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Modeling for Characteristics of Organic Substances(II)

Alira Sasahira*, Tetsuo Fukasawa®

Mamoru Kamoshida*, Toychiko Horikawa**

Abstract

In order to predict the migration behavior of radionuclides in the natural and engineered barrier,
there is a possibility of the increase of solubility of radionuclides caused by the complexation
phenomena. In this work, we compared the solubility of Sm in the alkaline solutions in which the
bentonite had been immersed and the thermodynamically calculated one, where carbonate
complexes of Sm was concerned. And we measured the solubilities of Sm in the ground waters and
solutions containing commercial fumic acid.

The concentration of Sm was proportional to the concentration of organic compound at the
measurements for the solutions containing commercial fumic acid. It was concluded the dominant
factor for Sm solubility determination was the complexation with organic compounds when the
carbonate ion concentration is as low as the Sm(OH)s is formed.

At the circumstance assumed in the bentonite water, dominant factor for Sm solubility
determination was the carbonate complex formation, although the Sm(OH)3 was used as solid phase
in the experiments which was carried out last vear. Sm solubility determination was also the
carbonate complex formation at the ground water experiments in which SmOHCO:z was used as the
solid phase. No evidence was observed for the complexation of Sm with fluvic or fumic acid.

At the bentonite water experiments, the total carbonate concentrations were about 50 ppm carbon
beside those were 1 to 3 ppm carbon at the commercial fumic acid solution. When the carbonate
concentration or carbon dioxide pressure is as high as the SmOHCOs was the stable solid phase,
concentration of Sm3+ ion and its hydroxide complexes were lowered with making SmOHCOs3 phase.
Therefore, it was suggested that the Sm complexation with organic compounds was depressed by
carbonates.

Work performed by Hitachi, Ltd. Under contract with Power Reactor and Nuclear Fuel Development
Corporation

PNC Liaison: 0 90D257

Isclation System Analysis Section, Waste Technology Development Division,

Tokai Works Katsuhiko, Ishiguro

*Power & Industrial Systems R&D Div., Hitachi Ltd., **Hitachi Works, Hitachi Ltd.
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R AL PHOBSHEEIERTIE. SEOFFIINE. BRE. HhYE~0SE, HFKP
UE L OHEMRICHKET 2 ELoN5. KIFKTIE, 0> b, MTAKPPEEOHEEERICEE
Ui 7 I VBREORABFHER ORI ESEREICRETEEOREL, TEXMEEED TS,

AEEDORBR T, FlE7 I VEEMATORMREREZ R, B L CREIS R ZH2RICE
BUTRDIEREEAY M4 MREHRDTO Sn BEOHERIT oz, £z MTKICSEh26H
) & T DIBTERR NI & S EEEHINOAREHR T2 L 2B, RBRA AV BLTZORT
HBNNYA MEORBELEY2 04 FE2STHTARTEIZENT Sm OBREEAE Lz,

2.51 & [RFERODIHATERRIC X 3 Sn BRI #ZRET
2.1. H=E

H8 FEEIZIT o7z~ A4 MEEHRRERICN T 5 Sn OBEEIL. RESEAOREEL ST\ 5058
PEDD Do AERETTIL. Sn DIREEERERDENZET —F Ziic. RRERERE 50ppn JFEDBWHIZHIT 3 Sn
OREZEEL, HRT—F LB LT, BEREFREBIEROXEZZIT T3 T ERET Lk,

2.2 Sn DEBSEOBIIFET—F

Sn D REESEAE ORI O FEEBIE R IS RENTWBEEAVW . ThofERE IR
To oy THHDOHAPSEHINS FEBIRICOS, FHERZR2IITT,

Sn DREESER L LT, Sn(C0,), " AHEET 2 ATEPRIESh TV, LU, Su(Ch,) " HEET S
LEhiE. R A MRERO X 3% pHI.5 W EOWEIRTIE S BESAKEWERENSH 5. ARG
Tlde Sm(COy) s DFFARISGOTEEERELUIT O L 3 1{FE Uiz,

So* + HO + CO= SmCO +2H* (1)
DOFIEER K12 13
logkl2=-9.5¢ (2)

S + 2H0 + 2C0, = Sm(CO,), + 4



DIEHEERKIZ (&
logk13=-23.1 (4)

ZFZTC. HO + 0 5 HCO, H5C HC SnizfRaiz 00, B3 3 KIS D EfE T El
A logk (addC0,) = -9.51 -(-23.1) = -13.5¢ .. (5)

ST Sm(CO,) s d 5 —D COFHENIT BIZED A logK (addCO,) b RILMETH 2 L{RE L. B
=N

Sm* + 3C0, +3H0 = Sm(CQy), ™+ 6B .. (6)
DEGHERKIT %

logkl7? = logK13 +A logk (addCO,) = -36.69 ... (7
ERELTzo

WASHE LB A1 DREEEICET 28 IZET—F (2] 6. 1 & FAROREOREENE
BHETH LTI,

Am* + CO, +H0 - = AnCO," + 2H'; logk18 = -10.356+0.8 ....(1")

A" + 200, +HO0 = An(CO,); + 4H'; logkl9 = -24.4%1.0 ....(3)

Am* +3C0, +H0 = Am(C0,); ¥ + 6H'; logk20 = -39.254:0.6 ....(6")
INEDRIBTIE,

logKl9 + (logK19-1ogK18) = -38.45 £1.3 .ceivriirinivrnnens (7)
THh, ZOBEIFBREZERETIL 1ogk20 ofEIZ—FH LT 3,

o T PHERKLT OREBIZIRYTHY. TORBRER. M OBELFAREOLL.3THHLEL
5h3,



2.3 EBFER o

Sl CO, A% 350ppm & L7z & EOFHERE O EHERER 1 ITRT. 448K 0.1 LUk,
logK17 %-37.69 LARGE Uiz — X T4 Sn RS pH8.5 ¢ 107°M, pHI.25 € 1x10°M a0z,
SHELIDR 8 ITRE =T —F 1T,

