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Investigations on Systematics of Thermodynamic Data and Comparison of Estimation of
Solubility Values among Different Activity Coefficient Models for Development of

Thermodynamic Database
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Investigations on systematics of thermodynamic data were performed for enhancement of
thermodynamic database for performance assessment of geological disposal of high-level
radioactive and part of TRU wastes. Correlation between standard free energy of formation
and standard enthalpy of formation was investigated, and it was shown that estimation of the
standard enthalpy of formation from the standard free energy of formation was possible using
the correlation. Three models on systematics of formation constant of actinides were
compared and the best model was proposed. It was shown that estimation of formation
constants for unpublished actinide species was possible using the model. Furthermore, two
models for estimation of activity coefficient which was required to estimate solubility of
elements of interest and the estimated activity coefficient were compared. It was found that
the estimated solubility values using the one of the two models were 6 times larger/smaller at a
maximum than those using the other. It was expected that the estimation of unreported
thermodynamic data would enhance thermodynamic database was useful and use of more
elaborate activity coefficient model was required to improve the reliability of the performance

assessment of geological disposal.
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LREO /N REFROU A LM E, Int, & Slp, 13(p.g)LFFEO R/ REMROYI A LHE, 2y
ErlIBEA A OB &R ERT, SplE, KEBA A UITHEA LT BB DK
O N T, ATERIND,

Slp,=0.187 ©.> —0.814 O, + 0.78 )
I big,
Int, =3.58 — 62.67 Sip, 3)
log Upg=log[(¢g—p+ 1D!1-05(q-p)(g—p+1)logk “4)
1 )
log k =—(2— @y Jexp —;Z(eM —&1) )
1

ZIT, OIFBBNLFITH L THG LTV DEEA T O, euB LW e 1TBEA A
B LOBNLF OfRFERL T O HHBE (3 Tl“electronicity”) &7, = bHIT,

g@i=(1+D+e’S)am+2) (6)
2 =gm(zm—1)-0.05d [(y - 1)( &' —3)— 1][n— B+ 201 —y zm)(1 - S) (7

22T, DIFdHENHKAIHEN SN TWDESE 1, TRUNOLEITZ0, SI3A 4 Dk
SN s BFPFET D56 1, TNLSADOGEIT0, nlXFEETFE, gn)itn>1D5HE1,
ZNLSDOZAEIL0, diZA A DRIGKICBT D dEFOEE, y TR FISHIET 5 ERA
—Jtl (CHs NH3, H,O, HF, HCL, HBr, HI) O%8E130, A% Ve GEER(bKFERE, oile, I

W7e L) O%&EIX1 ThD,

222 WHEERET L
Moriyama et al.{, 7 7 F = KA &2 OIK R 125 L OUREREE RS o x4 5 854
RES A, WMIAERET /L (Hard Sphere Model) % HWTHERE LTV 5, FIHAERE T /LTI,
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HOLOT 7 F = N A B X OVELOBRNL T BEER DX A A2 DFAE L7208 B W IERAL
D IRNG AT H0 BENLT D LARE) TR TEMURER & 70 L, E/\H S (6 BAL)
DEEENTELIND DO EMELTZH 2T, RAD LS IZ7 —r UAHEAERIC E > THRAET
DERERT X NV ORIARD 5,

E=Y(z2; /e dy) @®)

i#]

T, EEHERT Vv, ZB XN ZITANRER i 38 KOV OFEN, o IXAIKERF O CF
Yy) Leah R, d i 3RREK i & j OBEMEEBEZ R, A AU TREE 0 1231 D BEAERUERL oI
PEAERAE & JEBRAER A A EDRT v b s TRAVX—FE AE, KIKEH R BEONEE T
2T, wATRkshb,

pe=exp(-AE/RT) )

223 EMLFREET IV

Neck and Kim 1%, EAL 1 %&E T /v (Ligand Repulsion Model) % FWC, 727 F=FD
IR FREE D ZMEIC B T 2t 217> T\ b, BNIFR3EE T VI 2 fEFE O R 515
ﬁi‘ % 6 (e}

FHEGE (A)
PEAEREENTT 7 F = KA A DEM (Zy) &7 7 F = REMNLT & OBEMEREE (dy) O
B35, Tebb,

IOg ﬁo oC (ZM / dM-L) (10)

