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ABSTRACT

This study investigated the mineralogical properties of bentonite and illite and evaluated the Cs sorption at various
concentrations (C,~1-10° ug/L). Bentonite samples, collected from South Korea and USA, majorly consisted of Ca- and
Na-montmorillonite, showed large cation exchange capacity (CEC, 91.4 and 47.3 meq/100 g) and specific surface area
(SSA, 46.1 and 39.7 m*/g). In contrast, illite sample (USA) had relatively low values for 14.4 meq/100g of CEC and 29.3
m?/g of SSA, respectively. Bentonite and illite had different non-linear sorption for Cs along with C,. At low C,<10 pg/L,
illite showed higher sorption capacity than bentonite despite low CEC because of the existence of specific sorption sites at
the weathered mineral edge. However, as C,, increased, bentonite represented high sorption capacity because the cation
exchange between Cs and interlayer cations was effective at high C,, conditions. These results implicated that the Cs
concentration is important to evaluate the sorption performance of bentonite and illite. Finally, the Cuadros’ kinetic model
for illitization using various K concentrations (2x10~> and 1.7x107> mol/L) and temperature (100-200°C) showed that up
to 50% of the montmorillonite in bentonite could be converted to illite, suggesting that the illitization should be considered
to evaluate the sorption performance of the bentonite in deep geological disposal repository.
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Xéﬂ% A3} 500-1,000 mA A5 kg '1% Al
AHATIES A oleS d72
At Ao R {FES ‘%‘le% Zoltk
(Chen et al, 2017). AAIZ A 2l ko] AN
H7Es Ea‘xq—i AR = e Aol AT,
%}7171}4 A& AIZE Bt H71E0] A AelE ook
sh= Aol EAlgi

ARZ AE A A7) S =ol7] flsiA, A
APSE A7 A I AdEio s FAEE o
I 7ido] H-8HTHIAEA, 2011b; Bayoumi et al.,
2012). Q3L ALSFAATE ¥A3R= AE-L7), A
0719} JHkAlolo] F7H B 97| 93 A5A)

SAEAZ =, rRRe R AE A e A
Pr Zlekgto] Hdwelow #8-5tA| ETHIAEA, 2009;
Lee et al., 2014). AR5 H&o] HHe] zHoZ o]F
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27 AY HJRLT)1= TR
B o ZHE XELI|E
H531L, 3) Ak TS AT, 4) A28t
715E AT A M AFS FRBIY ks =7
Al SAY 14slsh= 9SS (Yoo et al., 2005;
Bradbury and Baeyens, 2011; 2017,
et al, 2019). $=A9] Fo T4 EAZ wHoA=
HEUoEE 334 HE FEQ ERUIO|ES 0
A BEE 7R AECth HIEYC|EE & dE 5
& 7L oM, o]= Qlate] AHEE719 HEF At
o] IZHE G&AHoZ A9 &U1E

Zheng et al., Jenni

H

I Qo

3, ke FRREES 7] tRe] P ohi A5
o FFE AQATIE GBS FU & U, Fe Yol
& W G5 /AR ol BEH 53 gow

Z85t 4= Qo (Samper et al., 2008; Marty et al., 2010;
Kauthold and Dohrmann, 2016; Kale and Ravi, 2019).
27F Poleo] ERo) we} Ccallyh NaHOR EREE
HEUolEE 72 57t Poleo] mat o] ojs) WAL
A B2 SRl Aoz A Sl wiELo|ES] 3
o qJoleudly, MERAT} e B 54
I gE8, =T I9F9 FF(Staunton and Roubaud,
1997; Bradbury and Baeyens, 2006; Grambow et al.,
2006; Bradbury and Baeyens, 2011), X|3}=2] pH, <&
T, ol A% 5 FEiEeh SAdx g3 wet
(Yang et al., 2010; Fernandes et al., 2012; Missana
et al,, 2014a). 53] AAtEE A Yo w} HWELe]EY]
B8 5Ado] Adolshr] wlEel iR g SR
A4S HAAst AFE F3¥3kar Th(Vuorinen and
Hirvonen, 2005; Marty et al., 2010; Zheng et al., 2011;
Missana et al., 2014a; Cao et al., 2019; Jenni et al.,
2019). Hi3EAQ] WELolE AZ= 2902, 29l
oA ilelshs MX-80, *uﬂoloﬂﬂ ¢175k= FEBEX %
o] o, gEjutelle 5 AHelx Aite= e
Uo|ES FHEAR oa;kg F8lar Urk(Lee et al,
2013; Yoo et al., 2016; Lee et al., 2017b).
247149 AR 7S Telsoels A% AR
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F& Ak 2739
7Rk h%% BT 28t B ERERUe|ES] o]

