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ABSTRACT

Bentonite, predominantly consists of expandable clay minerals, is considered to be the suitable buffering material in high-level
radioactive waste disposal repository due to its large swelling property and low permeability. Additionally, the bentonite has large
cation exchange capacity and specific surface area, and thus, it effectively retards the transport of leaked radionuclides to surrounding
environments. This study aims to review the thermodynamic sorption models for four radionuclides (U, Am, Se, and Eu) and eight
bentonites. Then, the thermodynamic sorption models and optimized sorption parameters were precisely analyzed by considering the
experimental conditions in previous study. Here, the optimized sorption parameters showed that thermodynamic sorption models were
related to experimental conditions such as types and concentrations of radionuclides, ionic strength, major competing cation,
temperature, solid-to-liquid ratio, carbonate species, and mineralogical properties of bentonite. These results implied that the
thermodynamic sorption models suggested by the optimization at specific experimental conditions had large uncertainty for
application to various environmental conditions.
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olge AAAZI= 9 P 3rt (Bradbury and
Baeyens, 2011; Lee et al., 2017; Samper et al., 2008;
Zheng et al., 2017; Zheng et al., 2011). 2L HZ L o|E
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AT QoA HAHES ETHoR Sxtele] ofF
2 A AAZ 4= 9t} (Kale and Ravi, 2019; Kaufhold and
Dohrmann, 2016; Marty et al., 2010; Samper et al., 2008).
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2 BEI B4} ol fBEE AL FF, A5}
20| pH, Eh, 21, 0 &7, BHIY Bk & 42a)5)5)
% EAox 93FS W=t} (Bradbury and Baeyens, 2006;
Bradbury and Baeyens, 2011; Fernandes et al., 2012; Grambow
et al., 2006; Missana et al., 2021; Missana et al., 2014,
Tournassat et al., 2018; Yang et al., 2010).
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A= (K)olth 4 (D& (8)y= oA HeRH™ ofiet
2t} (Kowal-Fouchard et al., 2004).

Kprotonation
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Kdeprotonation =

o] 23t A Kororonation ™ Kaeprotonarion= HEFHE AR
2 ST A7) A ABE JoR F8 43 2
Hute] HA51S Fo) PoA Hm, ol L8t A5 BF
£ U= 7)5o] wkghA] ISP (surface protolysis), 2SP=

2% 4= 9Jt} (Bradbury and Baeyens, 1997). E3F, 2]
(9), (100114 FA718ke 1efsh= 12lo] wle} DL (diffused
double layer model), CC (constant capacitance model), NE
(non-electrostatic model) 5 TheFgE HEl-S AAS 4= Q)
t} (Boult et al., 1998; Chen et al., 2014; Guo et al., 2009;
Korichi and Bensmaili, 2009; Muller et al., 2012; Pabalan
and Turner, 1996; Tertre et al., 2006; Yang et al., 2010).
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107°-107 mol L™'7pA] WH3IA|7|0 $217]50] M=
Bt B9, o9 olegmet & §& ol
%% (P2 Na, Ca), 2%, T4H], §2 4l 5o
S S5 $I5 AYE A=t olist A
E OH&]‘O]_—J 7]— Al 2745__4 o:]a‘]:__ ZJE]:Z% og u
7Vs17] QI8 @ sh4] sfj412 =113t TDB (thermodynamic
database) 7|Whe] €t 4=zt dlo] #-g-w|Q]ct.
Aol olx) 88 Aolsta] satmelo] wl A},
Fole weA o] that 28 @ oL A4S A
25}5ith (Table 3, 4). o714 S-OH, S“'-OH, S“*-OH,
Al-OH, Si-OH, S"-OH, S-OH, Y-OH+= %™ 23} 2}
2 ojujsiul, X ool e W AS ekt 7} &
2 Aele] Ro) W WA BEeHA S4o] 2% A
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Table 1. List of previous studies, together with utilized bentonite samples, sorption models, and target radionuclides

A

]_

501, SWy-1

No Reference Bentonite Sorption Model Radionuclides
1 Bradbury and Baeyens (2002) SWy-1 2SP-NE-SC/CE Eu

2 Bradbury and Baeyens (2005) SWy-1 2SP-NE-SC/CE U, Am, Eu
3 Bradbury and Baeyens (2006) SWy-1 2SP-NE-SC/CE Am, Eu
4 Fernandes et al. (2008) SWy-1 2SP-NE-SC/CE Eu

5 Fernandes et al. (2012) SWy-1 2SP-NE-SC/CE U

6 Schnurr et al. (2015) SWy-1 2SP-NE-SC/CE Eu

7 Kowal-Fouchard et al. (2004) Volclay 2SP-CC-SC/CE U

8 Bradbury and Baeyens (2011) MX-80 2SP-NE-SC/CE U, Eu

9 Tertre et al. (2006) MX-80 2SP-DL-SC/CE Eu

10 Yang et al. (2010) Jinchuan 2SP-DL-SC/CE U

11 Guo et al. (2009) Jinchuan 2SP-DL-SC/CE Eu

12 Missana et al. (2021) FEBEX 2SP-NE-SC/CE Eu

13 Missana et al. (2009) FEBEX 2SP-NE-SC/CE Se

14 Kumar et al. (2013) Western India 2SP-NE-SC/CE Am, Eu
15 Gao et al. (2021) GMZ 2SP-NE-SC/CE Am

16 Shi et al. (2014) GMZ 2SP-DL-SC/CE Se, Eu
17 Pablan and Turner (1996) SAz-1 2SP-DL-SC/CE U
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Table 2-1. List of bentonite samples considered in this study, together with the experimental conditions used in reference studies from
1-10 (details were provided in Table 1). [R];,. represented the concentration of radionuclides, Major Cat. represented the predominant
cations, S:L Ratio represented for the solid to liquid ratio, and [COs],,. represented the carbonate concentration