EWIHOREICHESE, BEHRE SN TV AHEICESE, /N RIEOHHIEREZFI<, Z D
&, BN FOEEB T LI B 5 BRI TR 5, B/ ZIRIEIC TR LIV —IRBIEIZ Zy /
dyr AT, BEEERERD D,
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FESGE (B)
KEE(LA A (OH) 8 n fHENL L2 DT 7 F = KA F v Ok e, ULF
DR THzZ b5,

log f°1,=nlog f°11—"PEL/RTIn 10 (11)
PEL = ! Ny e’ Ly _Alu (12)

ZIZT, NAlEZT7 AT Fa#y, e 1IFEM, ZLB L ZLIIEN FOEMBMTH D, £z, diod
F W e, BUfZ L & ELF L & o OB B d K O R (electrostatic shielding)
Thbh, LFORXTEREIND,

di= (dM—LZ + dM—L‘2 —2 dyL dyis coS @L—M—L‘)l/z (13)
EL-Lc = C(O)L_M_L‘ + C(I)L_M_L‘ (@L-M-L‘ / 1800) +..+ C(ZO)L_M_L‘ (@L-M-L‘ / 1800)20 (14)

ZIT, OumAEIF L EFERE M EEALF LE DT ), CPiaw TR

(CPpmre=-23, CY v =94, CP0 o =-15) TH D, Z 2T, BN+ & e HE 02T Al
BNDRIENFEET D86 L L, $ERFEOMAD ML, THIUIERE, ML; THIUXFE—Fim
ETO=MA, ML, ThHIUXENmAMEE, MLs CTHILL =R #EE 7 I v R (trigonal
bipyramidal), ML CoH VT E/N\mEMEE & T 5,

22.4 NEA-TDB (Z351F % Ml 2 HO AR O HEE ~ D HVERES

BFEBONLFDSENLT DA OV T, NEA-TDB O %TF — 2 _N—2 b FEAET 0 (f
—BERE TV, HURERET v, BN FROEET VN (ABXONB)) O EITo7-, *HREL
7o LR, SR EN D WL a =g A1), 7T (AV), 27 =7 A(1V),
TN =T AAV), TAY A E L, KGEANFIIKEB A A (OH), REEA A

(COs™), 7 vie1 4> (F), kWA 4> (C), Wilg1 4> (SO5) 3B X OGIEA 4
> (NOy) & L7

KO FRTEEN DN C Ll L7258 %,  Figure 82> 5 Figure 121289, #—HiHETT /LT
HEE SN TR REET, EDItHEIZH VT H NEA-TDB DEL Y HEWZ EBRbholz,
—J5, WRERET LV EENL T T NV TIE, ZrAV)LIIMZ DWW TITHEEIEA NEA-TDB &
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—HT DRI NRTA=ERRESNTND Z &0 D, HEEED NEA-TDB ([ZITVME S 722 5 D
XERTH D, 7272, Ya=7 AQAV)D NEA-TDB I, Wi T /L O SCAB % ISR
SNTNDZEnD, Yhamy A(IV)#EELZ K <HATE 2 2 LIXERICET 2,

IRERA A 2 DNBINL L7z & & OfE %, Figure 137> 5Figure 170279, &E7 /L DOHF Tl
BN RFEET L (A) ICRHHEEMD S - & 6 NEA-TDB EEMEIZITLS, HRERET LI
X AHEEMEMN ZIUTH D THVVEE 72> TWD Z ERNbnd, Pba=1 A(1V) (Zi(CO;)")
DOHEEMIZ DN TIE, HERERET NV EBNMFRIEET L (A BLDB) THERAETIR OGN
A/ N

7 AL A A ISEL LT A OFER %, Figure 187> 5 Figure 2212777, #—BligE T /L
(2 XD Ze(IV)DOHEEM DS, BAEA 2 & 3 O TRE EMT 28 dIE, BdfrZk 3 LLETIE

d MBEAZMHHT L) L L TWHDTHD, i—HmETT VICKAHEMIX, V7 1V)
LR 7Y = A(IV)TIE NEA-TDB BEMEIZIENH D E 72> TWDHR, Yba=7 AIV)IZD
Wi NEA-TDB #EE & DR —ENRKRENWZ ERbD, £, HEKRETF X HHE
X, bbiA) NEA-TDB BEEISEWH OO0, B e < 725 & NEA-TDB S#EfH & D7
MREL RHMEMEFIOZ LN bND, BMFRFEET LV (A) IZLDHEEMILX, Yra=
7 AAV), 77 AV), 27V =7 A(IV)TiL NEA-TDB EEEIZITVH DD, 7 v{bWskik