3 4= JTHCho and Kim, 2016; Kauthold
and Dohrmann, 2016; Park and Seoung, 2020). YT}o]
Esh= dRbd oz wrddlA aehde] whg AlzkE 7t
AARE a1 g ek slkrR. EokEofQlE AL A1)
M olit WEA dete|Esprt yehd 4 3ler,
= =AY =8A B4 HEAA Aslr x| s
oFsiAlZ Bk ofe} A|s}ehA] G2k P Ael e RS
= 4 ATHPusch and Karnland, 1996; Cheshire et al.,
2014; Zheng et al., 2017). 120X HIEUo|ES] &
4 Wst 5 23 54 tig dy= ol HarEa
UARE, HIEU|ES] Uejo]Eslel| o]t 422 wsto] tf
g A7 AR eR FEet w2 A Iy
QoA A=EHE HIEUo|ES}H UTolES AMSSl £
Speby E4E sk, AR A AlelA 713
o2 ZQ3H EV_E%EFJE WAL Al (7Cs, HEE] 309)
ol tigk 73 AAES Faske] WIEUolE haa)e] et
olEsfe] tiE 2 YA HSkaA Sic.
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2.1. AIE EAM I=IA-I

4O |Ho T

TN AEEE 2570 MEYC|ES} 157 o
ol EE o3l A5 FH8I3THTable 1). WIELO]

E e vt :\jlso]' AefellA] A ate] A2 Al
Foln, HIEUo]E-2= Sigma-Aldricholl4] Holjsh= W&
L]-O]E(https://www.s1gmaaldr1ch.com/)°]1’4—. HELto] E o}
o] s 9%t YEPolE= wlar EERY FollA| Arke=
YUTO]EE “The Clay Minerals Society’(http://www.clays.
org/lIA st B HE AE52 AEdS 534
U= HE ke §, ATl Bl fEEe 1490 45-53
um 2719 JEE At E8)sehE SA4S 48t
3l Cs 2 ARS Fasisl.

1A, HE A59 FE 245 ZRIsk] f18 XRD
(X-ray diffraction) ¥-41& 2SSt XRD #4128 t)
5 XA 3" EA7](EMPYREAN, PANalytical, Malvern,
UK)E AF3le] $88E]9lom, 40ky, 25 mA F700A
CuKa(K-Alphal 1.54060, K-Alpha2 1.54443) ®ARAS
ARE3IA] 2 theta(d) 5°-65° BHIE e TAl(step)d 0.013°
2 S8tk olF, XRD AHE E457] faiA
PANalytical®] Highscore Plus v.3.0c(Malvern, UK) 4>
ZEJ OIS AM8519eH, H=2] $1X](peak position), 7
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Table 1. Information of bentonite and illite samples

Sample name Country of origin

1 Bentonite-1 Pohang-Si, Korea
2 Bentonite-2 USA
Illite-1 Montana, USA

S (peak intensity)E ©-83t] 24 BEY FHS Tt
Ark. mEgh Alge] 318F AR 45 218 XRF(X-ray
fluorescence) 415 13Tt XRF £42 XA &%
#217](XRF-1800, SHIMADZU, Kyoto, Japan)S A&
st FAERoH, HE AlE WellA Si, Al, Ti, Fe,
Mn, Mg, Ca, Na, K, P2] ZZH]|(wt%)S SA3IH