Bentonite ~ Radio [Rlinitiar i Temp Major Ionic Strength S:L Ratio [CO;3]iotal
[Refl  nuclide (mol L) p ) Cat. (mol L") gLh (mol L)
9.5%x107° 3-10 25 Ca 0.066 1 -
10°-107 6.9 25 Ca 0.066 1 -
SWy-1 . 10°-107 6.0 25 Ca 0.066 1 -
u
[1] 1.3x1077 49 25 Na 0.1 1.5 -
10°-107 6.0, 7.2 25 Na 0.1 0.5 -
10°-107° 6.0 25 Na 0.1 0.5 -
U 1.4x1077 3-10 25 Na 0.01 1.2 -
1.4x1077 3-10 25 Na 0.1 1.2 -
SWy-1 A 3x10° 3-10 25 Na 0.1 4 -
m
[2] 3x10°¢ 3-10 25 Na 1 4 -
. 1.3x1077 3-10 25 Na 0.1 1.5 -
u
9.5%107 49 25 Ca 0.066 1 -
SWy-1 A 1.5x107" 3-10 25 Na 0.1 0.62 -
m
[3] 6.2x107* 3-9 25 Ca 0.066 0.86-2 -
2x107 49 25 Na 0.1 1 -
S‘%'l Eu 2x10°7 6-10 25 Na 0.1 1 105 atm
2x107° 7-9 25 Na 0.1 1 2x1072
107 3-9 25 Na 0.1 0.9 -
107 4-10 25 Na 0.1 25 107 atm
S\gﬁ'l u 107 7-9 25 Na 0.1 43 103, 3x10°7, 5x10°
10810 5, 6.8, 8 25 Na 0.1 0.9 -
108107 5,68, 8 25 Na 0.1 1.5 107 atm
2x107 3-12 25 Na 0.1 2 -
S\[K;y]'l Eu 2x107 312 25 Na 0.9 2 -
2x1077 3-12 25 Na 3.9 2 -
10°¢ 2-7 25 Na 0.1 10 -
VO[I;]IaY U 107 27 25 Na 05 10 -
1074 2-7 25 Na 0.1, 0.5 10 -
MX-80 U 3x107°-107° 7.6 25 Na 0.6 0.32-13.5 -
[8] Eu 3.2x10M-1.6x10°° 75 25 Na 0.6 1.56 -
10° 3-10 25 Na 0.5 25 -
MX-80 - 10° 4-8 40 Na 0.5 25 -
[9] 10°¢ 2-7 80 Na 0.5 25 -
10 2-4 150 Na 0.5 25 -
8x107 3-10 25 Na 0.1 1 -
4x107° 4-10 25 Na 0.1 1 -
10°-107° 4.8 25 Na 0.1 1 -
Jinchuan U 107°-107 5.8 25 Na 0.1 1 -
[10] 8x107° 5 25 Na 0.1 0.1-5 -
8x107° 3-10 25 Na 0.1 1 1075 atm
8x107 3-10 60 Na 0.1 1 -
8x107° 3-7 80 Na 0.1 1 -
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Table 2-2. List of bentonite samples considered in this study, together with the experimental conditions used in reference studies from
11-17 (details were provided in Table 1). [R];,a represented the concentration of radionuclides, Major Cat. represented the predominant
cations, S:L Ratio represented for the solid to liquid ratio, and [COs],,. represented the carbonate concentration

Bentonite Radio Rinitia Tem . Ionic Strength  S:L Ratio COs]ioia
[Ref] nuclide (rElo]l Itfll) pH (°C)p Major Cat. (mol L’l)g (g L™ ([molﬂllftll)
6.7x107° 2-10 25 Na 0.1 0.5 -
3.3x107° 2-10 25 Na 0.1 0.5 -
6.7x107° 3-10 25 Na 0.1 0.5 1077% atm
Jinchuan - 3.8x107 3-10 25 Na 0.1 0.5 1078 atm
[11] 3.3x10° 3-10 25 Na 0.1 0.5 1078 atm
10°-10°° 4,6 25 Na 0.1 1 -
10°-107 6.5 25 Na 0.1 0.5 -
10°-10°° 7.5 25 Na 0.1 0.25 -
10° 3-11 25 Na 0.001-0.2 0.5 -
FEBEX 10107 4.1 25 Na 0.2 0.5 -
[12] Eu 10°-10°° 3.8 25 Na 0.1 0.5 -
10°-107 3.9 25 Na 0.05 0.5 -
4x107"° 3-11 25 Na 0.001-0.5 0.5 -
FPE?;;X Se 10"°-10"* 43 25 Na 0.1, 0.5 0.5-1 -
10'-10* 72 25 Na 0.01 0.5-1 -
6x107° 2-10 25 Na 0.1 0.5 -
‘ 6x107° 2-10 25 Na 0.05 0.5 -
WeSt?ﬁ]lndla Am 6x10™° 2-10 25 Na 0.01 0.5 -
6x107° 2-10 25 Ca 0.034 0.5 -

Eu 107-10° 6.0 25 Na 0.1 0.5 -
6x107"° 3-10 25, 50, 80 Na 0.1 0.5 -
6x107"° 3-10 25 Ca 0.1 0.5 -