(PuF*'<° AmF,") TOR—FHBHIZHSL,

WAL A A, WilEA A v B L OWEEE A A 2 INEAL L7256 OfE R %, Figure 237> > Figure
37NTRT, BN FREET L (A) ICKDHEEMD, - & b NEA-TDB EEMICTVE D
LMo TNWDLZ Enbnnd, HKERET WVIC X 2HEEMIL, 7 v bWk O%A L RIS,
Fofr i@ < 72 % & NEA-TDB BEfH & DN K E S R DEM ARSI En3bh D, Hii—H
WET VI K DHEEMEI, WIRERE T L B HEEMEICH RS & NEA-TDB & EMICITV
DERSTNDLZT DD

BERIICIE, BAFREET LV (A) IR DHEEMD, & o &% NEA-TDB JEEMHEIZITV
ZEMPND, T2, B FRIEET VITBFEOBN) T — 2 OREME L Ewm T 5 Z &N
AR CTH D70, BN FET — 4 LRI e D8RR OB T — 2 IIHETE 5 b
DO, EHELEEARTE (Pl 2 1E%ET 2 e Fafx VREEHR) OBNZT — 2 OfEEIXRE T
D

U EDFERNG, 77 F= RHROEBS )77 — 2 ODHEEICH L bE L TWND EFEZ BN
O, MEHICREENHTATETEBY, DORBEDEN T —Z OHEENES TH 5
HAERET L ThHEZZXLND, 277 L, TNETHRRTEZ LI, HHRERET LA
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IR HEEE 2R 2 IR SN2 LD, #—BERE T /U X D HEEE e EhoH
EME & R LN BN T — 2 B BET REThHHEEZOLND,
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3. IEEMRECET VORI X DR EEFHERS R o ik

11X ®IC
[ 2 RELD £ 2B OMREREHMTIX, ALY 7HOMEKB IR THOH#TT

KIZET D RIGIe R OVEFRIERH R 21T 5 BRIC, IE &R ZERATE 5 Davies E7 /VIZ K
STHEHLTWS 'Y,

JI
logjoy; =—0.5102 22| Y2 __031, (15)
1+.4/1,,
1 2
=— > mz; 16
22 2 (16)

2T, oy B mTENENA AV i OIFERE, &, EAVEERE, L I$ELA 4
VERIETCH D, ZDOET ML, A A FREN 0.1 molkg! LLTF DIEIRIZEB W CHERREZ X <Fi
HCc&x2LanNTBY 7, BAKRHTAD X S 781 4 BERKECTHWDS Z LIRS TH
D07, A A HEMN 0.5 molkg! & HEARH F/AKERBECTHWS Z L IIZEMNAEL 5,

NEA-TDB Tid, HFEMRHEET VL LTRATREND SIT Z/HNTEY, ZOEFALT
HAUTA A 580 3.5 mol kg FE £ THHANARETH D L Ebh TS Y,

logm;/j =—Z]2.D+Zg(j,k,1m)mk 17)
k

D:—ﬁﬁ;— (18)
1+ Ba, I,

Z ZC, DI Debye-Hiickel T8, e(jk L) XA A 50E [, IZBIT 5 A 4 j OXEREA A k
(ZKIT oA F U EAERRECH D, £z, 4 & BalE 298.15 K, 1 [EIZBWTZENRER
0.509, 1.5 LWHEIZ/ARD Z EMNBNTND Y,

JAEA-TDB Tt%, OECD/NEA ODH A KT A4 v NZHSE, SIT W TA AV BEMIEE
THZ2EL LTS, ZOSIT ZHNWS2DI2IE, A4 AHAEERBREROENLEL 25,
IO, RETIIREFE LT, 2Kk ED F &0 IZBIT DIEMREFE T RIS
9 DAL T oA A UAHEAERRBOTRRELZFH L L L blg, HEMEET LOE
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BN RREE R R KE T B OV TIRET 21T o 72,