Ry M P REBROBHEEBERE (IC{E) id. RV MHA M5 2878 UFET S2ppn B3, So
EME2INZ CEE LB Tl 27~51ppn R TH o 7=, T T, BHFRIERE 50pmn [RETO Sn EOE
EEEZEELERBRZR 2 12T, BRICER 8EEAY M MEEMERTO SnEBE[3] . &)
PRE: & D HBIREW AR A MBEETO S EERRT . AEEE logkl? %-36.691+1.00
CARELEEEELIFHE-BLUTNWS, -7, ThHOERIcRIT 2 Sn BEIRIRBIEEORRIC X
b, BNFHCHATESLEZ D,



3= 1 ARG & FEER

No | BRI T 8 2 B EEET R
1 SmOHCO,(cr) + 3H! logKl (Sm**)=10% 1. (H*)*
= Sm*t + 2H,0 + CO, =9.46 +{SmOHCO,(cr)} /P(CO,)
2 Sm0HCO,(cr) + H* logk2
= Smi* + H,0 + CO,> =-8.69
3 SmOHCO,(cr) + H' logK3
= SmC0,* + H,0 = -0.05
4 | sm* + CO0,- logkd
= $mCo,* =8 .64
5 SwQHCO;(cr) + CO, logkhb
= Sm(C0,)? + H =-13.64
6 Sm*' + 200, logKé
= sm(C0,)" = 13.2
7 Sm{0H);(cr) + 3H' logK7 (Smit)=1078-¢
= Sm,, + 3H,0 = 16.4 - (H')3-{Sm{0H),(cr)}
8 Sm(0H),(cr) + 2H logk8
= SmOH** + 2H,0 = 9.2
g Sm(0H},(cr) + H! logK9g
= Sm(OH),* + H,0 = -5.34
10 Sm(0H),(cr) logK10
= Sm(0H),(aq) = -8.5

*{Sm(0H),(cr) YFIXEROBRE T 1. P(CO) LIRS R D4 E(atm). (Sp™)FIXIER,
% 2 HAROFEELI 5B Ul PEER

No e SEHTER EEarE A
11 CO, + H,0 logKll (C0,- )=10""%"*-P(C0,)/(H")?
(2-1) =C0," + 28 = -18.15
12 sSm’* + H' + CO, logKl2 (SmC0,*)=10"* %"+ (Sm**)
(3-1) = SmCO,* + 2HY =-9.51 < P(CO,)/(H')®
13 Sm't + 2C0, + 2H,0 logK13 (Sm(C0,), )=10"3"-(Sm')
( 5-1) = Sm(C0,),” + 4H! =-23.1 - P(CO,)/(H)!
14 Sm** +H,0 logKi4 (SmOH**)=10""-%- (Sm*)/ (H*)
(8-7) = SmOH?** + H! =7.2
15 Sm’t + 2H,0 logKl5s (Sm{O0H),*)=10"2"-"4-(Sm* )/ (H')?
(9-7) = Sm(0H),* + 21} =-21.74
16 Sm'* +3H,0 logKib (Sm(QH)}?*)=10"%*%.(8m*)/(H')?
(10-7) = Sm(QH),(aq) + 3H'| =-24.9
P(COILIREEH 2 D4 E (atn).  (So™)BIiEE.
No | mesk SEERER EHEETE I
17 Sm3++ 3C02 + 3H:0 logK17 (Sm(CO3)38-)=10-26.69- (Sms+)

= Sm(COs)s 3+ 6H"* =-36.69 - P(CO2)8/(H*)"

*P(COIZREEH A DA E(atn),  (Sp™)E3iEE.




SHEER
P{CO,=350ppm
Sm(C05) =K17-(8m*")- P(CO,)* /(H"

1.E-01 I
1E-02 H '
—0— logK17=-37.69
~ 1 A
1.E-03 -« 0 - - log17=-36.69
[
1E04 [ - o --logKIT=—3668 [T——"—*
) Sl
5 1.E-05 e
2 A7
% 1.E-06 Py
/ A T/
1.E-07 =
. :,;f
1.E-08 =0
1.E-08
1.E-10
7 8 g 10
pH

B 1 Sm(C0y); ¥ 2ffE L7 Sn FEEE O ERR

----- FHETE  logK17=-37.69
e ST E : logK17=—36.69

1.E-02 — — — FHEEE : logK17=-35.69
1 E-03 ®  PNC-HEEEAUM (bR AN
' o PNC-#EA' VM (LREaFH
1.E-04 A  H8FEFEANUMAMNRER
3
S 1E-05
E . o I
%
Eﬁ 1.E-06 .’/: f
E o+ ®
B 1E-07 M= A
4 N e
1.E-08 Dl :
1.E-09
1.E-10 _
7 8 9 10 11
pH

2 Sm(C0y); " BARE L7z TR IE L RERIED L

WRREREE A YM4BEREER © 30~blppm R,
PNC #8548A° v Bk : 59ppm k3R (300ppn HCO,')
THETE T OEE < H0ppn R



3. WTFAKPTO SmIBRREERIE
3.1 Bi=E

AR TR, 6, BROHR G EHTARTO Sm S@EENE L, Sm KBEMEEE.
BESEEOBRE L LB L. Th 5 DT B 2 AR REER 25 L.

3.2 {#F L= Rk DR
F 4 ISR LIRS Wiz T ARICEEN S I 2 BIUERMBE R TR T KHRTH
B UERTKEA—OHIAD SEREN TS,

3.3 M @B £ 18 L7 /KRS © 0 Sm SRS AR
3.3.1 ERAH

K 3 ICERFEE2TT. AFULEHTAIE pH, Eh #lZE#E 045 4 m O7 £ )V% —(Nalgen 5!
"Disposable Filter Unit", i) 2 —2DIZL b 28U 7=, B L UTEIFIF - R B FE S L R
KD RN =720 72 SmOHCOs 89 20mg I L7z. skl 25°ClZiRBa /=7 o—7 v 7 ZWIZ
TEHE Lizo 40 AB LT 60 HEEE, BHEMR Lk, SHLEREO—E% L DRHEREETC).
BERBREETOC). REREEICEME L. B 0NN ESES TR 10000 ORS 287
LVE—IZED BEBL. BHEO—ERITDE, BERBETC)., BEMBRBETOC), BHEERAEIC)
RHAE L. BhOAMKICOE ICP-MS Ik b Sm #EEZHIE L.