GMZ 6x107"° 41, 6.6 25 Na 0-0.3 0.5 -
[15] Am 10'-10°® 4.0 25 Na 0.1 0.5 -
10107 6.5 25 Na 0.1 0.5 -
101078 3.7 25 Ca 0.1 0.5 -
1.2x10° 3-9 25 Na 0.1 20 -
Se 10°-107 4.1 25 Na 0.1 20 -
Eu 3.3x107 49 25 Na 0.1 1 -
GMZ Se 12107 39 25 Na 0.1 20 -
[16] Eu 3.3x10 5
Sj 3132875 49 25 Na 0.1 1 :
Sj ;gzigz 49 25 Na 0.1 1 -
SAz-1 U 2x1077 2-9 25 Na 0.1 0.03-3 1072 atm
[17] 2x107° 2-9 25 Na 0.1 0.3 1077 atm
4.0x107 mol kg )i} 0] L3} A (K yi(+): 4.5, K y(-): z EAS ukod3lm, FEBEX, Western India, GMZo]| A]
=7.9, Ky2(+):6.0, Kp(-): =10.5)7} 2| A 3}=| AT} (Baeyens 77y o2 e 85 o] 23} vt A 8-H

i?i

and Bradbury, 1997; Bradbury and Baeyens, 1997). &47] 28 gkl 0] 23} Ak 30 1195} X|3EkE] EA
A, 2t §eEI o8B} A SWy-19] g3 Bt QAL of | HEEAL HgelizAlo] ne} Aol

o
T

ol
U

fus
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Table 3. Summary of the site types, site capacities of sorption models for various bentonite samples. Here, S-OH, S*'-OH, S**-OH,
Al-OH, Si-OH, S"-OH, S-OH, and Y-OH represented surface complexation sites, and X represented cation exchange sites

Bentonite Sorption Model Site Types Site Capacities Reference
S*-OH 2.0 x 10~ mol kg’
SWy-1 2SP-NE-SC/CE S¥- "2 0H 4.0 x 102 mol kg 1-6
X 0.87 eq kg’
Al-OH 1.75 x 10> mol kg’
Volclay 2SP-CC-SC/CE Si-OH 2.5 x 107" mol kg 7
X 5.75 x 10" mol kg
S*-OH 2.0 x 107 mol kg
2SP-NE-SC/CE SY“2.0H 4.0 x 102 mol kg’ 8
X 0.787 eq kg '
MX-80 —3q > =)
Al-OH 1.7 x 10 ° mol m
2SP-DL-SC/CE Si-OH 3.4 x 107 mol m™ 9
X 3.63 x 10° mol m >
S-OH 5.88 x 107 mol m™
2SP-DL-SC/CE Y-OH 1.18 x 10 ° mol m™ 10
X 1.16 x 10> mol m>
Jinchuan S*-OH 1.88 x 10 mol m™
S“-OH 5.69 x 107 mol m™2
2SP-DL-SC/CE » R 11
Y-OH 1.18 x 10° mol m
X 1.16 x 10~ mol m™
S*-OH 2.01 x 10° mol kg’
2SP-NE-SC/CE S“-OH 6.01 x 102 mol kg 12
FEBEX X 1.02 eq kg
S*-OH 2.01 x 10° mol kg
2SP-NE-SC/CE R . 13
S*-OH 6.01 x 10 mol kg
S*-OH 1.8 x 107 mol kg
Western India 2SP-NE-SC/CE S“-OH 3.6 x 102 mol kg’ 14
X 0.76 eq kg’
S*-OH 1.04 x 10 mol m™
S“-OH 1.03 x 10 ®mol m?
2SP-NE-SC/CE » R 15
Y-OH 2.08 x 10 mol m
GMZ X 1.35 x 10~ mol m™
S-OH 9.39 x 10 " mol m*
2SP-DL-SC/CE Y-OH 1.18 x 10 ° mol m> 16
X 1.35 x 10~ mol m™
Al-OH 473 x 10> mol L™
SAz-1 2SP-DL-SC/CE _ . . 17
Si-OH 5.69 x 10 mol L

gk grol =3d & At} olE 501 MX-809] 7-¢-, 2SP-NE-
SC/CE mdllo] disfje= A7 w9 Zsiate] ($* ! “*-0H)
o tialjA] S-OH: 2.0x107°, S “2-0H: 4.0x10 mol kg
o] 22k F=F K, wi(h): 4.5, K wi(5): 7.9, Kyp(1):6.0,
Kyo(-): =10.59] o] 23} A== gho] A-g=|x|ut, ghit o5
o= ek Ee] 49 (2SP-DL-SC/CE)9| 739 W

2131412] (AUSi-OH)o| tl3llA] Al-OH: 1.7x107, Si-OH:
34x107 mol kg'2] 4=2F g&Fu} K, (+): 5.1, Ky(-): —8.5,
Kgi(-): =7.99] o] 23} Ak4= gho] A-8Htt. GMZof|A =
2SP-NE-SC/CE$} 2SP-DL-SC/CE @O A] A& t}2
ol w77 ARE QAT webA 2R HEUO|E &
2 EAS ggste] pAndS 153 A9, Agein
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Table 4. Summary of the protolysis reactions and their constants of sorption models for various bentonite samples. Here, S*-OH, S¥'-
OH, S"2-OH, Al-OH, Si-OH, S"-OH, S-OH, and Y-OH represented surface complexation sites, respectively