HAE A5e] 3 A deE o= 5= Jol
£ W35 (cation exchange capacity [CEC])}S OFA|EAR-
AUEF = (ammonium acetate method)yS ©]-83l =
Aataion, o] W, Ry o] FE= Tl 2}
F5247](Kjeltec auto 2400/8400 System, FOSS Tecator
AB, Hoganas, Sweden)= AR8-5}o] E418199T}. vix|ure.
Z HE A59] H|HH (specific surface area [SSA]y
Bt &= FI(average pore volume [APV]), B &
= 2|7 (average pore diameter [APD]}S HIEHZ =
43 7](ASIQM0000-4, Quantachrome, Boynton Beach,
FL, USA)YS AM8-3le] =33}al, BET(Brunauer-Emmett-
Teller), BJH(Barrett-Joyner-Halenda) ®'H2- o]-8sl]
=

2.2. 5|24 3 MY

HE ANBEQ Cs 2 548 Frs) s g
gk Cs ol tigh 3lEA ARe A 2 AAsh
2 Age gl AR YesH 318 Agdo] AR
FEANAL PCss ARSBE FEROH, 119 X
“(Direct-Q ICW-3000, Merck Millipore Corp., Burlington,
MA, USA)Il 1.68g2] CsCIACS grade, Sigma-Aldrich)
S =AM csoll sl oF 1.3x10°pg LV} Hes 55
|AE AxEA A w5 EHS 1.3x10" pg LollA
1.3x10°pug L'9] gt T2 sl 53 Ao
ALEEI o, SoBe 4°C HPE 71F0E A XA ZHE]
AFY offel] AR B H7]ste] AlTtel] e WHE ke
e Haslslslt

72 A3 Zelzagd AJde) somL UL FE
(JetBiofi)E ARE3lY] Fa=ATt. FEF 43l = Cs
€ 20mLell 10-300me®] HE AFS FUste] 3}
H|X] (batch)S #|Z3F &, 1HE7](SK-600, Lab.

Q

ompanion,

Minneapolis, MN, USA)IIA 130 rpm®Z 24A]7F 1t
AIA G2 ol RS vESAIATI ©] T,
glS 3,500 pmOE 3083 Y]l S A
£ skl AFds AFE Cso FE WIE #
it g RS Cs T AddEe = 2
E7](ICP-MS [X-series], Thermo Fisher, Waltham, MA,
USAYE AHESte] SAsATh 24 A5 mixle ol
(duplicate) WA A (triplicate)> 2 A|RE A2k}l o,
EE Ago) tisle] ull7d AlFE(control batch)yE A|Z}5kA
WA F5 grol dld sl sl 10% ohiel 24 ¥
9 Sl S0 At gk, 3 A BE
FAol|A 5= 23°CY] T2 HHE FREIeH, B
Hjx]9] HE pH= ¢F 5622 IAS Gk YERAUT

£7] Cs S=(C, pg LeF B8 Cs S=(C, ng L)
o] ApolE o] &sted Almell FRE Cso FE(C, pg
k) AISROm, e 23 e s 23
52X (sorption isotherm)yS T3IAt). o, HE A|59]
T2 EAE s el HIdE R mel]] ZE9)
E213] (Freundlich)} 2§#of(Langmuir) 28 217 2-&
319 tH(Limousin et al., 2007). ZEQIE¥3] ®dl(C,=
KxCNA K ([ng ke Vg L8 n(-ye 242 3
Helze}l Alg e EvdAn=10 7PAFE 1E
g FW)S onsh, AFo] XH(C,=Q,xK xC,/[1+
KxC A 0,8 T W Holl 53K ug kg), Ky(L
mol Y& AlE 3EHoA S F2 HsleE A|Agit

