaCl, and of the exchangeable
cations, KCl, HC], MgCl; and CaCly, are at least an order of magnitude higher than the
cation concentration measured in leaching experiments.

5)  The total carbonate concentration, cT, is set equal to 10-5 M which corresponds to
the equilibrium concentration at atmospheric partial pressure of CO3 and pH < 5.5. This
assumption implies that the experimental devices are closed systems, and bidistilled
water saturated with COz is the only carbonate source. The assumption strictly holds
for the experiments carried out at pH = 4.5 and 3, but implicitly indicates that
equilibrium with atmospheric CO; is not reached in the experiments at pH = 11 within
the time scale of the experiments. '

6)  Calcite and magnesite may precipitate if supersaturation occurs.

Based on these assumptions and the ion exchange reactions as defined above, the
exchange isotherms for Nat — K%, Nat —» H¥, Nat — Ca2+, and Nat — Mg2+
(displayed in Figures 1 to 4) and the isotherms of the Na+ — K+ exchange determined
at pH = 3 (range 3.0 - 3.3) and at pH = 11 (range 10.8 - 11.0) (shown in Figure 6) are
modelled. The model computations are performed for the specific experimental
conditions. Therefore, we consider that the jonic strength is not constant in the
exchange experiments, but increases with increasing concentrations of the

exchangeable cations.

11



2.2

2.2.1

Results and Discussion

Na* — K% and Nat — H% exchange reactions

The formation constant, K(KX), needed in modelling the replacement of K+ on Na-
smectite is taken from Fletcher and Sposito (1989). The formation constant, K(NaX),
serves as a reference value and is arbitrarily set equal to 1020 (Wanner, 1986).

E-K{clay)

Figure 1

K+ + NaX = KX + Nat Kx'=18
Na(ag)t + X(ag)” = NaX K(NaX) = 1020
K(aq)? +ZX(agy = KX K(KX)

K(KX) = Kx* x K(NaX) = 1.8x1020

E I TN NN VR T VRN S VRN S VNN VAN SUY WU SO SO SHE AT ST VRO N S WY S N S

0.7 T—————
] X

® exp. data

X Model X
R ®
0.5

0.4 - x

0.2

0.1 -

] xe
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
E-K(sin)

Exchange isotherm for Kt on Na-smectite in chloride background medium
of increasing ionic strength (I = 0.11 - 0.24 M)at pH = 4.5 (range 4.4 - 4.7).
E-K{(clay) and E-K(sIn) representthe equivalent fractions of K on the solid

and in solution,respectively.
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Figure 1 presents the exchange isotherm for Kt on Na-smectite. The equivalent fraction
of K+, E-K(clay), is displayed versus the equivalent fraction of Kt in the supematant
solution, E-K(sIn). Figure 1 shows good agreement of the experimental data and model
computations. The difference between experiments and model predictions at low
equivalent fractions of K+ may partially be attributed to the uncertainty in the precision
of the experimental data.

The ion exchange reactions used in modelling the replacement of Ht on Na-smectite
are given by:

H+ + NaX = HX + Nat Kx"=126/89
Naag)t + X(ag)” = NaX K(NaX) = 1020
Hag)t + X(aqy = BX K(HX)

K(HX) = Kx' x K(NaX) = 1.26x1020 and 8.9x1020

Model computations are performed with two thermodynamic equilibrium constants,
Kx', for the Na/H exchange. Fletcher and Sposito (1989) suggested a value of
Kx® = 1.26 for the Na/H exchange corresponding to a logK(HX) = 20.1. Figure 2,
however, shows that model calculations based on a value of logK(HX) = 20.1
underestimate the replacement of Na with H. The experimental data and model
computations agree in the E-H(sln) range 0 to 0.1 if the formation constant is set to
logK(HX) = 20.95 corresponding to a thermodynamic ion exchange constant Kx" = 8.9,
An increase in E-H(sIn) from O to 0.1 corresponds to a decrease in pH from 4.77 to
1.97. As shown in Figure 2, model calculations underestimate the extent of the Na/H
exchange above E-H(sln) = 0.1 (i.e., below pH = 1.97), but fit the experimental data
above pH = 1.97. Other types of surface reactions may interfere with the Na/H
exchange in the strongly acidic pH range: The deviation of experimental data and
model calculations can be attributed to the reaction of protons with edge surface sites
and/or dissolution processes occurring at the Na-smectite surface. Both types of surface
reactions enhance the apparent surface proton density and, hence, increase the
equivalent fraction of H* on Na-smectite. However, based on the available
experimental data, a further refinement of edge site contributions and proton
consumption due to dissolution is not possible to date. An attempt to quantify the effect
of the two surface reactions on the proton balance requires an extension of the
experimental programme addressing the problem of separating ion exchange reactions

and protonation of edge surface sites.

13
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Exchange isotherm for H* on Na-smectite in chloride background medium

Figuré 2
of increasing ionic strength (I=0.11 - 0.16 M).
E-H(clay) and E-H(sln) represent the equivalent fractions of H on the solid
and in solution, respectively.
2.2.2 Na* — Ca?* and Na* — Mg2+ exbhange reactions

The formation .constants, K(CaX3) and K(MgX>), for the replacemént of Ca2+ and
Mg2+ on Na-smectite used in our model calculations are taken from Fletcher and

Sposito (1989):
Ca2+ + 2 NaX = CaXj + Nat Kx =148
Naag)* + X(ag) = NaX K(NaX) = 1020
K(CaX2)

Cﬂ(aq)2+ +2 X(aq)' = CaXs
K(CaX2) = Kx” x K(NaX)2 (mcax, + myax)~ ! = 1.48x1040 (mcax, + myax) ™!

14



Mg2+ + 2 NaX = MgXs + Nat Kx" =148
Na(aq)t + X(aq) = NaX KNaX) = 1020
Mg(aq)2+ +2 X(aq)- = MgX2 K(Mng)

K(MgX2) = Kx* x KONaX)2 (mmgx, + mnax)~! = 1.48x1040 (mygex, + mygx)~1

The experimental protocol indicates that the study presented by Yajima (1993) was
conducted at constant Na¥ concentrations allowing the electrolyte background
concentration to increase from 0.11 M to 0.24 M. The value (mcax, + mNaX) ranges
from 0.0108 mol/l to 0.0074 mol/l under the given experimental conditions. For
modelling purposes, we assume an average value of (mcax, + mMNax) and (mMgx, +
mNax) of 0.0091 mol/1. The formation constant for the Na/Ca and Na/Mg ion exchange
reactions can then be estimated to logK(MgXs) = logK(CaX5) = 42.21. This value is
comparable with the values reported by Wanner (1986) (Na/Ca exchange: logK® =424
and Na/Mg exchange: logK® = 41.7).