3.2 A A AR EAE AR OB AR

[E2RBD £ED] DL T 7 LU A —A BT 5 EERBRFELFRICONT, £ 4
FHAAERER OB R &2 A U 7245 5 % Table 712~ 3, PEREFEA L E 2 18 LHE D 9 b,
AEMECH DY T L %R 17 0RO SFER 2B PRI L C, EER A 4 & LT
kA A (C), WiEHEmA 4 (Cloy) B X UMHREA A4 (NOy) o 3 ffl, FEMRE;
A F e LTIFvLAaAy L), TRITLALFL (Na') BRI Y TLAF L (K)
D 3FEIZXT DA A A ANERRBEOATATIE LTz, A AU MAFERRENE, FrEEmo
LFERETIZ0OTHY, FLRU[FEOMFERE ) LOMEEHBHFEELRNLO LESH
TWb, A A FAVERERED NEA-TDB THEfH STV D b DX, 24 EIA LR (RIEME
O Cs'EPHEALFREEZBRS) 2D 5, T AU T LD 3VELALER 4 [ L2 &
bingd, LI=NoT, ZOMOEFLFREIZOWTIE, 510 ETA 4 M EAERREK
BRETDUNEND D,

3.3 Davies 15 & SIT {EIC X 2 1H AR O F R R o Heik

NEA-TDB Tl¥, A 4 U AVERREIMEFRORERN Z L IilE S Tnd % oz e
1, W CHREMOFFEDA A AR ELU L TS Z L 2R LT\ 5, £z,
INC-TDB Ci, ¥~V UL, T/7F=2UABL0F 2 VAORS)FET —ZIZONT, T
RCT AV VY LOEEBEAL TV D REHFICBVN T, 7L b=y A1) b T
b5 '), TOMOBEFAFEREAARER T LIHET D L, BROLLTD 7 70—
HansZ kizks,

- AmCO; 7 /v—7 :  SmCO;", AcCO;", PuCO;", AmCO;", CmCO;"
- Am(CO3), Z/L—7":  Sm(COs)y’, Ac(COs)’, Pu(COs),, Am(COs),, Cm(CO3),
- Am(CO;) 5" 7 /b—7 : Sm(CO5)5>, Ac(CO3)5>, Pu(COs)s>, Am(CO5)5*, Cm(COs)5>
WEM2 7 v—7 . Ra*
K 0 7 V—>7" 1 Zr(OH)4(aq), TcO(OH),(aq), Pd(OH),(aq), Sn(OH)4(aq), PbCO;(aq),
PaO(OH)s(aq), U(OH)4(aq), Np(OH)4(aq)
KeEEm-1 7 L—=":  HSe, Nb(OH)s, Sn(OH)s", Th(OH);CO5’
B2 70— Pb(COs),", UOH)(CO;),>, Np(OH),(CO5),”, Pu(OH),(CO5),”
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ZZT, SITDERFRICLY, BEM O ZA—TD log 9152320 THDH, MEM+2 7 L—
7 (Ra®) DHEACA A NKET DA A U EAERREL eRa™,Cl)IE, BEfED 2+8 0 % FFD
&BA A (Cu*, Co™ Ni*") OIEDFH (0.14) ZEA L, £72, BEM-1 BLO2 0%
TN—T DAL R AEAERAREIE, NEA-TDB IZH# S TV D REM-1 B8 L2 o2k
FEOSFEIE (£ Z1-0.07 B L V-0.12) 21 L7z, 7ok, Wik A 414254 4 4
AR HRE SN TE LT, R ULFEROBHEFERA 4 kT 51 A AR EERREK
A STV DAL, BEMICGRERA 4 Cxt T 54 A UM ARG E#A Lz,

XL LIZHUT K (A 58) 1%, [H2REDFELD ] ITBWTRESNIZ S DDOET
VK

1\\

P pH #F7K  (FRHP)
AR TEMEAR pH B F /K (FRLP)
JePEFP PR TR K (MRNP)
e pH 7Kk (SRHP)
PEAR pH H1 R 7K (SRLP)

HOR R
o> % X
HOR
g S

3l

?@
<
)N
g

KR

=
3
i
3l

L, VI LU AR —ADET VT K (FRHP) TA 4 2 % 0.02,0.1 3 X 0.7 molkg”
ERDEDHEAIAFT BRI TFT NI DAL F U RELZELZ LTS D (ZHZ 1 modified
FRHP 1, 2 and 3) OFF 8L L7z, & F/AKDOMAOBE %, Table 812777, 7233, SIT
TV ERWEEERECEHICB VT, fHEO=0 11,=[Na'l=[CI']) & L7,