RBBEETO). RERMREETOC). REBEEIOOMEOHMER 5 15T . k=W
bl —HRBASEET o, THENORMES BI2=2Ibl. —#id 0.IM-HCl £i0% TER
HRC XL BDRBON-Y EiTo /=,

RAEMIKFEBREIZE. BAARET > TOROERIIREBED \— D 2T >R Z AWz, MRk
12045 1 m D7 £V —EBET ZRBEAWOITA FASENTO SIS . BA28%
FHOFICHE LB HEEE ICL OfICET AL 104 FEORBMESMORENSTNE. —F. B
5B 3EEAT > 1R ORBIRIEE 102 13 HCOs S DT RIS 1A% 3 5., 102 ZIARIEE » LT
£R0. IC1 & 102 0%, 204 FREBANOBEOBEEY L.

3.3.2 ERHER L ZDMRET
(1) HEFAAEED Sm BEE S L UMk ,
410 HB LU 60 AFFEZ O TR E, Sm EE., EHDEE. RBEEOHERREEERLIC



R
(2) HTASEIBE L= Sm B OEE

T KOFEFRE. ZHRHIRE U Sm BAHZEIRL, XEEFICLDRERT E. 26GBL
U RS HAGERHC 32 L/ Sm B O X &R 2 <27 bV SmOHCOs ® X #EHTZ <27 h Vic—8
UZze IXEEREGARICERE L7z Sm B0 X a2~ M)V el SmOHCO: dfthiz, #Ed NaCl
B LU CaCOs D X #FEHTE— 7 BERAIT hiz.

(3Sm EEOHRERRDBET

35 25 8ITEMTAERIZBIT 5 Sm BEOHEE L., BfHENL Sm AHESEELTT. Sm
FEORPEMEIE SmOHCO: X T 60 HEFEEROETH 5. BIrEizetEald,. B2 8sioprry
HWEEDKRDI, EROERIE Sm OREEIEMEYL LT Sm(CO)SHEE L. FOERER K17 4
10989 (mol/L)%/atm? €& % LAE L TRDz. =0T Sm OHREREEA L LT Sm(CO)s> &
TEEUEHRTH S, H5 3IRGIHEHO Sm #ETH 5. Sm EERMEREIE 5 5 O3
SHERRE D HREL. SmCON* OFEERE L BEDOHN 30 5 TH ok X6 ITHEEIUET
KEEHIBIT 2 Sm BETH 5. Sm EBEOAEMEL SmCO)SHEET B LIRE L BRERERT
WEHE L -RROHECH 5. B 7 IKRFERERO S B, BREEEE 18.2 BX U 14.8ppmC TH
DJEEAD Sm BENEEETT, Sm BEOAEML SmCO)SDHEET 2 LIRE L ERRLRE
TFICHBELEBRODL &5 EhlIcH 5. FK 8 ITTRREEEEHRD 5 5. IBREEEEE D 52.2ppmC
THoHH Sm BEANEMEERT. Sm BEZ SmCO) 2RER TITEHE LEBRICIFF—HRL
T3,

DX S ICRGEAUH T AGRLSNE, Sm BEE RIS EORICE DS BMBESIHEIC X > T
THIEPTEE, ZEHEFUETAEREO Sm BESRVWOIL. B EFEEM L TWRWTREMEDS
BB

WEEY & IRBRA 4 2 P FT 53580 Sm D8RR
REEEGEICI., RAITTRENB LS. HODPIZT7 I VEBE ZVEBIESENT VD, 2T 3D
BEI N Sm BEE., RESSEORRICESWTRIATE 2. o7, UTD 2 EATHEh5,
1) 73 VEBRE TNV X BEEEARE & REBIC K 2R IEERE T .
2)pH8.4 75 8.8 T, FRIKERIERE 13ppm 5 52ppm ORMTILBRERT X 2B, 7
IVERE 7T X BEEATE RIS ZIMENT 5. '

....7_



DRI RIRBIEE DS AT Tl SmOHCO: BEIF A& . 7 3 VEER 7 VRER LA 2
TS 5 Sm¥BIUZOKRLWEEL BEH L OFEREMET T 220 TiERVnD»LEL
Bhdo ZOWMEDORERDEDIZE. 7 IVEP7NVTBLBRBEEE A5 L UTELEEE
ARPLETH B,

34~y hFA MRERE UMT/KRETO Sm BRENERR
3.4.1 EBA |

9 INERFIRZTT. AF LEMTAIX pH. Eh JlE#% 045 4 m ©7 1)V¥—Nalgen ¥
"Disposable Filter Unit", fHEREND—RADIZL D 2B L7k, AL, SHESFE 10000 ORA A8
ZA4NVE—(XVHRFTVIFy FE EVAy b LLGC, 4B F&E 100000 2N TE SIZAB L.
HITIXERE & UTEE - AR BIERRR X b R0 27507 SmOHCO: 24 20mg 0L 7=,
1 H##ER Eb, pH BIURERSEETC), BAMIRRER(TOC)., RRBEEICZRAE Lz, 3
25 CICRREIhAETu—T7 Ry 7 AR TERE Uiz, 40 BB XU 60 BEHER. FH20W L. £
HU B0 —% & DRERREETC),. REMIGRERE(TOC). RREBEEI(OZAEL:E. BDO
SR 2 A4 F & 10000 DIRA 2B 7 4 VZIZL b 8L ICP-MSizk b SmBEFEEL .
FERTCIIHESRFEBHIIRA 2B ET > TN 2720, FHRICIIBASEB7 A VS —DoBRHELER
#Ynhs Sppm BERA LTV,