Sodium-calcium exchange on Crook County (Wyoming) bentonite has previously been
investigated by Sposito et al. (1983a,b). Their results obtained in a montmorillonite
suspension with constant 0.05 M perchlorate background and at pH = 7 support a
~ nonpreference model for the Na/Ca and Na/Mg exchange reactions. However,
preference for divalent cations has been observed in the presence of chloride as
interfering anion. The affinity of the surface for Ca and Mg is significantly enhanced
with chloride as background electrolyte (Sposito et al., 1983a). The stoichiometries and
the formation constants for the binary ion exchange of Ca2t and Mg2*+ in the presence
of chloride were defined by Fletcher and Sposito {1989) and are adopted here:

| Ca?*+Cl+NaX = CaCIX+Nat Ky =193
Na(ag)™ + X(aq) = NaX K(NaX) = 1020
' Ca(ag)?t + Cl(ag)” + X(aq)” = CaCIX  K(CaClIX) = 193x1020

Mg2+ + Cl-+NaX = MgCIX+Nat Ky =181
Na(ag)* + X(agq)” = NaX K(NaX) = 1020
Mg(aq)?* + Cl(ag)” + X(aq)" = MgCIX K(MgCIX) = 181x1020

15



In Figures 3 and 4, the exchange isotherms for Ca2+ and Mg2+ based on the ion
exchange equilibria listed above are compared with the experimental data.

In a first attempt, the experimental data are evaluated for a water/bentonite ratio of 100
(Figures 3 and 4, upper graphs). With this assumption, the resulting equivalent fraction
E-Ca(clay) at high surface coverages of Ca2* calculated from the experimental data
exceeds the CEC. A reevaluation of the equivalent fraction E-Ca(clay) from the
experimental data, under the assumption that the water/bentonite ratio in the
experimental protocol possibly had been chosen to be 50 instead of 100 (Yajima, 1993),
now correctly results in equivalent fractions E-Ca(clay) that are lower than the CEC
(Figures 3 and 4, lower graphs). It should be mentioned that supersaturation of Ca2+
and Mg2* solutions with respect to mineral phases (e.g., CaClp, MgCl,, CaSOy,
CaCO03) controlling the free concentration of Ca and Mg can be ruled out. Hence the
observation that the maximum surface coverage exceeds the cation exchange capacity
for a water/bentonite ratio of 100 can not be attributed to precipitation of Ca2+ or
MgZ+. Based on this circumstantial evidence, our assumption that the water/bentonite
ratio was 50 is reasonable and, hence, the experimental data displayed in the lower plots
of Figures 3 and 4 are most likely representative.

The model calculations presented in Figures 3 and 4 are conducted for two different
cases: 1) Ca2+ or Mg2+ are the only species replacing Nat on Na-smectite and 2) both
Ca2+ (or Mg?t) and CaClt (or MgCl) could replace Nat on Na-smectite. Given the
uncertainties in the experimental data and the fact that the thermodynamic constants
reported by Fletcher and Sposito (1989) are used without further adjustments,
agreement between model predictions and the experimental data (water/bentonite ratio

= 50) is good. Implementation of CaCl* and MgCl+ as adsorbable species increases the
. equivalent fraction of Ca and Mg on Na-smectite. Agreement between the modelling
curve and the experimental data appears to be better without inclusion of CaCl+ and
MgCI* as sorbing species. Note, however, that a more detailed analysis of the
importance of the reactive species is not possible from the experimental data presented
by Yéjima (1993). A refined evaluation of the formation constants for Ca2+, Mg2+,
CaCl* and MgCI* adsorption onto montmorillonite requires an extension of the
experimental programme by including Nat — Ca2+ and Nat — Mg2* exchange
experiments conducted in non-complexing background electrolyte (e.g., sodium
perchiorate).
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Figure 3  Exchange isotherms for Ca2t on Na-smectite in chloride background medium of

increasing ionic strength (I1=0,11 - 0.24 M).

The experimental data are calculated for a water/bentonite ratio of 100 (upper) and
50 (lower). E-Ca(clay) and E-Ca(sln)represent the equivalent fractions of Ca on the
solid and in solution, respectively,
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Figure4  Exchange isotherms for Mg2+ on Na-smectite in chloride background medmm of
increasing ionic strength (I=0.11 - 0.24 M).
The experimental data are calculated for a water/bentonite ratio of 100 (upper) and
50 (lower). E-Mg(clay) and E-Mg(sln) represent the equivalent fractions of Mg on
the solid and in solution, respectively.”
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The speciation of Ca and Mg on the surface of montmorillonite as a function of the
normality E-Ca(sln) and E-Mg(sln) in solution is illustrated in Figure 5. According to
the model computations, CaClt and MgCI+ adsorb onto montmorillonite over the entire
concentration range. With increasing concentration of the chloride background
electrolyte, the concentrations of CaCl* and MgCl* increase in solution, and, hence,
these species are adsorbed in preference to the free metal cation (Figure 3).

2.2.3 Nat — K+ exchange reactions at layer and edge sites

As previously mentioned, the surface of montmorillonite contains two distinctly
different types of surface sites: layer sites, i.e. structural-charge sites due to isomorphic
substitution at the basal siloxane layer, and edge sites, i.e., surface sites exposed on the
edge surface of montmorillonite platelets. Layer sites are accessible for ion exchange
reactions and mainly account for the exchanger characteristics of the clay mineral. The
nature of the edge surface sites, however, is significantly different: edge sites are
hydroxyl (OH) groups and are subject to ionization (i.e., protonation and deprotonation)
as shown by the following reactions:

=SOH + H+ & =SOH;* SKaj
=SOH + OH-< =50~ + Hy0 SKaj

with =SOH indicating OH groups exposed at the edge surface. The degree of ionization
of the amphoteric OH groups depends on pH and ionic strength. Edge OH groups are
protonated in the acid pH range and dissociate protons in the alkaline pH range. At pH
= 11, edge surface sites are negatively charged and, hence, binding of K+ may occur.
With this type of surface reation, OH groups may form stable surface complexes with
the cation (e.g., KT in this study) and the formation reaction is termed surface
complexation. As pH decreases, the clay edges become saturated with protons and the
edge effect becomes less pronounced. At pH = 3, the edge sites are neutral or carry a
positive charge, and complex formation with edge sites do not occur. In the following,
we discuss the possible effect of K complexation occurring at edge surface sites.