Bentonite Sorption Model Protolysis Reactions log K
S™.OH + H" < $™'.0OH," 4.5
SWy-1 2SP-NE-SC/CE S™.OH « $™.0” + H' 9
S*.0H + H" < S$"“-OH," 6.0
S*2.0H <« $*-0 + H' -10.5
ALl-OH + H' — Al-OH," 7.9
Volclay 2SP-CC-SC/CE Al-OH <> Al-O” + H" 9.4
Si-OH « Si-O” + H' -7.8
S OH + H' « SS/W]-OHf 45
2SP-NE-SC/CE S™.OH - §™.0" + H' 9
S*.0H + H" < S$"*-0H," 6.0
MX-80 SY2.0H « S*-0 + H" -10.5
Al-OH + H" < Al-OH," 5.1
2SP-DL-SC/CE Al-OH < Al-O” + H' —8.5
Si-OH « Si-O” + H' -7.9
S-OH + H' < S-OH," 3.23
2SP-DL-SC/CE S-OH «— S-O0 + H' —3.89
Jinchuan YOH - Y-0" + H 657
S*“.OH + H" < S*“-OH," 3.23
2SP-DL-SC/CE S*Y.0H «— S*VY-0 + H' —3.89
Y-OH < Y-O + H' —6.57
S*-OH + H™ < S-OH," 4.8
FEBEX 2SP-NE-SC/CE S-OH  §-0 + H' 9
SY-OH + H' < S“-OH," 5.3
SY-OH < S%-O + H" -8.4
S-OH + H" <« S-OH," 4.5
Western India 2SP-NE-SC/CE S-OH — §-0" + H' 79
SY-OH + H" < S"-OH," 4.5
SY-OH < S*-0 + H' -71.9
S*“.OH + H" <« S*“-OH," 5.83
2SP-NE-SC/CE S*Y.0H < $*“-0 + H" ~7.02
M7 Y-OH < Y-O + H' —8.75
S-OH + H' < S-OH," 6.15
2SP-DL-SC/CE S-OH — S-O” + H" -9.27
Y-OH < Y-O + H' -9.06
Al-OH + H" < Al-OH," 8.33
SAz-1 2SP-DL-SC/CE Al-OH — Al-O + H' -9.73
Si-OH « Si-O” + H' -7.20
2t St AR EE o]-g-sto] s HIEL | ES] Ak-¢ 3.2, ALY siEo| HIELIO|EO| Cist ==t BIZa

7] A 3RS e 2 SR ol 23k A 2 A3t
7} $AF o7 i ojof 6}11] WELfo|E o] 22} 2}
glof] gt 47|18k AT AP H, Bof oheF

o ] ot 431 M8 AT 4 U

32.1. Sk (V)

HE fehE2 37104 6710 o] 27|7HA] ulj-e- thekgt
FUAZLE 7R, Abs) g ol A= 67F $-ehe, B
oAM= 47t fehsol HsHA B2t ek
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FE ([Ulpiga) 2 58 274 (pH, 2%, o] 24 %, 8  and Baeyens (2005)= && %h4ilo] gl oA

gk pr)ol whet choket sfebgo g Rudtch 53], [Ulyw=14%107 mol Lol tiafiA] pH (3-10)2} 0] 274 %=

pHol| whe} Ao et B2 S 7R =2} EA4o) @&k vl (0 01, 0.1 mol L™)9] 9gke Flolsl= A3 _/;‘g—é}gﬂ;
Qehgo] el £E o] A ATFolA A83 4= 11, Fernandes et al. (2012)%= [Uliyg=10" mol L™'of|4 pH

2 wbg Al e WS ARES APkt (Table 5). 2F (3-10)2 83 AL %= (1077 atm, 10°-5%10" mol L™)2]
Adgydroll Al aefs =2 J%@% grggh wellat vE JFS 2lshe A, pH=S, 6.8, 804 [Ulww®l 9%
of, A¥ ze] webd th2A AGEU dlF Eol, (10107 mol )& Brkshs AW 217 S-3stglet
SWy-13} 2SP-NE-SC/CE ®.dlo] A-85] 1L == Bradbury (Table 2—-1). o]& <I5}o], Fernandes et al. (2012)o]| 4]+

Table 5. Surface complexation constants and selectivity coefficients on surface complexation sites (S-OH, S*'-OH, Al-OH, Si-OH)
and cation exchange sites (X) for uranium (U) sorption on various bentonites

Surface complexation / Cation exchange reaction log K
SWy-1 + 2SP-NE-SC/CE
S*-OH + UO,*" <« S$-0U0," + H" 3.1%0
S-OH + UO,*" + H,0 < S$*-0OUO,OH + 2H" —3.4° —4.6
S-OH + UO,*" + 2H,0 < S*-OUO,(OH),” + 3H" -11°, —12.6°
S-OH + UO,*" + 3H,0 < S$-OUO,(OH);* + 4H" -20.5%, —20.9°
S-OH + UO,*" + CO;* « $-0U0,CO;” + H' 9.8°
S-OH + UO,*" + 2C05* < S$-0UO,(CO;),” + H' 15.5°
SY.OH + UO,*" « $*.0U0," + H' 0.7%, 0.5°
SY.OH + UO,*" + H,0 < S*'-OUO,0H + 2H" -5.7%
SY.OH + UO,*" + CO;*> « $*-0U0,CO; + H' 9.3°
2Na-X + UO,*" <> UO,-X, + 2Na" 0.7°, 1.4%, 0.45°
MX-80 + 2SP-NE-SC/CE
S-OH + UO,*" < $-0U0," + H" 3.1°
S-OH + UO,*" + H,0 <> $*-OUO0,0H + 2H" —3.4¢
S-OH + UO,*" + 2H,0 <> S*-OUO,(OH),” + 3H" -11°
S*-OH + UO,*" + 3H,0 <> S-OUO,(OH);* + 4H" -20.5°
SY.OH + UO,*" « $*.0U0," + H' 0.7°
SY.OH + UO,*" + H,0 < S*'-OUO,0H + 2H" -5.7¢
SY.OH + UO,*" + CO;*> « $*-0U0,CO; + H' 9.3¢
2Na-X + UO,*" <> UO,-X, + 2Na" 0.15°
Volclay + 2SP-CC-SC/CE
Al-(OH), + UO,*" <> Al-(OH),UO,*" 14.9¢
Si-(OH), + UO,*" < Si-0,U0, + 2H" -3.8¢
Si-(OH), + 3U0,*" + 5H,0 <> Si-0,(UO,);(OH)s + 7H" -20.0°
2Na-X + UO,*" <> UO,-X, + 2Na" 3.0¢
SAz-1 + 2SP-DL-SC/CE
Al-OH + UO,*" < AI-OUO," + H' 2.7°
Al-OH + 3U0,*" + 5H,0 < Al-O(UO,);(OH)s + 6H" -14.95°
Si-OH + UO,*" < Si-OUO," + H' 2.6°
Si-OH + 3U0,*" + 5H,0 < Si-O(UO,);(OH)s + 6H" -15.29°