L gl oo

ot 1y

g

¢
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3.1. ME M=o 22| 51518 =M

HE A5 XRD 4 2HE Fig. 19] ZAEIH
dalo|E- oM delo|ES} Ao w=7) BEs|o] 3
T AFTT dElolES} Ao R o]FojA] US ¢ T
AALE HIEUO|E-12 Ca-2EHZUO|E, WA, 2]
=27} Yeh, fiEUo]E2E Na-RdZUolE, 7
2 A9 v=371 BEFAY HEYO|E-0llA Yeh k=
Ca-Z2EEZUo|E9 (001)He AHIHH(d-spacing)
15.65A2, 11.65A9] Z+S 7IAE Na-ZRHZUo|EL}
FEgh 2lolE YeERlom, o] ke 247} AdaadTolA
AREE Ca-, Na-BEEYZUO|ES] HHIHE a3} fAls)
tHZbik et al., 2012; Lee et al., 2013; Tetsuka et al.,
2018). TE3H, XRF i &4 ZIoA HEUo|E- 1
CaO7} 2.69%% Na,0(0.45%)HC} 5] =2 ¥hd, wE
Uo|E2E Na,0(1.54%)7F CaO(1.22%)e Blsl 2F 1.3
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Fig. 1. XRD characterization of Illite-1, Bentonite-1, and
Bentonite-2 (I : illite, Q : quartz, M : montmorillonite, C : calcite,
A : albite).

Table 2. XRF results of Bentonite-1, Bentonite-2, and Illite-1

Material Name Bentonite-1 Bentonite-2 Illite-1

SiO, 56.58 57.50 49.30
ALO; 12.29 18.72 24.25
TiO, 0.27 0.15 0.55
Fe,0; 3.56 3.89 7.32
MnO 0.03 0.01 0.03
MgO 3.14 243 2.56
CaO 2.69 1.22 0.43
Na,O 0.45 1.54 0.00
KO 0.44 0.33 7.83
P,0s 0.04 0.04 0.08
LOT 20.28 14.01 8.02
Total 99.79 99.82 100.37

* Loss on ignition

vl B 23S HAFAtK(Table 2). WA F WlEY
O|E (ol E-17} HIEUOE )= T8 Z71ofoleo] 7+
7} Ca®}t NaZ TAE Ca¥ WIEUCIE, Na¥ WlELo]

EZ B 4 9tk dEolEY (00 AHIHELS 9.95A
2, YREHRI dejo|EL] AuztAcE Aol 10A9) &
U3} ZhS AT O™ (Meunier and Velde, 2004), =2
Z3F oFol2o] K(7.83 %)2! AoF I,

HEUo|E 13} HlEUo]E29] CEC 3+ b2t 91.43%
473 meq 100g'2 Ye}o|E-1(14.4 meq 100g HET} 7}
zb el 3] =2 3hs EFUtK(Table 3). ol= HIE
Uo|EE P38l BRERVR|EY} 3] HE BE2
St Fole] mgho] A A dojuh= whd, HY
A FEQ] dEPlEe St o]l Kt SXEE o
ol sl ddsl] 3t ol nghe] of#7]
wFo|tH(Missana et al., 2014a; Durrant et al., 2018).
TEgh HEVe|E 7 HIEUo|EDT oF 2Hle] CEC A}
o7} Yehhsd], ole WIEUC|ES] ERHIUC|E g
F, G4 7] 2 HIEHE, ek 2 FETH 54
o Z2RE JS WS 4= UT(Yoo et al., 2016). HIEL
o]E-12] SSA & 46.1m’ g'E HIEU|E-2(39.7 m?
ghEth oF 1168 =™, APVSl APDE 2v] ol &
e YR IEUe|EL7) IEUo|E-19] B3| At
ZoF A& CEC #= HYele olfi= ol gk vk
o] dolu= WA F=9] AP AdFeE A7)
w72 Ao g AlEHT

3.2. YIELIO|E2t Y20|ES| Cs & SY

HE Cs F%(C,, pg Ll WE HE AEEY Cs
T2 AINC, pg kgl MIAE 2 2dlS A8 4
= Fig. 29} Table 40 22t T3 HIE Al8s
9] 7 52448 sy Tt UV uet 32 a8
o] ashe HIEA 5SS RSl ol HE 3
Eo] ®ol Csoll 3k 57 Fser) M= o gt
T2 AHo] EA5)] wlEe]th(Baeyens and Bradbury,
1997; Cherif et al., 2017). T8, MELO|E-|, HlEL o]
E9t gEelE-12 ¢ 0 wet A= e HdE
B4 YUehdth o8 50, dEfelE- 12 C,~10'pg L
olate] As® oM 7 =& Cs FHFS RofF
Ao}, Cs 57t S7Hel wet &8&4do] wEA A
g 545 HAFTh v, WIEUe|E AgEL