The constants for the Na/K exchange reactions occurring at layer and edge surface sites
of Na-smectite are taken from Fletcher and Sposito (1989):

20



Ton exchange reactions at layer sites:

K+  + NaX = KX +Nat Kx' =18
Nﬂ(aq)++ X(aq)' = NaX K(NaX) = 1020
K" +X(aq) = KX K(KX)

K(KX) = Kx" x K(NaX) = 1.8x1020

Complexation reactions at edge sites:

K+  +NaE = KE+Nat Kx'=18/18
Na(aq)*+ E(aq)” = NaE K(NaE) = 1020
K(ag)t +E(aq)” = KE K(KE)

K(KE) = Kx" % K(NaE) = 1.8x1020 and 18x1020

In Figure 6, the exchange isotherms for K+ on Na-smectite measured at pH = 3 (range
3.0-3.3) and at pH = 11 (range 10.8 - 11.0) are compared with the model calculations.
For mbdelling purposes, we assume that the formation constant of the surface
complexes of K+ with edge surface sites are K(KE) = 1.8x1020 (logK(KE) = 20.255 as
reported by Fletcher and Sposito, 1989) and K(KE) = 18x1020 (logK(KE) = 21.255 as
an estimated value). The experimental data taken at pH = 3 and 11 are in good
agreement within the scatter of the experimental data. The experimental equivalent
fraction for adsorbed K+ appears to be slightly higher at pH = 11 than at pH = 3,
However, it is questionable whether the pH dependence of K+ adsorption is significant
within the limits of experimental uncertainty. Note further that at pH = 3 two ion
exchange reactions overlap: the replacement of Na* and H+ by K*. The equilibrium
constants for the two exchange reactions may be significantly different. We further may
assume that the replacement of Nat by K+ is favoured compared to the replacement of
H* by K*. The equivalent fraction for adsorbed Kt may hence be lower at pH = 3 than
at pH = 11. This may explain the difference in the experimental results at pH = 11 and
at pH = 3 as well as the composition dependence of the apparent conditional
equilibrivm constant for the Na/K exchange.
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Figure 6 Exchange isotherm for K* on Na-smectite at pH = 3 and 11 in chioride
background medium of increasing ionic strength (I =0.11- 0.24 M).
The exchange isotherms are predicted from model calculations by
including layer and edge surface sites as possible coordinative counterparts
for K* (see text). E-K(clay) and E-K(sln) represent the equivalent fractions
of X on the solid and in solution, respectively.

The experimental data determined at both pH values hence are adequately predicted
with the general modelling approach used in this study to simulate the Na-
smectite/water interaction. Model computations predict a pH independent exchange
isotherm for K+ on Na-smectite. For the purpose of modelling the interaction of K+
with edge sites, we assume an edge site density of 10 meq/100 g corresponding to 10%
of the cation exchange capacity. Figure 6 shows that the formation of surface
complexes between K+ and edge OH groups increases the equivalent fraction of
adsorbed Kt insignificantly. Hence ion exchange on layer sites determines the extent of
K+ adsorption on Na-smectite in the acid and alkaline pH range. Contributions from the
association of K with negatively charged edge OH groups are negligible at the K+
concentrations considered here. Note, however, that the ionisation of edge surface sites,
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i.e., the interaction of protons with edge OH groups, is extremly important when ion
exchange reactions overlap with proton displacement at the Na-smectite surface.

3 Ion exchange selectivity and activity coefficients

Various conventions have been applied in the literature to treat the experimental data
resulting from ion exchange studies and to establish a consistent set of equilibrinm
constants. In this section, we would like to compare the quasi-thermodynamic
approach, based on the concept of surface complex formation used in our modelling
approach, with the Gaines and Thomas convention chosen by Yajima (1993) for
presenting the selectivity coefficient as a function of the equivalent fraction of the
exchangeable cation. We will demonstrate differences in the data treatment for the
homovalent ion exchange reactions (e.g., Nat — K+ exchange) and for the
heterovalent ion exchange reactions (e.g., Nat — Ca?+ exchange).

3.1 Thermodynamics of ion exchange reactions

The thermodynamic equilibrium constants for homovalent and heterovalent ion
exchange reactions can then be expressed as:

homovalent : A=Kt Za=1,B=Nat,Zg=1
o (apx)ay,) (agsd(mp, Yo
K = = (19)
X (anax) (g)  (anyy) (Mg
heterovalent : A= Ca?t,Zy =2, B=Nat,Zp=1
0 (‘°-‘(:a:x:2)(‘1‘Na)2 (2cax My, Yy,)2
— —_ 2 (20)

X (agp0¥acy) (e (MeyYey)

The single-ion activity coefficient of solutes in aqueous solution refer to the Infinite
Dilution Reference State and can be evalnated from conventional expressions.
However, various model approaches have been suggested in the literature to express the
activities and the activity coefficient of surface species.
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3.2 The solid solution model
3.2.1 Definition of the activity-concentration relationship

An exchanger phase can be considered as a solid solution, i.e., a macroscopically
homogenous mixture, with a variable composition. The activity-concentration
relationship for surface species, i, of a solid solution is defined by Guggenheim (1952):

M =fixi 21)

where i is a surface species such as CaX3, NaX or KX given in Eqs. (19) and (20), f is
the rational acivity coefficient and xj is the mole fraction of the surface species. The
thermodynamic definition of the activity-concentration relationship given by Eq. (21)
applies to components of mixtures of solids and non-agqueous solutions. The Reference
State is that of the component i at T = 298.15 K and P = 1 bar as xj approaches 1.0. If
the rational acivity coefficient of each component of a solid solution is equal to 1.0,
regardless of the composition of the mixture, the solid solution is said to be ideal.

3.2.2 The Vanselow selectivity coefficient

In the Vanselow convention, the stoichiometry of ion exchange reactions is based on
chemical equilibria expressed in mole fractions of the exchangeable cations. The
stoichiometric replacement of an ion, i, on the exchanger surface has already been
illustrated in Eq. (11). Egs. (19) and (20) for homo- and heterovalent ion exchange
reactions can be expressed in terms of rational activity coefficients and the Vanselow

coefficient:
homovalent: - K, =K 222
- —

(feax.)

heterovalent; Kx = KV 22 (22b)
(Frgaxd)

with Ky as the Vanselow selectivity coefficient (Vanselow, 1932) given by:

(X (apny)

KX/ *Na (23a)

A (xNaX)(aK)
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(xCaX )(aNa)2
=2 (23b)
e (@)

The Vanselow selectmty coefficient is a conditional equxhbnurn constant wh.tch for
non-ideal systems, varies with the composition of the exchanger phase The cause of
the composition dependence of Ky are the interactions between adsorbed sPec1es that
occur as the adsorbate composition changes. In an ideal solid solution with the rational
activity coefficient equal to unity, the thermoynamic constant equals the Vanselow
select.mty coefficient as illustrated in Eqgs. (22a) and (22b). Solid solutions, however,
are often not ideal and the rational act1v1ty coefficients in Eqgs. (22a) and (22b) are
introduced to account for the composition dependence of the conditional exchange
constant Kv, thereby maintaining a constant value of the therrnodynarmc constant'

Kx .