3.4.2 ERFER L 2 ORE
(1) AR O Sm BER L UHER

40 HB LT 60 BHFEEOH T AFRC D&, Sm #E. FRYEE. RBEEOMERKRERGIZ
g
@) MTFAGERNIRE Lz Sm BHORZE

HTKOFERRE. SFEARHIERR L Sm BEAEZER L. XENTICX D EEET > /. SRED
XHREHT 22 UL SmOHCO: @ X #iEHF A< M INZ—E L=,
(3)Sm B OREGER |

10 25 12 ICB T AKERHC BT 2 Sm BEOWEE L. #7580 Sm BRESHEET T, &
TIEERIRET R L. 2 BT F I K bRz FRIOERIE Sm OREEER L LT Sm(COs)s>
PHELEL, ZOHBERER K17 2% 109 (mol/L)S/atm® Cdh % ¥ RE L TRD=o T/-0kE Sm O
Btk e UC Sm(CO)* 2B TIFHR LR TH 5. K 10 IS HHEM O Sm #ETH 2.

—8—



Sm FEEEESFFEEROFE D IcH D, X 11 BT TSR B3 2 Sm #ETH 5. Sm
REOAEMRIT. 1 RERE. SmCO)SDEET 5 LIE LERLEE FICHE LIRS &
S EHRICH B0 B 12 IFBEM T ASANI BT % Sm EETH 3. Sm EENDH & & HIzHb LT
<A, Sm REE SmCO)> R RERTIFHE LABRLALTH S, HEMERKE Sm(COs)™
PEET D LRELABRUETTICHE LAEROL &£ 5 YHEicd 3.

COE S HTAGRD Sm EEX RSSO ED  BREEHRE TS 28EIIH o /=,

3.5 HFAKAD Sm BEREEAERBROEH

HTKICBI 2 EREREERERD 575, Hilfl. 84, BLUERCERUAETAFTO Sm
BRERAE L. Sm KBLYEAER, KEISROBIE L B Ui, T KARMEEE L7 045 4 m
D7 4 WE—IZLD 2BRITo =50 BLU, 5 THERFE 10000 D7 1 V& — TN A8 ET
Sz DNT Sm BERRIE Uiz, Sm #EIE. 1 FI2RE. Sm ORESEARERE L a2z
EHELE Sm BB —B L, Zh s O TAPIZEIT 5 Sm EED - 3 SMHFERA 4 ETH
BIELBD oIz Sm LEHAFRET S THMDOH 27 I VES 7V RBORE IR W51,
COEMEIE. RS TV EOHFT T I VB 7NV RE L EAER LTS U0 H 2 Sm*B &
CEZDKBREYEEEROREMET T520LEL N3,



F4 E—HETERUANOMTKICE TN 28 4 > BLUEEDEE

HiF7k No 1 2 3
EL: i) 2H k] RER
FREUBFT £h WO & | R
250mbAT IE KNA-6 i—1 | #7184
W-16 VYL
pH 9.8 9.6 7.86
Eh@mV) 295 -300 -50
BECC) 15.5 155 27.8
B UEEFE (mS/em) 82.4 185 477
H# Na+ 10.9 455 10700
1 K+ 0.31 0.38 3020
il Caz 3.23 1.7 229
1 Mg2+ 315
4 Fe2+ 0.98
# Fest 0.45
v SO 11.68 <0.05
] SiOs(aq) 70
iy Sit* 5.48 <0.05
(ppm) Cl- 1.57 1.02 18800
I- 131
Br 136
HS: 1.04x10-11
HBOs2 68.6
NOg 0.04
S04 2.69 0.86 22.3
HCOs 22.67 22.4 903
COs 5 67.5
F- 0.13 455
TOC(ppm) 0.93 82
TC(ppm) 6.03
IC(ppm) 5.1
7 X CEEEE (pm) 104
7 VA EREE (ppm) 75
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# 5 HTADMERE Sm BERIERR

b F7k No 1 2 3
U 26 Hin s
25 No .1, 1.2 1 13 21,2223 |31, 32 33
Sm | pH 9.60 9.85 8.93
W |laesmeEnl 0 442 | 88 | 403 |
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1. Introduction

In order to predict the migration behavior of radionuclides in the natural and
engineered barrier, it is necessary to consider the possibility of increased solubility of
radionuclides caused by complexation phenomena. In this work, we compared the
solubility of Sm in alkaline solutions in which bentonite had been immersed with the
thermodynamically calculated one, with regard to carbonate complexes of Sm. In
addition, we measured the solubilities of Sm in ground waters and solutions containing

commercial humic acid.

2. Thermodynamic treatment of increased Sm solubility concerning as carbonate

complexes

2.1 Outline

There was a possibility that the experimental Sm solubility measurements in
bentonite immersed solutions at experiments carried out at 1997, could be explained by
carbonate complexation phenomena. In this section we examined the Sm solubilities of

carbonate complexes in a solution containing carbonates of 50ppm carbon.

2.2 Thermodynamic data for carbonate complex formations of Sm

We adopted values in the literature[1] as the equilibrium constants for carbonate
complexation reactions. These values are listed in table 1. The equilibrium constants
derived from the reactions in table 1. are listed in table 2.

There is no evidence for the existence of Sm(COs3)s*- complex . The Sm solubility,
however, would increase at higher pH solutions such as for a bentonite immersed
solution, if there were the Sm(CQs)s* complex. In this study, we assumed the
equilibrium constant for Sm(CQOs)s* complex formation to be 102689, obtained as
follows.

The equilibrium constant, K12 for the reaction,

Sm3 + H0 + COs=SmCOs* +2HF SR 4§

was



logK12=-9.51.
And that for the reaction
Sm?* + 2H20 + 2COz = Sm(COs)s + 4H*
was,
logK13=-23.1.