Table 3. Cation exchange capacity, specific surface area, and pore distribution of Bentonite-1, Bentonite-2, and Illite-1

CEC (meq 100g™) SSA (m? g™) APV (mL g™ APD (nm)
Bentonite-1 91.4 46.1 0.356 30.9
Bentonite-2 47.3 39.7 0.133 13.4
Illite-1 14.7 29.3 0.073 9.92
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Table 4. [sotherm parameters of Freundlich and Langmuir model for Bentonite-1, Bentonite-2, and Illite-1

Freundlich parameters

Langmuir parameters

va

[(ug kg™) (ug L)) "

KL Qm
- (L mol™) (g kg i

2.60x10*
1.20x10*
4.81x10*

0.643
0.645
0.393

Bentonite-1
Bentonite-2
Illite-1

7.53x107* 9.50x10°
2.61x10* 8.81x10°
5.22x10°° 5.44x10°

0.991
0.981
0.994

0.999
0.999
0.999

7

107 5

10° B gt

C, (pgkg")

Illite-1
Bentonite-1
Bentonite-2

10° 4 R |
1 T

I‘E” A
[ |
1
10" 10" 10' 10° 10° 10* 10
C,(ngL"h

Fig. 2. Cs sorption isotherms for Bentonite-1, Bentonite-2, and
[llite-1. Symbols represented the experimental data, and the two
standard deviations were displayed on the error bar. The solid and
dotted lines showed the results of the Freundlich model,
respectively.

5

CF107pg L olde) s 2304 YejolE-1xot
S8 Cs $2E YEIT, Z2lse)s] muolA of
et 53 E4do] 2 vehia gom, Yejole1e
EYolE-|, iEUo|ERT oF 174 ¥ K, S
7R 9, 1eal 2R n S UERRITH(Table 4). HE
AESY £3 54 Aol PejolEs) WEolEe)
F 74 BEQ Yelolest BrdmolEs] P& EH
o RES= 2 Aze] B4o] MR Aolsl] mgolch
(Bradbury and Baeyens, 1997, 2000; Missana et al.,
2014b; Cherif et al., 2017).

depolES] HWE Cso] AHHoR F3lsl= 33}
2] (frayed edge site [FES])# Cs tE+ So]3]
o] Yep x| &= HWA A (planar site [PS]), F
o] F2F Ao] EAS(Poinssot et al., 1999; Bene-
dicto et al, 2014; Fan et al, 2014b). FES&= *53
ZEFE (micaceous mineral)?] 7RO 37t 7HH0]

gl

of ¥

10AdA 14302 gdd 2 A& AAsHH, Cs
(255.6k] mol™)>K(3222k] mol™)>Na(405.8k]J mol™)
>Ca(1,577k] mol)2] £AZ e F3louxE 717
Fol2oll sl =& 2 Wsl=E ERATK(Staunton
and Roubaud, 1997; Fuller et al., 2015; Lee et al.,
2017a). FESOIXQ] =28 Csoll el =& =2 31314
< 7R, Ao 2] CECO 1% RRhe= w9
Z17) witol] AEE Cs 7oA vk 283t
(Bradbury and Baeyens, 2000; Zachara et al., 2002;
Fuller et al, 2014). EEHZUo|ES] FH= FES9}t
FARSE 2 A3o] ERSHAIRE dEte|Ed| HIsiA 42}
3 =7F Y (Missana et al., 2014a; Missana et al.,
2014b). Wb AEE Cs AFoM Yehes dejolE-]
o] &2 3 5492 FESOl o3 gFe= & 5 3Urh
W, PSE S HERES APHAl e A A
Sigh Ale] FEX|FOF glaf Pl FAEHE FTHY
S48 AHE XA (Kim et al, 1996; Fan et al.,
2014a), o] FTAR] XSk Tl SR delol 9
3 A3} WS F-*3HBradbury and Baeyens, 1994).
e, pSel Hol FRRS HE AlRe] ol w5
g on)shs CEC @holl 93-S o, s tigh 4=
2 A3her) FESO] wlal AtiFe® W) W] FESTH
Estd FE Cs 2304 FFo] YehA A
(Bradbury and Baeyens, 2000; Van Loon et al., 2009;
Missana et al., 2014b). 2¥|o] Xl 7FEX CEC
of AwE Ad) 520, T Wtk HE A8
0,2 HIEUE ] > HIEUO|E2 > ATo|E-12 CEC
o} FIS TAE UM, ol WA FEQ 2R
d2Uo|Er} Hol X3 HlEUo|EV} Uejo|Ed] vl
T 271 o)L wekl o3k s o] LA
o7 ZAR3P] el A0 Z HITHDurrant et al., 2018).
FES9} 322 Sol2|Ql =21 27| oz s&dl wf
& % B4o] I Wske defolE-1¢) ge, WEY
O|E-1& HIEYOE2d) HIg] B Cs F&olM &2
84S JERIRIH. o= WIEUC|E-10] WEL0]
E-20 vlg) <F 2ull9] CEC 3k 7FA7] wiitoln, Z3t