323 Determination of the rational actzvzty coeﬁ‘iczents
in the solid solution approach "

3231 Ideal solid s'azuzions'.-' Ton ;;eaan'ge--o;, m'dn'mio}iltanire'

Accordxng to Spos1to (1984) and Fletcher and Sp031to (1989), montmonllomte reveals
an ideal or near-ldeal ion exchange behaviour in many cases. Measurements of the
Ca/N a, Mg/Na Ca/Mg and Na/Cu exchange reactlons (Sposito et al., 1981, Sposito et
al., 1983a b c) of the bmary reacnons ‘between Na, K and Rb on Wyommg bentomte,
and of the bmary reactions between Na, Li and NH4 on Camp Berteau montmonllomte’
(Gast, 1969; Gast et al. 1969) show ideal or near-ideal behaviour of the exchanger
phase. Hence the assumption made in the ideal solid solution model, that the rational
activity coefficient fN; = fg = fca = 1 in Eqgs. (23a) and (23b), seems to be justified in
the case of montmorillonite. Experlmental data and the model computatlons further
confirm the 1deal behaviour of montmorillonite. ‘Note, however ‘that Cs and Rb
exchange reacoons on montmorillonite show non-ideal ion cxchange behaviour (Gast
1969), and that derivation from ideal ion exchange behavmur may be not found on clay
mmerals other than montmonllomte
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3.2.3.2 Non-tdeal solid solutions

Real mixtures are not ideal and rational activity coefficients hence correct the mole
fractions in Eqs. (22a) and (22b) for this effect. Model expressions for the rational
activity coefficient as a function of the mole fraction of one of the exchanger phase
have been established to account for the composition dependence of Ky. The rational
actxv:ty coefficients are expressed m terms of power series which, for example, in the
case of the Na/K exchange is g1ven by

l_anaX =8 Xpy + 8pX gy + AKXy + 8, Xy (242)

lanX =8 Xnax + 29X Nax T 83XNax T 2 4xNa.X (24b)

We refer to Sp031to (1981) for a detailed discussion and adequate treatment of the
model expressions glven in Eqs (24a) and (24b).

3.3 Empirical cation exchange models -

Other cation exchange models have been estabhshed in order to account for the
composition dependence of equxhbnum constants. These models are usually based on
some empirical, chemical picture of the jon exchange reaction. A further characteristic
of these models is that the act1v1t1es of the exchanger components modelled
mathemaucally mstead of modellmg the ratlonal act1v1ty coefﬁclents T 3

on the deﬁnmon of an act1v1ty eqmvalent fracnon relatlonshlp glven by
Thomas (1953) |

'('i)=giE'i__'__ o o o - '(25’)'

w1th E1 as the equxvalent frachon of the exchanger catlon and gl as an act1v1ty
coefficient". The relatlonshlp glven in Eq (25)is a non—thermodynannc correction of
the non-ldeal behaviour of exchanger phases As shown by Sposno (1977) and Sposxto
and Mattlgod (1979), the coefficients ga and gB are not true activity coefficients since
the equivalent fraction concentration scale may not be used to define rational activity
coefficients. '

Egs. (19) and (20) for homo- and heterovalent ion exchange reactions can be expressed
in terms of the Gaines and Thomas convention:
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° (8xx)
: K =K . .—2
homovalent X GT Erd (26a)
Epxayy)
with KX/A“Na

Ker=E e

o (gcax )
heterovalent: : Kx = KGT 22 (26b)
(gNaX)
2
N Ecax oy
with Ko = 2
(Enax) " (acy)

The parameters used in the Gaines and Thomas convention can be compared with those
defined by the solid solution model (Table 1). The parameters of the two conventions
are identical in the case of homovalent exchange, but significantly different in the case
of heterovalent ion exchange reactions. It is evident from Table 1 that KgT will not be
constant if Ky is constant for a heterovalent ion exchange reaction, and that g% and
gNax Will not be equal to 1 when fc,x, and fiy,x are equal to 1. This means that the
parameter values of the Gaines and Thomas convention cannot be directly compared
with those resulting from the solid solution model, This also holds if the parameters of
the Gapon model and the solid solution model are compared.

Table 1: - Comparison of the Gaines and Thomas convention and the solid solution
model for expressing selectivity coefficients in cation exchange reactions.

homovalent heterovalent _
equivalent fraction E Egxx = xgx Ecaxs = 2 Xcaxo/(1 + Xcaxs)
equivalent fraction Eg ENaX = XNax ENax = XNax/(2 - XNax)
selectivity coefficient Kgr Kgr=Ky Kot = Ky X (2 Xcaxp + XnNax)
coefficient gxx, 8caxs gxx = fkx 8caxa = 0.5 foax, X (1 + Xcaxs)
coefficient gn,x BNaX = fNax  8Nax =fNax X (2 - XNax)
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3.4 Applicability of the cation éxchange models

Ideal or non-ideal behaviour of the exchanger is revealed in the composition
dependence of the Vanselow selectivity coefficient, Ky, using the thermodynamic
convention as given in the solid solution model. If Ky is constant regardless of the
variation in the surface composition, the exchanger is termed ideal. Composition
dependence of Ky, however, indicate non-ideal ion exchange behaviour. Following the
Gaines and Thomas convention (or the Gapon model, respectively), the same criteria
are met for homovalent ion exchange reactions. In the case of heterovalent ion
exchange, however, the different bases of the Gapon and of the Gaines and Thomas
models on one hand and the solid solution model on the other hand become evident:
The composition dependence of Kt in the Gaines and Thomas model (or Kg used in
the Gapon model) would indicate a non-ideal exchanger phase when the solid solution
model predicts ideality.

We investigate the ion exchange characteristics of Na-smectite used in the study of
Yajima (1993) by calculating the Vanselow selectivity coefficient, Ky, of the Na/K
exchange. As discussed in the previous sections, a proper evaluation of the
thermodynamic equilibrivm constants for the othér ion exchange reactions, i.e., Na'*'_Q—)
g+, Nat — Ca?+ and Nat — Mg2* exchange, is not possible based on the
experimental data presented in this study. In these experiments, simultaneously
occurring adsorption reactions, e.g., proton adsorption on edge and layer sites in the
case of Na/H exchange reactions and adsorption of Ca2* and CaClt in the case of
Na/Ca exchange reactions account for the overall observed ion exchange process and,
hence, the equilibrium constants derived from the experimental data are not attributable

to single ion exchange reactions.

The Vanselow selectivity coefficient of the Na/K exchange is evaluated from the
experimental data measured at pH = 3 (range 3.0 - 3.3), pH = 4.5 (range 4.4 - 4.7) and
pH = 11 (range 10.8 - 11.0). Figure 7 shows that, within the scatter of the data, the
Vanselow selectivity coefficient, Ky, can be assumed to be constant at pH = 11. The
composition dependence of Ky at pH = 3 and pH = 4.5 at low values of the mole
fraction of adsorbed K, xgx. presumably reflects the composition dependence of the
competitive exchange reactions Nat — K+ and Nat — H*. Note that at high values of
Xgx, the Vanselow selectivity coefficient is constant within the scatter of the data.
Hence the results indicate the possibility of ideality of the NalK'exchange on Na-
smectite. Using all the data shown in Figure 7, the Vanselow selectivity coefficient can
be estimated to Ky = (1.58+0.39). In the case of homovalent ion exchange, the
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Figure 7

mole fraction (x,).

Graph of InKy as a function of the mole fraction of KX(s), xgx,

for Na/K exchange on montmorillonite at different pH values.