Therefore the equilibrium constant for COs* addition to a carbonate complex was

AlogK (addCOg) =-9.51 -(-23.1) =-13.59.
We assumed that the value of the equilibrium constant for further addition of COs? to
Sm(COs)z would be just the same as that for addition of COs* to SmCOs*. In other

words, the equilibrium constant, K17 for the reaction
Sm3* + 3COz +3Hz20 =Sm(COs)s >+ 6H*

was assumed as,
logK17 = logK13 +A logK (addCO2) = -36.69.
According to Yamaguchi[2], the equilibrium constants for Am(II), witch

complexation constants are very similar to those of Sm(III), are,

Am¥+ COz +H:0 =AmCOs*+2H*; logKi8 = -10.35+0.8 ...(1)

Am® +2C0z +H:0 =Am(COszz +4H*; logK19 = -24.41+1.0
Am3t+3C02 +H20 =Am(COs3)s* +6H"; logK20 = -39.251+0.6
The value
logK19 + (logK19-logK18) = -38.45 13 = ... (7

agreed well with the equilibrium constabt K20 = -39.25 0.6, “within the error.
Therefore, the estimetion for the equilibrium constatnt K17 would agree with the true

value with in the error of +1.3.

2.3 Comparison with experimental results

(3D
...(69.



The calculated Sm concentration is shown in Fig. 1 for the case of 360ppm CO-
partial pressure. When the value of logK17 was assumed to be -37.69, calculated Sm
concentration was 108 M at pH 8.5 and 10 at pH 9.25. These values are close to
those in the literaturef1].

In the experiment for the bentonite immersed solution, the carbonate concentration
was 52 ppmC and 27 to 51 ppmCin the filtered period and after immersion of Sm
solid, respectively. Therefore we calculated the Sm concentration under the condition of
50 ppmC concentration. The results are shown in Fig. 2. In the same figure, the
measured values of Sm concentration are plotted for the bentonite immersed |
solution[3] and for a simulated solution of bentonite water, which were data from
Power Reactor and Nuclear Fuel Development Corporation. The experimental results
agreed well with the calculated results in which logK17 was assumed to be -36.69.
Therefore the Sm concentrations of those solutions were well explained by carbonate

complexation reaction.



Table 1. Equilibrium constants for fundamental reactions

No | reaction equilibrium | equation for activity calculation®
constants
1 SmOHCOs(er) + 3H* logK1l (Sm3+)=10948- (H*)?
=8m3+ + 2H20 + CO2 =0.46 «{SmOHCOs(cr)} /P(CO2)
2 SmOHCOs(er) + H* logK2
= Sm3++ H:20 + COs2- =-8.69
3 SmOHCOs(er) + H* logK3
= SmCQs* + H:0 = -0.05
4 ‘Sm3+ + COs?- logK4
= SmCQOs* = 8 .64
5 SmOHCOs(cr) + CO: logKb
= Sm(COs)2- + H* =-.13.64
6 Sms+ + 2C0s2- logK6
= Sm(COs)2- = 13.2
7 Sm(OH)s(er) + 3H* logK7 (Sm3+)=1016.4
= Sms+ + 3H:20 = 16.4 (H*)3-{Sm(0OH)s(cr)}
8 Sm(OH)as(cr) + 2H+ logK8
= SmOH?2* + 2H:0 =92
9 Sm(OH)s(cr) + H* logK9
= Sm(OH)2* + H:0 = -5.34
10 Sm(OH)s(cr) logK10
= Sm(OH)s(aq) =-8.5

*Sm(OH)s(cr)} ete.: activity of solid phase and to be 1, P(COg): partial pressure of CO:.

{(Sm3+):

Table 2.Euilibrium constants derived from table 1.

activity of soluble substances.

No reaction equilibrium equation for activity calculation®
constants
11 COz + Hx0O logK11 (CO352-)=10-18.16-P(CO2)/(H*)2
(2-1) =C032- + 2H* = -18.15
12 Sms+ + H20 + COz |logKl2 (SmCO3*)=10-2-51+ (Sm?*)
3-1 = SmCOs* + | =-9.51 - P(COz)/(H*)?
2H+

13 Sm3+ + 2C0z2 + 2H:0 | logK13 (Sm(COs)2)=10-281-(Sm3+)
(5-1) = Sm(COs)e + 4H+ | =-23.1 + P(CO2)%/(H+)4
14 Sm3+ + H:0 logK14 (SmOH2*)=10-7-2-(Sm3+)/(H*)
(8-7) = SmQH2+ + H* =-7.2
15 Sms+ + 2H=0 logK15 (Sm (QH)2*)=10-21.74- (Sm3+)/(H*)?2
(9-7) = Sm(OH)2* + 2H* | =-21.74
16 Sm3+ +3H:0 logK16 (Sm(OH)3)=10-249+ (Sm3+)/(H*)?
(10-7) =Sm(OH)s(aq) + 3H* | =-24.9

*P(COg): partial pressure of CO2. (Sm®%): activity of soluble substances.

Table 3 Assumed equilibrium constant for Sm(COs)s - formation

No | reaction equilibrium equation for activity calculation™
constants
17 Sm3++ 3C02 + 3H:0 logK17 (Sm (CQOs)s8)=10-36.69-(Sm3+)
= Sm(CO3)s 5+ 6H* =-36.69 - P(CO2)8/(H")®

*P(COs2): partial pressure of CO2. (Sm#): activity of soluble substances.
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3. Measurement of Sm concentration in sampled ground waters
3.1 Outline |

In these experiments, we measured Sm concentration in ground waters which
have been sampled at Kamaishi, Tono, and Mobara. We compared the measured
concentrations with thermodynamically calculated ones regarding carbonate

complexation in order to identify the dominant reaction which controls the solubility.

3.2 Characteristics of used ground waters
Table 4 summarizes the chemical substances contained in the ground waters which

have been sampled at the same place.