*Bradbury and Baeyens, 2005
°Fernandes et al., 2012
“Bradbury and Baeyens, 2011
dKowal-Fouchard et al., 2004
“Pabalan and Turner, 1996
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Table 6. Surface complexation constants and selectivity coefficients on surface complexation site (S-OH) and cation exchange site
(X) for uranium (U) sorption on Jinchuan bentonite at elevated temperature condition (Yang et al., 2010)

Surface complexation / Cation exchange reaction log K
Jinchuan + 2SP-DL-SC/CE
S-OH + UO,*" <> S-0UO,"” + H' -0.9%, 0.1°, 0.5°
S-OH + 3U0,*" + 5H,0 «» S-O(UO,);(OH); + 6H" -15.7°, —13.1°, —11.3¢
S-OH + 3U0,*" + 7H,0 < S-O(UO,);(OH);*” + 8H" —26.2°% —23.0°, —21.0°
2Na-X + UO,* <> UO,-X, + 2Na' 0.6% "¢

T = 25C
°T = 607
°T = 80°C

o A slekgo] thgk s 2SS (S-0U0,CO5 ,
S-0UO,(CO5),”", SY-0U0,CO; o] 712 Laqlz]mﬁ}
Mol T Z3HE2o] Tfst HFAREE B Q)

oF 2ulS RSt et BarE gho] e 7‘@0}

F

A QA g ATt W), ol 2 Aol At
S SWy-19) AAe) By, Y 27, BT AP 2
4 2ol s AF B 0 5 B 2
o G WAL AL R A o 24
Foll Tt WREAR ghe TR S8 ks 9x) 9]
el slosl, ol fate A 2ol B el
4 AR DY A4S ARATNN AAH 53
MRS kel WS Vel i AHeE ag
S 9ee ofuldih,

MX-803} 920 =22 pH=7.600141 [Uliyiia=3x10"
mol L'-10° mol L™7}x] RSt A7} AEE 435}
11 2SP-NE-SC/CE 2 dl-& #-8-5}0] a4 =2t} (Bradbury
and Baeyens, 2011). 59, Volclay®} 2SP-CC-SC/CE &
9l SAz-137} 2SP-DL-SC/CE H oA A}8% v 23}
HhAlE AR W 27 h=A g Bt
ofvzh, 7 1 3lekEo] FE| gt Aolsit (Kowal-
Fouchard et al., 2004; Pabalan and Turner, 1996). ¢]+= Al

Yool Ay 270 we neE Sebeo] 4 of
&0l B2] wol7|= sfol, Bk 3R] vk
A = B AL AEFHog Ul S35t o
TAFE] Aot HiAg A Aol sl Fe W] miiEelo
d|Z2 S0, Pabalan and Turner (1996)2 &= Ebilo] =
A= 27 (=107° atm)o| A SAz-19] 52} AFS 4=

2218

=
el A|ut, 22 ndo]s ool BAl 315FE0)
HEgakA] LT

Yang et al. (2010%-2 Jinchuan¥} 9-2h&2] 3}ab2] =%}
& ] $isiAl pH (3-10), [Ul gy (10°-107 mol L™,
THH] (0.1-5 g L), &% (25-807) & HS}A| A7}
A58 483131, 2SP-DL-SC/CE T ElS #835l0] &%

o] J&FS 3|45}t (Table 6). A AT}, L=7} 25C
o4 80CE F7Igtel weh Sehe EW 23O vt
SFGTL SV A SR FRIEGleH, ol =7 F
7¥gholl whet Jinchuanol| -2k 3}ekgo] o @Wol 423}
2L oJujgitt. W, ool wWEHESo] MedA4l 2
Lol BAGlo] YT FS THAl= AR e

322, ofd| a4 (Am)
ofelge ekEa FIAR g0 7ol uket

CROFRH BHSIES BT S AN ASh-B Bo] B
Aglol 37ke) Az Qbgs EAh: 54 et

W oplElgoll st AYAtoAe] =2k HEg F
2 §& ghilo] gle 7oA £ = Ut} (Table 2-1,
2-2). Bradbury and Baeyens (2005)2SWy-12 ARE5}o]
[AM]iia=3%10"° mol L™'o||A] pH (3—-10)2} o]@_JOPE (0 01,
0.1 mol L) 32 solst= AFL 3513
Bradbury and Baeyens (2006)0]|4]+= -8-9H 9] == <} ]%0]
Na (=0.1 mol L™"), Ca (=0.066 mol L™")2]l $=8o %A
of| A Z+zF pH (3-10)9] 32 H7}s}ich. Kumar et al.
(2013)> Western India S A}-§3}o] theFgl o] 27 =
(0.01-0.1 mol L") & Na, Ca®] 3 %ol A o||A pH
o W& 42} v Wt upR|eto 2 Gao et al. (2021)
GMZE A5t pH (3-10), [Am]iyg (1010 mol L™,
ol&7 % (0-0.3 mol L), 3= ool %A (Na, Ca), &
= (25-80C)0) WE FFE THH o= FUsoiTh GMZ
of thellAl 25CHE 80C7HA] =& HIMA| 7| =343t
2 AoAe 2= w2 ofelwe 2 AF ¥
SF e A] gt

ot 2]%2] 42k W% 2SP-NE-SC/CE R &g A&
sto] 2] 2]3}HE it} (Table 7). SWy-19 thgh ofw 2|2
#H 2P FARE 22 UERd B, GMZojA=
TS W 2B A Aol BT A%
=9tk 3], SSO0Am*", S-“OAmOH', Am-X;0] 4] SWy-1