Vanselow selectivity coefficient corresponds to the thermodynamic equilibrium

constant, Kx .
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4 Leaching of purified bentonite (Na-smectite) and Kunipia F
and Kunigel V1 bentonite in distilled water

4.1 Purzﬁed bentonite (Na-smectite)

Purified bentonite was prepared from Kunipia F bentonite by washing the elutriated
Kunipia F bentonite with CH3COOH / CH3COONa and subsequently with Co;HsOH in
order to minimize the content of impurities. The montmorillonite was converted into
the Na-form as described by Yajima (1993). Samples of Na-smectite were used in the
ion exchange experiments (see previous sections) and in leaching experiments.

The ratio of the elemental composition of the so prepared Na-smectite is given in Table
2. The CEC was determined to 107.2 meq/100g, 108.1 meq/100g and 110.2 meq/100¢g
Yajima (1993). The formula of the Na-form of montmorillonite is obtained from the
elemental composition given in Table 2 according to a procedure described by van
Olphen (1977):

Nag 412(Si3.992Alp.008)(Al1.667Fe(I)0.099Fe(ID)0.008Mg0.327)010(0H)2 (27)

The formula weight of the half unit cell and the Si/Al ratio are 374.60 and 2.38,

respectively.
Dissolution of the Na-smectite in slightly acidic media (pH 5 - 6) occurs according to:

Na-smectite + 3.968 Ho0 + 6.404 Ht (28)
=0.412 Nat + 1.675 AP+ + 0.099 Fe3++ 0.008 Fe2* + 0.327 Mg2+ + 3.992 H4Si04

The reaction given in Eq. (28) represents stoichiometric and congruent dissolution of
the mineral. However, the experimental data of the leaching test (Yajima, 1993) suggest
that the solubility of amorphous Al hydroxide controls the Al concentration in solution
in the near neutral pH range in all the experiments, accounting for an incongruent
dissolution of Na-smectite. We hence expect incongruent dissolution of Na-smectite
and the formation of amorphous Al hydroxide giving rise to the experimentally
observed constancy of the Al concentration over time: In a similar manner, precipitation
of Fe hydroxide controls the concentration of free Fe in solution. The stoichiometric
formula for Na-smectite indicates that Fe, Mg, Ca, Na and K are present in trace
amounts. Hence the high and relatively constant concentrations of Na* and K+ (4 -
6x104 M and 1 - 2x104 M, respectively) observed in the leaching test of Yajima
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(1993) most likely indicate the presence of minor traces of impurities. The release of
silicon from montmorillonite represents the dissolution of the Na-smectite structure.
However, since the initial concentration of Si is very high (3 - 4x10~4 M), an increase
of Si over time cannot be observed in the leaching tests conducted at 25° and 60°C. A
dissolution rate of 10-8 mol g-! h-1 can be determined from the experimental data
measured at 90°C. The rate can be compared with the dissolution rates determined for
K-montmorillonite and for kaolinite. From the release of Si, Furrer et al. (1993)
determined a dissolution rate of 2.51x1078 mol g-! h~! for K-montmorillonite at pH = 5
and t = 25°C. The dissolution rate of kaolinite has been reported to be 1.5%10-8 mol g-1
h-lat pH = 6 and t = 25°C (Wieland and Stumm, 1992). Both studies show that in the
near neutral pH range, the dissolution reactions of K-montmorillonite and kaolinite

occur at edge surface sites.

In order to extract more information from the dissolution measurements of Na-smectite,
a slight modification of the experimental setup is required. Prior to dissolution, the Na-
smectite suspension can be "conditioned" by preexposing it for a limited period of time
in bidistilled water. During the preconditioning step, highly reactive material is
removed from the surface of Na-smectite causing a reduction: of the initial
concentration of the elemental composition in solution. A pretreatment procedure for
K-montmorillonite was reported by Furrer et al. (1993). Preconditioning of Na-smectite
facilitates the observation of a time-dependent increase of the element concentrations in
solution. Furthermore, using "mixed-flow" reactors instead of batch reactors would
offer a possibility to reduce the concentration of Fe and Al in solution below saturation
with respect to Fe and Al hydroxides (Furrer et al., 1993).

Table 2:  Elemental composition of Na-smectite used in the experiments (weight-%).

Si0, _ 62.3 % - MgO 342 %
TiOg o 0.16 % Ca0 0.01 %
AlrOs ' 222 % ' NayO 322 %
Feo03 2.05 % K-70 0.03 %
FeO 0.14 % P705 0.07 %
MnO <001 % total-S 0.015 %
Cr 0.02 % " ignition loss 6.10 %
S042- <0.001 %

CO» <0.005 %
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4.2 Kunipia F and Kunigel V1 bentonite

Leaching tests with Kunipia F bentonite were conducted in distilled water with the
bentonite/water ratio (0.01 - 1 g/ml) and the reaction time (3, 14, 28, 70 and 100 days)
as variable parameters (Sasaki, 1993). Kunipia F contains > 95% Na-montmorillonite.
These experiments allow to derive the contents of soluble impurities in Kunipia F,
assuming that, after an equilibration time of 14 days, the soluble impurities are
completely dissolved. The precentages of impurities, KCI, NaCl, CaSO4 and NaNO3,
are listed in Table 3. These percentage values are derived from the increase of the
concentrations of K*, Cl» S042- and NO3" in the leaching tests. The choice of the

Table 3: - Impurities in Kunipia F (weight-%).

solid/water ratio % KCl % NaCl % CaSO4 % NaNO3

[g/ml]

1 _ 0.0034 0.1094 1.0629 7.68E-03 -
1 : 0.0031 0.1064  0.9779 1.33E-02
0.5 0.0036 0.0961 1.0204 4.25E-03
0.5 0.0029 0.0835  0.7937 4.11E-03
02 0.0044 0.0765  0.6519 3.56E-04
0.2 0.0045 0.0756  0.7795 9.60E-05
0.1 0.0032 0.0337 0.6944  <5.48E-05
0.1 0.0061 0.0710  0.7370 6.85E-04
0.1* 0.0036 0.0467  0.6250 6.17E-04
0.02 0.0086 0.0650 0.4110 <5.48E-05
0.02 0.0086 0.0625 04110 <5.48E-05
0.01 0.0057 0.0483 04535  <5.48E-05
0.01 0.0076 0.0468  0.3543 6.85E-05
average 0.0050 0.0712  0.6935

+0.002 +0.024  +0.244

* Average values from the measurements after 3, 14, 28, 70 and 100 days.
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respective counter ions is based on assumptions. It is difficult to distinguish between
KClI and NaCl, because K* is an exchangeable ion, and part of the KCl impurity may
have reacted with the montmorillonite surface. Table 3 shows NaCl and CaSOg as the
major impurities with contents ranging from 0.05 - 0.1 % and 0.4 - 1%, respectively.
Since the Kunipia F bentonite is reported to be 100% in the Na-form, the increase in the
K+ concentration in solution is probably due to a soluble potassium impurity. It should
be mentioned that CaCOj3 is another impurity found in bentonites. The solubility of
CaCOs is low, however, and the degree of its dissolution depends to a large extent on
the ion exchange reactions. The analyses in Table 3 might suggest a systematic
decrease of the relative amounts of dissolved impurities with decreasing solid/water
ratio. However, the difference in dissolved NaCl and CaSQO4 at a solid/water ratio
between 1 g/ml and 0.01 g/ml is only a factor of 2. We therefore consider it justified to
average the values and define a mean percentage of impurities, as indicated in the last
row of Table 3. It should also be mentioned that an experiment carried out to determine