3.3 Sm solubility measurements for sampled ground waters which stood in watersin a
narrow passage underground.
3.3.1 Experimental

The experimental procedure is shown in Fig.3. We measured the pH and Eh of the
received ground waters and then filtrered them using 20.45 4 m pore size filter
(Nalgen, "Disposable Filter Unit", made of cellulose nitrate). Then we added about 20
mgof SmOHCOs solid phase which was supplied from Power Reactor and Nuclear
Fuel Development Corporation. The prepared solutions were kept in a glove box in
which the temperature was controlled at 25 °C. After the aging period (40 days or 60
days), two portions of the solutions were sampled from each solution. One portion was
analyzed for the total carbon concentration (T'C), total organic carbon concentration
(TOC), and total carbonate concentration (IC). The other portion was analyzed for Sm
concentration using ICP-MS, after filtration using a 10000 molecular weight cut off
filter.

Details of the TC, TOC, and 1C measurements are shown in Fig 4. The portion for
this measurements was divided into two. One half was filtered using by a 10000
molecular weight cut off filter. This half was divide again into two portions. We added
0.1M-HCl to one of them and carbonate in the solution was purged with Nz gas.

TOC was measured using the solutions potion for which the cut off filtration was not
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applied but carbonate purging was carried out. Probably, ground water samples
contained carbonate colloids which could pass through the 0.45 12 m pore size filter.
For the soluble carbonate concentration, we adopted the measured IC values for the
solution on which the cut off filtration was carried out. The diference for the IC values
would be the carbonate colloids concentration between the solutions on which the cut

off filtration was carried out or not.

3.3.2 Results and Discussion
(1) Sm concentration in ground water samples
Results are listed in  table 5 for the concentrations of Sm, organic compounds, and

carbonates in the solutions settled for 40 and 60 days.

(2) Identification of solid phases immersed in ground water samples

After settling for 60 days, the solid phases of Sm were recovered and identified using
X ray diffraction spectroscopy. The X ray diffraction spectra for the solid phases from
ground waters sampled at Tono and Kamaishi were identical with spectrum of
SmOHCOs. The X ray diffraction spectra peaks of NaCl and CaCOs were observed in
the spectrum of the solid phasefrom goround water sampled at Mobara in addition to

the peaks of SmOHCOs.

(3) Dominant factor which determines the Sm concentration

Figs. 5 to 8 plot experimental data and thermodynamically calculated Sm
concentrations. The experimentally obtained ones were for solutions settled for 60 days.
The calculation method was described in the section 2. The solid lines in each figure.
were calculated assuming the exiétence of Sm(COs3)s 3- complex the constant of
109689 (mol/L)¥/atm?. The broken lines were calculated with the Sm{COQOas)s 8-
complex formation neglected.

In Fig. 5, results for the Kamaishi samples are plotted. The measured Sm
concentrations were larger than the calculated ones. They were 30 times larger than

the caleulated results assuming the Sm (COs)s 3 complexation. In Fig. 6, results for
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the Tono samples are plotted. The measured values of Sm concentration were
between the calculation results assuming the Sm(CQOs)z 3 complexation and those
assuming non. In Fig. 7, results are plotted for the Mobara samples containing
carbonates of 13.2 and 14.8 ppm C. The measured Sm concentrations were again
between the calculation results assuming the Sm(CO3)s3 complexation and those
assuming non.  The results for another Mobara sample, which contained 52.2 ppm C
of carbonates, are plotted in Fig. 8. The measured Sm concentrations were close to the
calculated ones in which the Sm(COQOz)s 3  complex formation was neglected.
Except for the Kamaishi samples, the Sm concentrations could be explained by
carbonate complexation phenomena. In the Kamaishi samples, the solid phase might

not have reached the stable state.

(4) Complexation of Sm when carbonates and organic compounds are in the solution

The samples from Mobara contained the humic acid and fulvic acid shown in table 4.

The Sm concentration, however, could be explained by carbonate complexation
phenomena. This finding suggested the following.

1) Sm lcomplexation with organic compounds and carbonate were competing.

2) Complexation with carbonate would be stronger than that with organic
compounds when pH was between 8.4 to 8.8 and carbonate concentration is
between 13 to 52 ppm C.

We supposed that when the carbonate concentration was relatively large, the
formation of SmOHCO:s solid phase reduced the equilibrium concentrations of Sm®*
jon and its hydroxide complex ions which could form complexes with organic

compounds.

3.4 Sm solubility measurements for sampled ground waters under the circumstance
which stands in the bentonite.
3.4.1 Experimental

The experimental procedure is shown in  Fig.9. We measured the pH and Eh of the

received ground waters. The solutions were filtered through a 0.45 ¢t m  pore size
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filter ( Nalgen, "Disposable Filter Unit", made from cellulose nitrate) and by a 10000
molecular weight cut off filter. Next, we added about 20 mgof SmOHCO; solid
phase which was supplied from Power Reactor and Nuclear Fuel Development
Corporation. The prepared solutions were placed in a glove box in which temperature
was controlled at 25 °C. After the aging period (40 days or 60 days), two portions of
the each solutions were sampled. One potion was analyzed for the total carbon
concentration (TC), total organic carbon concentration (TOC), and total carbonate
concentration (IC). The other portion was analyzed for Sm concentration using ICP-MS,

after filtration using a 10000 molecular weight cut off filter.

3.4.2 Results and Discussion
(1) Sm concentration in ground water samples
Results are listed in table 6 for the concentrations of Sm, organic compounds, and

carbonates in the solution after settling for 40 and 60 days.

(2) Identification of solid phases immersed in the ground water samples
After settling for 60 days, immersed solid phases of Sm were recovered and identified
using X ray diffraction spectroscopy. The X ray diffraction spectra of all solid phases

were identical with the spectrum of SmOHCOs .