_l
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Table 7. Surface complexation constants and selectivity coefficients on surface complexation sites (S°*-OH, S¥-OH) and cation exchange
sites (X) for americium (Am) sorption on various bentonite samples

Surface complexation / Cation exchange reaction log K
SWy-1 + 2SP-NE-SC/CE
S-OH + Am’" < S-OAm”*" + H" 1.6*
S-OH + Am™ + H,0 « S$-0AmOH" + 2H" —6.8%°
S-OH + Am*" + 2H,0 < $*-OAm(OH), + 3H" -15%, —14.8°
S-OH + Am™ + 3H,0 < S-OAm(OH), + 4H" -25.6"
3Na-X + Am*" <> Am-X; + 3Na’ 1.67°, 1.46°
3Ca-X, + 2Am* — 2Am-X; + 3Ca’* 1.66°
GMZ + 2SP-NE-SC/CE
S-OH + Am*" — S°0-Am*" + H" 2.7
S-OH + Am*" + H,0 < S*-OAmOH" + 2H" —5.5°
S-OH + Am*" + 2H,0 < S*-OAm(OH), + 3H" -13.5°
S-OH + Am*" + 3H,0 < S-OAm(OH), + 4H" -25.1¢
3Na-X + Am*" — Am-X; + 3Na’ 2.0°
Na-X + 0.5Ca*" <> Cays-X + Na' 0.4
Western India + 2SP-NE-SC/CE

S-OH + Am*" — $-0 Am*" + H" 1.87¢
S-OH + Am™" + H,0 < S$*-OAmOH" + 2H" -5.4¢
S-OH + Am*' + 2H,0 < S-OAm(OH), + 3H" -20.2¢
SY-OH + Am*" < S"-0Am*" + H' -0.3¢
3Na-X + Am*" <> Am-X; + 3Na’ 1.3¢

“Bradbury and Baeyens, 2005
"Bradbury and Baeyens, 2006
‘Gao et al., 2021

dKumar et al., 2013

L 1.6, 6.8, 1.67% GMZ:= 2.7, =5.5, 2.00] Zz} AL5]
Q= ol F WlELe|E9] A5l x7lo] Az Hols
7] Folt}. GMZ: £ 9] o] 7= E 0-0.3 mol L™
7HA] - g i glelA) st A 7 ARE s
ouq ]iﬂiﬂ ol F 2 ofol e i’-%‘r‘?_}g o] =2}
u] 2t weba GMZoA = o] &7 w7} ul$-
Axfol ol oFole wehIkS-o] MelA| 47}
H} (Am-Xy: 2)0l4 ZH3bE Aoz 2 4 Qth &
b, golo] o]leZtr WELO|E Bu ZA|oE o
ug

of 3

ru* 0°"
ni FU

N

e
S n|d 4= qlem, o] QIste] o] &t AA o
I wu st
ot} webd

N R oo i oo o rlu e rlu

AR = grolo, ¥l
EUrOlEﬂ Z579 AF Ao w}a} A& T2 Zho] A

48 = ok fABHL SWy-1, GMZo]| tjgt =2}
Oﬂﬁt— S*-OHe| sl 47}#] ®H 3PS (S-0Am™,
S-OAmOH", $*-OAm(OH),, S>-OAm(OH); )o| 11&]= H}t

, Western Indiao|4]+= S*-OHoj| tfjsf] 37}A] % 2}35)HE
(S-0Am™, S-OAmMOH", S-OAm(OH),)7} B0} 4=2}
2Fo] 2 SY-OHoJl A &) 1 &3hik-S- (S*-0Am™ o] 7
Laﬂﬁ‘:} ]—c R %1‘]«] e 24 ([Am]initialzloq_
107 mol Lol A U= ujdy $:2k8 a4 ¢
off F=7HAQl 9 2shAkg7] 9] mgfo] mEy Ah¢o]
I QF7] wjLolct uleta], AP Lol A AFEE S2bm
H]O zl—_]—_l_‘o‘l- 7:]0 1:1]-1:;\] /K]sﬂ] }_7&4 ] Es} EH]
g HEZF FQslt.

el
<
]
&

3.2.3. A#E (Se)

Ao & 23kt 2= pH, IAA 79| 3Feh4] gl
J»J—Ebﬂ-x% 22\4 U]/\gE A} ‘7_(11—%.’ /\i_‘ I;._U:]_,] E/HO u]
3k olg] gl wel H3tsi, 58] Aksl-gk A9
of upz} EXSE A o] &%2 7}ZIt). Missana et al.
(2009)y= FEBEX®} Allef|459] <=2te]| tsfi pH (3-11), o]
7= (0.001-0.5 mol L™), [Seliniar (107'°=107* mol L2
FF= Flsh= A¥E ¥ skal 2SP-NE-SC/CE ®H)
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Table 8. Surface complexation constants on surface complexation sites (S*-OH, S¥-OH, and S-OH) for selenium (Se) sorption on

various bentonite samples

Surface complexation / Cation exchange reaction log K
FEBEX + 2SP-NE-SC

S-OH," + Se0;* <> S-OH,Se0; 12.0°

SY-OH," + Se0;* «> S“-OH,SeO; 11.95*

S*-OH," + HSeO; <« S*-OH,Se0; 17.9°

SY-OH," + HSeO; <« S"-OH,SeO; 17.65*
GMZ +2SP-DL-SC/CE

S-OH," + HSeO; « S-SeO; + H,0 3.3°

2S-OH + HSeO; <« (S),-SeO; + H,O + OH 15.8°

2S-OH + Eu** + HSeO; « (SO),-EuSeO; + 3H"