Table 4: Impurities in Kunigel V1 (weight-%) after 14 days of reaction time,

solid/water ratio % KCl % NaCl % CaSO4 % NalNO3

[g/ml]
0.5 0.0015 0.0017 0.284 2.33E-03
0.5 0.0015 0.0017 0.284 2.33E-03
0.2 0.0028 0.0011 0.404 1.00E-03
0.2 0.0027 0.0013 0.404 1.01E-03
0.1 0.0034 0.0008 0.383 4.93E-04
0.1 0.0036 0.0010 0.411 4.93E-04
0.02 0.0057 0.0011 0.369 9.60E-05
0.02 0.0056 0.0009 0.390 8.22E-05
0.01 0.0075 0.0005 0411 4.11E-05
0.01 0.0054 0.0004 0.496  4.11E-05
average 0.0044 0.0011 . 0.38

+0.0026  +0.0004 +0.06
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the reaction time shows constant solution concentration over a period of 3 to 100 days,
indicating that the dissolution of impurities is not subject to any serious kinetic
constraints. The dissolution of nitrate shows large variations with the solid/water ratio,
its concentration is in general very low, and in some cases even below the detection
limit. Based on the present knowledge, the comparatively small amounts of nitrate that
may be released from the bentonite can be neglected in the safety analysis or in the
assessment of long-term behaviour.

Leaching tests with Kunigel V1 bentonite were conducted in distilled water with

bentonite/water ratios varying between 0.01 - 0.5 g/ml and the reaction times ranging
from 3 to 180 days (Sasaki, 1993). A similar analysis as above shows that CaSQj is the

Table 5:  Impurities in 0.1 g/ml Kunigel V1 (weight-%) as a function of time.

Reaction time % K.Cl % NaCl % CaSO4 9% NaNO3

[days]

3 0.0032  0.0004  0.3260 4.25E-04
3 0.0029  0.0006  0.3260 4.11E-04
7 0.0032  0.0006  0.3401 4.66E-04
7 0.0034 = 0.0001 0.3118 4.80E-04
14 0.0034  0.0008  0.3827 4.93E-04
14 0.0036  0.0010 04110 4.93E-04
28 0.0040  0.0002  0.5244 4.52E-04
28 0.0038  0.0003  0.5102 4.93E-04
42 0.0042  0.0005 0.5102 4.39E-04
42 0.0042  0.0003  0.5244 4.11E-04
70 ' 0.0045  0.0002  0.6944 4,52E-04
70 0.0047  0.0004  0.6944 4.80E-04
100 0.0051  0.0003  0.7795 4.11E-04
100 0.0049  0.0003  0.7511 3.29E-04
180 0.0064  0.0001  0.7937 3.56E-04
180 0.0061  0.0002  0.7795 3.15E-04
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major impurity in Kunigel V1 with contents ranging from 0.3 - 0.8 %. The analyses
show a fairly constant proportion of NaCl, KCl and CaSO4 over a solid/water ratio
ranging from 0.01 g/ml to 0.5 g/ml. Again, the nitrate content varies considerably,
however, as mentioned above for Kunipia F, the dissolution of such small amounts of
nitrate may not be important for the assessment of the long-term behaviour of bentonite.
Table 5 shows the time dependence of the dissolution of impurities at a solid/water ratio
of 0.1 g/ml, suggesting that the dissolution reactions may not be completed after 14
days. Even after 180 days, the solution concentration of sulfate and potassium are still
rising. The same trend is observed at other solid/water ratios. However, it is obvious
that a large part of the impurities dissolves in a very short time (3 days) and that
thereafter the increase in the concentration of dissolved impurities is comparatively
small.

5 Conclusions and Recommendations

The goal of this work was to interpret the ion exchange processes on Na-smectite using
the experimental data reported by Yajima (1993) and a thermodynamic model for the
montmorillonite/water interaction. The thermodynamic model is based on the concept
of hypothetical surface complex formation and is compatible with ion-association
models such as MINEQL (Wanner, 1986) or MIN_SURF. The modelling procedure
can be used to simulate simultaneous ion exchange reaction, surface complex
formation, as well as speciation in solution and at the solid/water interface. The
modelling approach outlined in this study is flexible and thermodynamically self-

consistent.

In general the model predictions are in good agreement with the experimental results of
Yajima (1993). The model computations correctly predict the Na/K exchange on Na-
smectite in a chloride background medium of increasing ionic strength. Na/K exchange
was modelled at pH = 3, 4.5 and 11 according to the pH conditions reported in the
experimental study. For modelling the exchange isotherm at pH = 11, we also include
the possible interaction of K* with negatively charged edge surface sites. Model
computations predict that the three exchange isotherms should overlap. Since the
density of edge surface sites is small compared to the CEC and the concentration of K+
comparatively large, the association of K¥ with edge surface sites has little effect on the
exchange isotherm of KT at pH = 11. The deviation of the experimental and modelied
exchange isotherms at pH = 3 and 4.5 can possibly be attributed to the competitive
exchange reactions of Na/K and H/K occurring at the Na-smectite surface in the acidic
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pH range. The proton balance in the acidic pH range is determined by three coinciding
reactions: Ion exchange (e.g., Na/H and K/H exchange), protonation of edge surface
sites and, in the strongly acidic pH range, dissolution of the montmorillonite structure.
Hence a proper determination of the equilibrium constant for the Na/H exchange
requires the evaluation of all three reactions and their contribution to the overall proton
balance within the experimental time scale.

In the model computations of Na/Ca and Na/Mg exchange reactions in chloride
background medium, we emphasize the effect of anion adsorption on the Ca2+ and
Mg2+ exchange isotherms which has been reported previously by Fletcher and Sposito
(1989). In general, the experimental results of the Na/Ca and Na/Mg exchange reactions

Table 6:  Parameters used to model purified Na-smectite.

Cation exchange capacity 108.1 meq/100 g
Exchangeable ions 100 % Na

Ion exchange reactions at layer sites: Value of the constant Kx™ 1)

Kt +NaX = KX + Nat 1.8

H+ 4+ NaX = HX + Na*t : 1.26/8.9*
Ca2t + 2 NaX = CaXs + Nat 1.48

Mg2+ + 2 NaX = MgX5 + Na+ 1.48

Ca2t + CI"+NaX = CaClX + Nat 193

Mp2+ + CI- + NaX = MgCIX +Na+ 181

Surface complexation at edge sites:

Kt + NaE = KE + Nat 1.8/18*.