(3) Dominant factor which determines the Sm concentration

Figs. 10 to 12 plot experimental and thermodynamically calculated Sm
concentrations. The calculation method was described in the section 2. The solid lines
in each figure. were calculatied assuming the existence of Sm (COs)s 3 complex with
the complexation constant of 1069 (mol/L)¢/atm3. The broken lines in the were
calculationed with the Sm(CO3)3 2 complex formation neglected.

In Fig. 10, results for the Kamaishi samples are plotted. The measured Sm
concentrations were the same as the calculation results. In Fig. 11, results for the
Tono samples are plotted. The measured Sm concentrations were between the

calculation results assuming the Sm(C0Os)a 3- complexation and those assuming non.
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In Fig. 12, results are plotted for the Mobara samples. The measured Sm
concentrations decreased with pH increase. The measured values werey between the
calculation results assuming the Sm(CQOs)s 2 complexation and those assuming tnon.

The Sm concentrations could be explained by carbonate complexation phenomena.

3.5 Conclusions from the Sm solubility measurements

In order to identify the dominant factor for Sm solubility in ground water, Sm
concentrations were measured in ground waters sampled at Kamaishi Tono, and
Mobara. The measured values were compared with the thermodynamically calculated
ones with and without the assumption for Sm(COs)s® complex formation. The
measured values agreed well with the caleulated ones, except for the series of samples
from Kamaishi. The dominant factor for Sm solubility was the carbonate
complexation phenomena in our experiments. There was no evidence for Sm
complexation with organic compounds. We supposed that the formation of SmOHCO3
solid phase reduced the equilibrium concentrations of Sm3* ion and its hydroxide

complex ions which could form complexes with organic compounds.



Table 4 Concentrations of inorganic and organic compounds in ground waters

sampled at the same place as solution used in this work

ground water No 1 2 3
sampling place Kamaishi Tono Mobara
sampling point Kamaishi Tono  mine | Mobara
250m level tunnel | KNA-6 boring | #78 well
W-16 point
pH 9.8 9.6 7.86
Eh(mV) 295 -300 -50
temperature(’C) 15.5 158.56 278
conductivity(mS/em) 82.4 185 47.7
Nat+ 10.9 45.5 10700
conc. K+ 0.31 (.38 . 3020
of Ca®+ 3.23 1.7 . 229
inorganic | Mg 315
species Fe?r 0.98
(ppm) Fe 0.45
SO2 11.68 <0.05
Si0z(aq) 70
Si 5.48 <0.05
Cl- 1.57 1.02 18800
I- 131
Br 136
HS- 1.04x 101!
HBOs 68.6
NO= 0.04
S04% 2.69 0.86 22.3
HCOs 22.67 22.4 903
COz b 67.5
F- 0.13 4.55
TOC{ppm) 0.93 82
TC(ppm) 6.03
IC(ppm) 5.1 _
humie acid (ppm) 104
fulvic acid (ppm) 75
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Table 5 Characteristics of samples and measured values for Sm concentration

ground water No 1 2 3
sampling place Kamaishi Tono Mobara
sample No 11 12 ) 1.3 | 21722 [ 28|31, 532, 33
pH 9.60 9.85 8.93
=S I R U U
S’ [ORP -442 -386 -403
o (@VivsNHE) A oo
E organic 8.1 1.2 49.5
& compounds
g (oG __ 4
5 | carbonate 5.8 19.1 73.2
om
carbonate <0.1 7.5 117.8
colloids
o 4 ]
Sm ] e
(mol/L)
. |pH 880 | 882 1 882 9.19) 9.20 , 922 [ 8.75 | 8.75 | 8.34
< __“_I ___I I | . | I | o | ]
e S N .
@ |@VivsNHE)| ___+ | oy o b ]
= | organic a0 Tod too Tas Tir a7 Te1 s 80
% | compounds . L .
| epmC) | oy ey ]
carbonate 77 T 777 (219722972207 286 | 261 | 61.7
| epmC) __ | ]
carbonate — -E_ — —1— - 1.5_!— 0.4_1_0.7 — T —_ _!_ -
cokids .
| \ppmb) | I SV SO V- SO HVS U VA
Sm 50 5% L 60 | 18 1 82 1 15 | 32 1 15 | 84
(mol/L) x107 ! 107 ! x107 | x108 ! x108 ! 108 | x107 | x10% | x107
- |pH 899 | 898 ; 8.99 | 9.39 | 9.40 | 9.43 [ 8.76 | 8.73 | 841
S | 1 I 1 | |
o b ____I . | e—_ | e | N | —— 1 ]
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o |@VivsNHE)} ., | __ b ____,___,L____;_____
& | organic 87 1 30 1 28 | 48 1 26 1 21 | 5281 50.6: 54.1
compounds : : : I; : :
 (pmC) ____ | ]
carbonate 78 T8 T 79 19.0T 18.5_!_ 19.8 14.8T13.2T52.2
1
| pmC) ____ | (SRR NS pUR AN OSSN S SR EOSyRUN RpR—
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ol | ! O
ppmC) ___ | S U SN I S S E SO
Sm 78 T eE T8 (83 T EG T s Te7 T 1 10
(mol/L) x10% | x10¢ | x10% | x10° | x109 | x10° | x10® | x10° | x108
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Table 6 Characteristics of samples and measured values for Sm concentration

ground water No 1 2 3
sampling place Kamaishi Tono Mobara
Sample No 41 ) 42 | 43 | 5115253 |61 62, 63
pH 9.48 9.33 8.35
=
® b i ————_———— e
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w |@VivsNHE) | ]
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4. Effect of carbonate complexation on Sm solubility in solutions containing commercial

humic acid

4.1 Outline

In this section, we examine the effect of organic compounds concentration and
carbonate complexation on Sm solubility in solutions ¢ontaining commercial humic
acid and dilute carbonate. The Sm concentrations in the commercial humic acid
solutions were the same order of magnitude while the pH of the solution varied from
8.6 to 9.2[3]. To explain this finding, we presented two hypotheses.
1) The Sm concentration was controlled by carbonate complexes.