mo
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ofoleo] EH(Na, Ca, Kje A IS FA =0
(Missana et al., 2014a). e HEUo|EQ] —?4’ &5
2 R W CEC ol Z12A AR B8

Sk SHIR CEC ghe WmuelEs] ERe] e o
50-110 meq 100 g9} wj¢- & HAE ‘/]‘E}"HU%(Boult et
al., 1998; Bradbury and Baeyens, 2005; Bradbury and
Baeyens, 2011; Lee et al, 2013; Missana et al., 2014a),
ofe AAF A% A4e) HELe]E FREA ne} ¢
FAS) 5 B4l Jold 5 g2 AN,

4>

3.3. HIELO|E 2+&EX2| YL2to|ES} *‘ﬂ?}
7'% AFolA HEUeES} dT}olEx Cs skl w
S e 73 S4S UERS 1i‘r b HE
HLO]E A A7 2 SAS S flsiAM
<= HIEYe|ES] dlo|Es] W& s efalorsitt. Wl
Bl AR Tk 2RERUCIES] dPolE
k= 2%9k ARE et Agke F 359 W K &2
%3kS- HW=C}(Huang et al., 1993; Cuadros and Linares,
1996; Cuadros, 2006). ¥ I X= Cuadros (2006)7}
2B BN AN ool FA Stk
xSy AH&ste] ) 10,000d F¢F LEfolESt A=S
ARFSIATE. 9 2leA] s EREZUo|ES] AJuiFQ] H]
EEN 1 DS Y7lstkL, K1 8F K9 E%(mol
L), = A7Kday)E ANBE. B S5 A4 mol
day HYZ om|ale, L7, °C)ell 3k 2} (k=1.21x10"x
’—6.61x1078x7-2.03x107)& FHF}.
AAE AR ANA YePg 5= = 8 K9 =
HEUo|E F=0} ik A|alre] 2Ao] Jaks W
TF O A8 A7t 9 Baxolld Bare wiEuol
5 2k AES K FE= 2F 10°mol L]l
A Ho 5x10° mol LA W& HAE 7FItk(Lee et
al, 1997, Metz et al, 2003; Marty et al, 2010, Mariner
et al, 2011; Missana et al, 2014a; Zheng et al., 2017,
Cao et al, 2019). ¥ A= $euele] 4xF A
i AES 7k 3l AR s Alskr(2x10”
mol L) & WEYo|E- 17} FASE Ca-dlEY]EQ]
FEBEXY] K ¥%(1.7x10°mol L HZE A &g M9
3 tH(Lee et al., 1997; Cao et al, 2019). AAZ =
i A 25 23 K X233 tEo] Yejo|Es
% $93%F 240t} Bennett and Gens(2008)¥} Kale
and Ravi(2018)°ll4 Be]g 7} H HEAIE 2% 7
o 2w o, Zap, 299, i), AfE, =
Ae A £55 100°C o8lZ Hasla gl vk, &~
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