1) The constants for ion exchange reactions on montmorillonite are reported by
Fletcher and Sposito (1989) except those indicated with an asterisk. (*) denotes
estimated values. The constants refer to equilibrium expressions given in mole fractions
of the adsorbed species. We assume that beidellite and nontronite which are also
present in Na-smectite behave like montmoriHonite.
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on Na-smectite are predicted adequately. In media with complexing anions (e.g.,
chloride and nitrate), an increased selectivity for divalent cations has been observed
(Fletcher and Sposito, 1989). Therefore the simulations were conducted by
implementing ion exchange reactions with Ca?*, CaCl*t and Mg2+ and MgClt,
respeétively. The effect of chloride on the Na/Ca and Na/Mg exchange isotherms is
adequately reflected in the model computations. The simulations reveal that cation
exchange experiments with divalent cations (e.g., Ca?+ and Mg2t) must be conducted
in a medium with non-complexing anions (e.g., perchlorate) for a proper determination
of the Ca2+ and Mg2+ exchange constants. The parameters used in modelling the ion
exchange reactions on Na-smectite are summarized in Table 6.

The chemical significance of activity coefficients of surface complexes is discussed in
the context of the composition dependence of the conditional equilibrium constant, i.e.,
the Vanselow selectivity coefficient, Ky. Based on the solid solution model, the
activity coefficient of surface complexes, denoted as rational activity coefficient, f, is
defined on a thermodynamic activity-concentration relationship. The chemical
significance of the rational activity coefficient is parallel to that developed for the
aqueous-species activity coefficient.

An exchanger phase is said to be an ideal solid solution if the rational activity
coefficient of each component of the solid-phase mixture is equal to 1 regardless of the
composition of the mixture. Ideal ion exchange is consistent with the compositional
independence of the Vanselow selectivity coefficient. Hence, based on this definition of
an ideal exchanger phase, the mole fractions alone are adequate to reflect the
composition dependence of the thermodynamic equilibrinm constant. Furthermore, the
conditional equilibrinm constant, i.e., the Vanselow selectivity coefficient, and the
thermodynamic equilibrium constant are identical and take a constant value. Ideality on
montmorillonite is supported generally by a range of experimental studies (Fletcher and
Sposito, 1989). We have investigated the possibility of ideality on montmorillonite
using the experimental results of the Na/K exchange reactions. In view of the scatter of
the experimental results determined at pH = 11 and the uncertainty in the data measured
in the acidic pH range (competition of the K/H exchange reaction), the Vanselow
selectivity coefficient for the Na/K exchange appears to be relatively constant. Hence
the Na-smectite used in the experimental study of Yajima (1993) is likely to conform to

ideal behaviour.

Leaching tests of Kunipia F and Kunigel VI reported by Sasaki (1993) allow the
determination of soluble impurities in these two bentonites. The knowledge of these
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impurities is important for predicitive modelling, especially when the contacting
agueous phase has a low degree of mineralisation. Kunipia F is found to contain 0.69%
CaSOQg4, 0.071% NaCl and 0.005% KCl as soluble impurities. The impurities of Kunigel
VI are 0.38% CaSQy4, 0.0011% NaCl and 0.0044% KCl.

The model computations presented in this report point to a few recommendations
regarding a possible extension of the experimental studies. In the following, we would
like to briefly outline these recommendations :

a) Experimental protocol
Ion exchange experiments should be conducted at constant pH and constant ionic

strength (e.g., I = 0.1 or 0.05 M). Under these conditions, higher surface coverages of
the exchangeable cations can be achieved.

b) Electrolyte background ,
The electrolyte medium chosen as an ionic background in the experiments may

significantly affect the experimental results. The presence of chloride, for example,
leads to the adsorption of CaClt and MgClt in Na/Ca and Na/Mg adsorption studies.
We hence recommend that the cation exchange experiments with divalent cations
(Ca2+, Mg2t etc.) may also be conducted in background media containing non-
complexing anions (e.g., perchlorate). The exchange constants of Ca2t and Mg2+
determined in perchlorate background ionic media can then be used to evaluate the
exchange constants for CaClt and MgClT in chloride background ionic media. It
appears that in dilute electrolyte solutions monovalent cations (e.g., Nat, K*, etc.) do
not encourage this type of adsorption.

¢) PH dependence of ion exchange reactions
Protons in solution react with the layer and edge surface sites of Na-smectite and

therefore may interfere with ion exchange reactions. An extension of the experimental
programme regarding the pH dependence of ion exchange reactions should address the
problem of separating ion exchange reactions (e.g., Na/H exchange at layer sites) and
protonation of edge surface sites.

Ternary ion exchange reactions occurring in the acidic pH range may further
complicate the determination of equilibrium constants of cation exchange reactions. In
this pH range, layer sites are partially occupied by protons reducing the apparent CEC.
Studying the exchange of cations, e.g., Na/K exchange, in the acid pH range hence
requires an appropriate evaluation of K/H and Na/K exchange reactions. This again
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leads back to the problem of separating protonation of layer and edge surface sites over

the entire pH range.

Although the amount of edge sites in montmorillonite is about an order of magnitude
smaller than that of the layer sites, it is very likely that they play an important role in
retarding certain radionuclides through the formation of stable surface complexes. In
order to form a basis for evaluating the retardation capabilities of the edge sites, it is
necessary to investigate their reactivities. This can be done by alkalimetric and
acidimetric titrations of the edge sites.

d) Presentation of the experimental data
The Vanselow convention suggests the determination of the conditional equilibrium

constant in terms of mole fractions instead of equivalent fractions. The convention is
consistent with a thermodynamic definition of the rational activity coefficient of surface
components. The problem of ideality or non-ideality of the exchanger phase can be
addressed by evaluating the composition dependence of the Vanselow selectivity
coefficient. We hence recommend to present the experimental data of ion exchange
experiments in a graph showing the Vanselow coefficient (determined from the
experimental data) as a function of the mole fraction of a surface component. Ideal
behaviour is indicated by a constant Vanselow selectivity coefficient regardless of the
composition of the exchanger phase. If the selectivity coefficient depends on the
cormposition, chemical thermodynamic methods can then be applied to derive equations
for activity corrections as a function of the composition of the exchanger phase. The
modelling approach presented in this report is flexible enough to accomodate
exchanger-phase activity coefficients if required.

e) Total carbgnate control

The amount of carbonate in solution is an important parameter in modelling solution
speciation in the alkaline pH range. Hence the control of CO7 during the experiments,
i.e.,, maintaining a constant partial pressure of CO2 or complete absence of COy
facilitates model computations.

e) Leaching experiments
We recommend to carry out similar leaching tests for each type of bentonite considered

in the selection process of backfill material for radioactive waste repositories. The
experiments should be designed in such a manner that dissolution processes related to
the presence of small amounts of impurities and related to the long-term stability of the
montmorillonite structure can be distinguished and quantified.
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1176 9.38x10* | 2.89x10*