2) The concentration of organic complex of Sm reached to the saturation.

In this section, we compared Sm concentrations with thermodynamically calculated
carbonate complex concentrations. Then we measured the Sm concentrations in the
solutions contained lower concentration of commercial humic acid than in the previous

work[3].

4.2 Experimental
4.2.1 Preparation of commercial humic acid

25 g of humic acid-Na form, obtained from Aldrich Co., were dissolved into 0.500 L
of 0.1M-NaOH solution. The solution was stirred for 8 hours, settled for 48 hours, and
then decanted. The decanted solution (I1st mother solution) was filtered using a 10000
molecular weight cut off filter[3-6]. The filtered solution( 2nd mother solution ) was
used in the following experiments.

The 2nd mother solution was titrated. The measured proton exchange capacity was
0.116 eq/L (0<0.001eq/L).

In order to evaluate the amount of humic acid component in the 2nd mother
solution, the humic acid separation was carried out[3,7]. A portion of HC] was added to

a potion of 2nd mother solution, and the precipitate was recovered. The precipitate

would be humic acid contained in the humic acid-Na form ohtained from Aldrich Co.



The precipitate was dissolved to 0.1M-NaOH again, and the titration was carried out
again. About 40% of the organic substances in the 2nd mother solution was humic acid

and 60% was fulvic acid.

4.2.2 Experimental procedure

Six portions of the 2nd mother solution were diluted with pure water, and NaClOa was
added to control ionic strength. Three solutions contained 2.3x10%eq/L of organic acid
and three contained 7.0x10°% eg/L. About 20mg of solid Sm(OH)s were added to each
solution., The solutions were placed in a glove box in which the temperature was held
at 25°C. After settling, samples were taken from the solution, and filtered using a

10000 molecular weight cut off filter. Then Sm concentration was measured using
ICP-MS.

4.3 Results and discussion
4.3.1. Identification of solid phases in the solutions containing commercial humic acid

After settling for 60 days, solid phases of Sm were recovered and identified using X
ray diffraction spectroscopy. The X ray diffraction spectra of all solid phases were
identical with the spectrum of Sm(OH)s .

In Fig. 13, measured values of Sm concentration for the solution left to settle for 60
days are plotted against pH along with the calculated ones. The [0 marks indicate the
results for the solutions in which 2.3x104 eq/L: of commercial humic acid were added,
and the O marks are for the solutions in which 7.0x10 eq/L of the commercial humic
acid were added. The ¥V denotes results for blanck solutions in which no
commercial humic acid was added The A indicates results of experiments carried
out last year[3]. The solid line in Fig. 13 is the calculated result for the concentration of
hydrooxide complexes of Sm3*equilibrated with Sm(OH)s solid phase. The broken line
is caleulated for the summed concentrations of hydrooxide 'complexes and carbonate
complex equilibriated with SmOHCOs solid phase which was not observed in the X-ray
diffraction spectrum, but may be present. The measured values were larger than both

calculated curves. It was not reasonable to explain the Sm concentration by carbonate



complexation.

In Fig. 14, the measured values of Sm concentration are plotted against the
concentration of organic compounds in each solution. The gradient for the log-log plot is
just unity.

We concluded that the Sm concentration in the commercial humic acid was
proportional to the organic compounds concentration in the solution.

Kim[7], and Choppin{8) proposed models for the complexation between
radionuclides and humic substances. The calculation results based on those models
are shownin Figs. 15 and 16. In Fig. 15, Calculated results from Kim's model
decreased with increasing pH. In this mode], the equilibrium

Sm3* +HA = SmHA
favored the left side with increasing pH, because the equilibrated concentration of
Sm3* on the solid Sm(OH)s decreased with pH. The experimental results were almost
all independent of pH. Kim's model did not describe our experiments.

In Fig. 15, calculated results from Choppin's model were almost all independent of
the pH. Because of the high complexation constant value which was obtained from
Choppin's model, almost all of the humic substance would form Sm complex. Therefore,
the Sm concentration, in eg/L unit, would be equal to the concentration of humic
substance. The experimentally obtained Sm concentrations were 30 times smaller

then the humic substance concentrations. Choppin's model could not explain the

preseent experimental results.

4.4 Conclusions on the Sm solubility in solutions containing commercial humic acid

The Sm concentration in commercial humic acid solutions was proportional to the
organic compounds concentration in the solution. The Sm concentration was larger
than the calculated values, with regard to the carbonate complexation phenomena.
The dominant factor which determined the Sm concentration would be the
complexation of Sm with organic compounds in the commercial humic acid solution. In
this work, the solid Sm phase was Sm(OH)a. There is still a possibility that the

dominant reaction for Sm dissolution would be the carbonate complexation if the solid



phase were Sm(OH)COs?-,
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Fig 15 Calculated Sm concentration from Kim's model[7]
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Fig. 16 Calculated Sm concentration from Choppin's model(8]




5. Conclusion

The Sm concentrations in commercial humic acid solutions was proportional fo the
organic compounds concentration in the solutions. The Sm concentrations were larger
than the thermodynamically calculated ones with regard to carbonate complexation.
Both hypotheses were rejected for Sm concentrations in the commercial humic acid
solutions being the same order of magnitude while the pH of the solutions was varied.

The dominant reaction for Sm dissolution was determined as carbonate

complexation for the bentonite immersed solution using Sm(OH)s as the solid phase.
The dominant reaction was also the carbonate complexation for the Sm dissolution
phenomena in the ground water experiments. No evidence was observed for Sm
complexation with organic compounds.

The carbonate concentration was about 50 ppmC in the bentonite-immersed
solution, while it was less than 3 ppmC in the commercial humic acid solution. In the
ground water experiments, the solid phase was SmOHCOs. We supposed that when
the stable solid phase was SmOHCOsz, on which the equilibrated Sm?* concentration
could be lower than that on Sm(OH)s, the Sm complexation with organic compounds

was depressed.
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