“Missana et al., 2009
°Shi et al., 2014

ARg-sto] 22 5ls3ITE (Table 2-2). o7 A AlEl&
it 2Fskg-of theh Hhg-ARE EAskar Fol wekit
goll ot 2R AQbE]A] 2A3k=H] (Table 8), o]:= 8=
“‘Eﬂﬁ slelgol] tiFEe] pH 2704 Jol2o = =AY
517] wiiEolh. [Seliiall et AEL ) 107 mol L™
THA el o, o5 SiAlsty] fIsiA 43 8ol
= SY-OHol A9 M 2SHHES- (SY-OH,Se0;, S"-
OH,Se0;)0] 37 113 E itt. Shi et al. (2014)= =2
Jrou] 34 (20 g L) oAT [Seliy & G (10107
mol L™} tl&o], AlE} 212 35 (Buly=33%10"
mol L™)o] g7 EAst= 4ol dish GMZe] 2h
7okt (Table 2-2). 53], =2 11HH] 70| A&
Elo*htﬂ o= Al 3skgo] i go]gog 7
al7] wlizell & FEEE S7HA717] fsiAl A =]l
= Ao= AR LHH7E ST HIEL | ES]
_Ll?]i I;Q _Llj:] 7(1—.9_7]4 )‘70— _Q_E]ZO] ———7]—0]-04 /\X]— X]—
2|o] 23t A =gdlr] wigol, AskolAE {9
n|gk 22 Blek 4= Gl o= ¢I5}o], Shi et al.
(2014)0f| 4] AR8-3F 2SP-DL-SC/CE X Elo A= Y-S H 9]
o] AdlE =4 AEE FAsHASolE, ©Y #H
2k3kzte] (S-OH)o| Al o] 4=2F Bk (S-SeO;, (S),-SeO;,
(SO),-EuSeO; )Rt 11 sto] Al 2k Ashqitt.
o|H ¥ 42k kg AT uf, 1= WFo] o}
2F 85, 8] 205 vkgste] F7HAQl 2F A2

=

7} vk =]ojof & a7} Qlt) (Stockmann et al., 2022).

lo 3] mlo

m

|

Lk

3 24. 23] (Eu)
= R of el vlsohA cheh-ehel 2
ol t*ﬁl%’iol BB 37to] Alelhg ER)|EHs EAS
Bhdity. FRulen HEdee a2 e g2 o

7h = ]le, ol frRaEe] we Sttt S8t
sH 545 7HA7] "zoltt. frRue-S 371 s
shebEoln, E3F 371 ofElw S o] 2t ARt =2F 5
A UEhdoh EAMH 7S ] SHoA] tfRE oF
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EX o] Ag3)7] 95t Wpeko g uko oy} Z3E] Q).

f2u)-g0] Sl e 1Y B ARYAT A2
7} 2% 2ic}t. Bradbury and Baeyens (2005)0| 4= 3
oFo]-20] Na (=0.1 mol L), Ca (=0.066 mol L")3l &t
AollA pH (3-10)9] 98-S 5 7}5kaL 2SP-NE-SC/CE &
g8 ALg-35to] A 3}51 T} (Table 2-1). Fernandes et al.
(2008)2 &= ERAko] 2 (1077 atm, 2x107 mol L™)
sz 2ol pH (4-10)0] ©1FF g B7lsielen,
g =l sy flejH FRulg At S5l
9 23k (S-OEuCO;, $-OEuOHCO; )& 3713514
t}. Schnurr et al. (2015)= [Eulii=2%10"" mol L™'¢]|A]
folo] o]} EE 0.1-3.9 mol L', pHE 3-1271%] ¥
S A7 AHS askelen, 53] pH=1291 €70
A e AP F4517] 91814 S-OEu(OH), ¥H-3-2
z7b2 MAste] HAeE st o, MX-802
[Eulinia=10""-10"° mol L™ W9]ojlA 2} 75 Hs}=
B7¥skl o, 2SP-NE-SC/CERLEE ARg-5lo] s A =3
t} (Bradbury and Baeyens, 2011). §] A3ES FE5A 0
2 f2uE F=rt 2 10° mol L7 o]3}e] Ao
A R APoR, Afdor 2 §iFo] A S
OHYF A83)|= 40| 7153},
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Table 9. Surface complexation constants and selectivity coefficients on surface complexation sites (S*-OH, S™-OH, S-OH) and cation
exchange sites (X) for europium (Eu) sorption on various bentonite samples

Surface complexation / Cation exchange reaction log K
SWy-1 + 2SP-NE-SC/CE

S-OH + Eu’" < S$-OEu*" + H' 1.6, 2.3°
S-OH + Eu’" + H,0 < S-OEuOH" + 2H" —6.4°, —5.9"°
S-OH + Eu’" + 2H,0 < S-OEu(OH), + 3H" ~15.7%,-14.2°, —13.9°
S-OH + Eu’" + 3H,0 < S-OFEu(OH); + 4H" -25.8°
S-OH + Eu’" + CO;* <> S-OFEuCO; + H" 8.3°
S-OH + Eu*" + CO;> + H,0 < S*-OEuOHCO; + 2H" —0.25"

3Na-X + Eu®" < Eu-X; + 3Na'