1344 1. 03x10* 3. 96104

1440 1. 00<10% 4,54 %104

1512 9.94x10° 4, 92x10*

1680 9,54%10° 6. 67x10*

1776 1. 04x10* 7. 41 X10*

1848 1.01x10* 8.04%10*

1836 1. 03x10* 8.84x10*




1944

1.01x10*

9. 22X10*

2016 -

- 9.99x10°

1. 04%X10°

s




B2 31 AmTEEERT—5
(1.8 ¢g/en®, T4 N5

B2 342 AmEFIESERT -5
(1.8 g/cn’, D

BEERO

TN | SRR AR | ERERERE | PR
(hr) | Co (com/md) (hr) |Co (cp/mf) | Q(1) (cpm)
0 11741 0 0 1L15X10¢ | 7.96X10!
2 11674 - 318 7 1.14x10* | 2 61x10
6 11737 6209 24 1.12X%104 2.63X%10%
24 11713 1 11145 48 1.12x%10* 8.11x10%
32 11594 9238 12 1.10X10* B. 99X10°
47 11700 17233 96 1. 11x10* B.99x10°
o 168 1.07X10¢ | 1.29%10°
192 | 1L.07x10t | 1.25x10°

264 1.05x10* 3.11x102

336 1. 01 X10* 1.50x10°

432 9,91 x103 2.73X108

528 9,59x10° 3.99x103

600 9,51 %103 4,85%10°

672 9,34x%10° 7. 47X103

696 9.19%10%® |- 7.68X10°

720 1.04x10* 9. 46x10°

840 1.03%x10* 1. 49x10*

1008 9,80x10° 2. 23104

1176 9,33x10° 3. 03x10*

1344 1. 01 %104 3.83x104

1440 - 9, 97103 4,16x10*

1512 9,72x10° 4. 75104

1680 9.28%10° 5. 78x10*

1776 1.05x10* 6.23%10*

1848 1.02X10* | 6.82x104

1896 1.01x10* | 7.32x104




1944 9,93x10° 7. 41 X10*
9. 74X10° 8.09x10*
9.50%10° 9.05%10*

1.06x10* 1.00%10°




1.01x10*

9,22%10*

1. 04X10°

o




1944 | LOIXI0* | 9.22xI10*

2016 |- 9.99%10° | 1.04X10°

2 S6xI0 | L




R, 3H1) AmEFIEERT—5 B2 3H2) AmERTESRT — 75
(1.8 g/em®, 7403 (1.8 g/em®, A&
{BREREHIND {BEEM~ND
e | B | EEEaE POERST | B R | s
tr) [Co Ccom/md) | Q() (cpm) thr) [Co Ccp/md) | QD) (cpm)
0 11741 0 0 1.15x10¢ 7. 96X10?
2 11674 318 7 1.14x10¢ | 2.61X10"
6 | umT 6509 - 24 1.12x10* | 2.63x10°
24 11713 ) S 48 1.12%10* 8. 11 x10?
32 11594 0238 12 1.10X10* b. 99X10°
17233 96 1. 11x10* 5. 99X10°
21660 168 1.O7X10* | 1.29%10°
192 1.07x10¢ 1. 265X10°
264 1. 05X10* 3. 11X10%
336 1. 01 x10* 1.50%10°
432 9,91 x10? 2.73%10°
528 - 9,59x10° 3. 99x10°
600 9,51 X10° 4.85%10°
672 9,34%108 7. 47X10°
696 | 9.19%10° | T.68X10°
720 1.04Xx10* | 9.46x10°
- 840 1.03x10* 1. 49%x10*
1008 9.80%10° | 2.23%10
1176 9.33x10° | 3.03x10*
1344 1. 01 x10* 3. 83104
1440 9, 97x10° 4.16x104
1512 9, 72X10° 4. Tox10*
1680 9, 28x10° B. 78X10*
1776 1, 05%10* 6. 23%10*
1848 1.02x10* | 6.82X10*
1896 LOIX10* | 7.82x10¢




BR2.3H1) AmERHBSSRT—F

B2, 32) ?m%mr

(1.8 g/em®, 74N%) FHED
' {EEEI~D BEERIND
AR | mRERE | B | | ROk | SRR | ELEAE
(hr) | Co (cpm/md) | QCt) (cpm) (r) |G Ccovmd) | QCt) (cpm)
0 11741 0 0 1.15%10* | 7.96x10!
2 11674 318 7 1.14X10* | 2 61%10
6 11737 6509 24 | 1.12x10% | 2 63%10?
24 11718 11145 48 1.12Xx10* | 8.11X10?
32 11594 9938 72 | 1L10x10* | 5.99%10°
47 11700 17233 9% | 1L11x10* | 5.99x10°
' 168 1.07X10% | 1.28x10°
192 - | 1.07x10% | 1.25%10°
24 | L05X10* | 8.11x10?
336 | 1.0I1X10% | 1.50Xx10°
432 | 9.91X10° | 273X10°
528 | 9.59x10° | 8.99x10°
600 | 9.51x10° | 4.85%10°
672 - | 9.34Xx10° | T7.47x10°
636 0.19X10° | 7.68X10°
720 1.04x10* | 9.46%10°
840 1.03%10* | 1.49x10*
1008 | 9.80x10° | 2.28x10%
1176 9.33x10° | 8.03x10*
1344 1.01X10* | 8.83%104
1440 9.97x10° | 4.16x10
1512 9.72X10° | 47510
1680 9.28%10° | 5.78x10*
1776 1.05Xx10° | 6.23Xx10°%
1848 1.02x10* | 6.82x10*
1896 1L.01x10¢ | 7.32x10%




R e SR A L A
{BEEHI~ND {EIERERIND

B | ?ﬁﬁﬁl@%ﬁ EEEEE BHSRT | R | R
1 Gr) [Co (cpw/md) | QCt) (cpm) () | Co (cp/md) | Q1) (cpm)
0 11741 0 0 1.15X10* | 7.96Xx10!

2 11674 318 7 1.14X10% | 2.61X%10°

6 | 11737 6509 24 | Li12x10* | 263x10°
24 11713 11145 48 - | 1.12x10* | 8.11%102
32 11594 . 72 | 1.10X10% | 5.99X10°
9% - { 1.11x10% | 5.99X10°

168 - { 1.07x10* | 1.29x10°

192 | 1.07Xx10* | 1.25X%10°

264 - |- 1.05X10% | 3.11%10?

836 - | 1.0IX10%* | 1.50%10°

432 | 9.91X10% | 2.78X10°

528 - | 9.59x10° 3.99x10°

600 9.51x10% | 4.85%10°

672 | 9.34X10° | T.47X10*

696 9,19x10% | 7.68x10°

720 1.04%10% [ 9.46x10°

840 1.03x10* | 1.49x10*

1008 9.80x10® | 2 23%10*

1176 9.83x10° | 3.03x10*

1344 LOIx10* | 8.83x10*

1440 9.97x10° | 4.16x10*

1512 9.72x10° | 4. 75%10*

1680 9,28%10° b. 78x10*

1776 1.05%10* | 6.23x10¢

1848 1.02X10* | 6.82%10°¢

1896 1.01x10* | 7.832x10¢