1.47%, 1.46% 1.5°

MX-80 + 2SP-NE-SC/CE

S-OH + Eu’" < S$-OEu*" + H' 1.64
S-OH + Eu*" + H,0 < S*-OEuOH" + 2H" -16.44
S-OH + Eu’" + 2H,0 < S*-OEu(OH), + 3H" -15.7¢
3Na-X + Eu®" <> Eu-X; + 3Na’ 1.59
Jinchuan + 2SP-DL-SC/CE
S-OH + Eu’" < S-OEu*" + H' 1.3%f
S“-OH + Eu** <> S™-OEu*" + H' -2.0%f
SY-OH + Eu*" + H,0— S“-OEuOH" + 2H" —6.8%F
SY-OH + Eu’" + 3H,0 <> S“-OEu(OH); + 4H" -20.6% "
SY-OH + Eu*" + CO;*> < S"-OEuCO; + H" 8.2¢
3Na-X + Eu®" <> Eu-X; + 3Na’ 1.3%f
GMZ + 2SP-DL-SC/CE
S-OH + Eu** + H,0 < S*-OEuOH" + 2H" ~7.7¢
2S-OH + Eu’" + HSeO; <« (SO),-EuSeO; + 3H" -1.12
3Na-X + Eu** < Eu-X; + 3Na' 2.08
Western India + 2SP-NE-SC/CE
S-OH + Eu’" <« S-OEu*" + H' 1.87"
S-OH + Eu’" + H,0 < S-OEuOH" + 2H" -5.4"
S-OH + Eu’" + 2H,0 < S-OEu(OH), + 3H" -20.2"
S“-OH + Eu’* < S“-OEu*" + H" -0.3"
3Na-X + Eu®" <> Eu-X; + 3Na’ 1.3

*Bradbury and Baeyens, 2005
®Fernandes et al., 2008
“Schnurr et al., 2015
dBradbury and Baeyens, 2011
‘Guo et al., 2009

'Chen et al., 2014

€Shi et al., 2015

"Kumar et al., 2013

& o] 42 S-OHRte & sAo] £7Hssttt (Guo
et al., 2009; Kumar et al., 2013). w}2}A], 42 80| T
£ S™-OH 9] 9 &3PkS (S*-OEu™, S"-OEuOH’, S*-
OEu(OH);, S"-OEuCO;)y F71sto] ilgeofA o] F2
=2F8- 345}t Chen et al. (2014)= S-2u]-&
A EASH oA 2 AEE 3

g 5

I AdEol

stal, o] 5 mElgstr] A FEIR
OEuOH")o| ©ste] A Eate] m Zshhs- ((SO),-
EuSeO; )= ¢/ 4-8351%ict.

Sl ge] 22k 2w} 25T 1500E 7k
wetA S7FskE A UYEWSIoH (Table 10), HIE
o] EQ] Z-7F ¢Fo]2-0] Ca, NaQlA|of mheba] QFole u

o) W (s~
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Table 10. Surface complexation constants and selectivity coefficients
on surface complexation site (Al-OH) and cation exchange site
(X) for europium (Eu) sorption on Jinchuan bentonite at elevated
temperature condition (Tertre et al., 2006)

Surface complexation /
Cation exchange reaction

MX-80 + 2SP-DL-SC/CE
Al-OH + Eu*" < AL-OEu* + H -1.0% 2.5° 6.5, 7.5¢

log K

3Na-X + Eu3+ «— Bu-X; + 3Na’ 5.4% b, ¢ d
T = 25C

°T = 40T

°T = 80T

T = 150C

kg ol ozt Ewl HapuhgolE Aol i A
OS2 QL) (Table 11). u}X]HF S & Missana et al.
021y FUT F29)g Ago] oA 2 2SP-NE-
SC/CE ®d& A= o2 J93} glo|gH|o]2 (EQ(3)/6
3} Thermochimie)o| Al 212y XA 3IA|X] 3 2F3Hd<4=
= UEHSIE (Table 12). 543t AH dlojE e B

f
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Hapg ghe] Aolvt A T A BIa 4 glon,
ol Aat glolEjlo] o] webA Meshs I
a}5) 53 B glol Aolaty] ujRelct.

2 Aolld = ASAE AlLFA e HEY
olERe| s Sl dhat Aefst dojeols U
S5t kg 2e 7S 9lE JZATRA, ol F579
HELo|E (SWy-1, Volclay, MX-80, FEBEX, Jinchuan,
Western India, GMZ, SAz-1)& A3 7|2 WA SIS
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Table 11. Surface complexation constants and selectivity coefficients on surface complexation site (S*-OH, S*'-OH) and cation exchange
site (X) for europium (Eu) sorption on Na- and Ca-bentonite (Bradbury and Baeyens, 2002)

Surface complexation / Cation exchange reaction log K
SWy-1 + 2SP-NE-SC/CE
S-OH + Eu’" < S-OEu*" + H' 1.8% 0.8
S-OH + Eu’" + H,0 < S-OEuOH" + 2H" —5.4% —5.7°
S-OH + Eu’" + 3H,0 < S“-OEu(OH), + 4H" -22.1%, -22.6
S*.OH + Eu** < SY-OEu*' + H' -0.5%, —1.2°
S-OH + Eu’" < S-OEu*" + H' 1.8% 0.8
3Na-X + Eu®" <> Eu-X; + 3Na’ 1.47%°

3Ca-X, + 2Eu®” < 2Eu-X; + 3Ca*"

1.11°

“Na-montmorillonite
®Ca-montmorillonite

Table 12. Surface complexation constants on surface complexation sites (S-OH, S“'-OH) for europium (Eu) sorption on FEBEX
bentonite sample using different thermodynamic databases, EQ(3)/6 and ThermoChimie (Missana et al., 2021)

Surface complexation / Cation exchange reaction log K
FEBEX+ 2SP-NE-SC/CE

S-OH + Eu’" < S-OFEu*" + H' 0.9°, 1.24°
S-OH + Eu’" + 2H,0 < S-OEu(OH), + 3H" -12.2%, —16.02°
SY-OH + Eu’* < SY-OEu”" + H' —0.05%, —0.32"
SY.OH + Eu’" + 2H,0 < S“'-OEu(OH), + 3H" -13.62%, -17.16°
S-OH + Eu’" + CO;* <> S-OFEuCO; + H" —2.48°, 7.68°
SYLOH + Eu** + COs* « S™-OEuCO; + H" -3.36% 5.7°

“EQ(3)/6 (Delany and Lundeen, 1991)
ThermoChimie (Guillaumont and Mompean, 2003)
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