KT NVH T AKICEBIT DIEEREE, 7 Vv—7 Z L I|ZFigure 387> 5 Figure 43127777, W3
NOTN—TIZBNWTY, I, =02 molkg FEE £ T E T LOEBBEEMTIE-HKL T
DN, FINED @A F BB TIEIE T L OTEERBDZENILR > T 2 EnD
235, L1225 C, SRHP % L) A A 2 50 D i@ KSR ISk 2 TR R 21T 5 BRI
SIT DIE 9 N KLV EFEMEOEWFRI LD & Bbivs,

3.4 Davies 15 & SIT {EIZ L 2 VRMREE O HIRE R o g

ATET TR O NTIEERE A K, T AV TKICBIT 2 KB L FRE ORI O R B E %
PelRET L7e, RS L7c i FklE, R KR OEEZ F N U AL F 0B LU A
FUREZTICE EH D28, FRHP 36 XT3 fiD modified FRHP Z /i % Z & & L7z, Hi
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i & FERIZ, SIT BF7 V& HWIiEERECE IV TiE, o7z (1, =[Na] = [CI]
E LT, 72, RATFICOWTHE, T2 EY £ &) TR HEMEFEICR T, 8%
FNCAE DA IRIREM Z A L TN 2 &b, KBGO BB LT,

B ONTHE R %, WA ESHRE Z L (CFigure 447> 5 Figure 5412713, A A4 2 38 MKV FRHP
R modified FRHP 1 TiX, ME7/MIBIT HEMEOTHENFERE TH L Z LB Dh 5,
7o, A A BENENEE SIT M 515 LSRN Davies €7 A OAEONHELD b
B 7en 2L, ZOMMITREMN OMEMENRKE S RDIFEBFICROND Z ENbND,
AWETEY B2 AR, REMOEMENRK 3 Th Y, ZOBRICRS A 4 i
BEDN @ modified FRHP 3 (231 2WREDOZERIT 6 (FRRETH L Z ENbhoTz, LM
ST, H2WHY £ L DOICHET DEMED, LRMNMNFHI SN TS AEERD DS, 5
(2, AR OMEHE S & HIZKREVEERE (1] 213 UCO5)s") D3 CEHNCHFIET 2 & 5 78 %
T, METIVICKDEMREDERN I BITILRT 2 Z N TIREND, 72720, B
HORKERDIBNFT =2 ZOLDICH RERREMNREIME) P EENDLZ L HH DT,
VPR R O Z 4 PEIC O W TR EEICRFT T 2 L ER H 5,

UEDZ &0t IREBIETNVOERIC L > CTEMEHEICH DBREOERNFET S
ZEMbnoTs, —HRIZ, SIT OFRLY ENA A VREE CHEAMEE ShbilTnd 2 &
N, S%ILSIT # VW TERMEZIT> T ORI WEEBbn%, =1L, A4 A
TERERE A0 B S T2 5 2, BUERI A AlRE e HiER (L #5315 = — K (PHREEQC
) TIESITICEAHEMEZROT D Z LN TERY, LERN->T, A4 AHAERREK
OHEE (GEH) Fike, dHRa—Fo®wR S LULSIT &fittE7 /L (il 21X Davies £ 7 /L)
EDEESIT D2 DFEZRFT 5 LBUETH D,
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HURE AL Sy DPERERHIIC VN D 72D DEV) 7 — 2 R— A DFAHIZE T H Z L A Hi L L C,
AR AR R X — L fEYEA R o 2 L — L OFBERR A A L, W OEREGE)
OARWEOFEWREAER A =R ¥ —b L TERERT U XL E—OHEERFRETH D 2 &
R Ui, £z, 77 F = FuEOEEMERDORMIECET 5 3 SOET /AT OV THR
ATV, MRERET VRRGE CTH D Z L2 mT & &b, RREDT 7 F = REERDOAERE
BOHENARETH D Z & &R Lo, KIS W CREMEDSHERR S =BV %7 — 2 BT
J T IR OB ) 7 — # _X— A (JAEA-TDB) IZERHAESND TETHD, ZibDOET)H:
T =2 DREMEOHR AT D Z & T, BN 7T — 2 _X—2ADEEERm LIz EBZ 2 65,
X5\, AMREFHERHCLE RIS EREIZ OV T, Daviess BEONSIT £V 9 2 DOET LD
SRR ATV, A AV BRENEVIE Y, MR OBIALEREOREN OMERHES K &\
1ZE, SIT ET /MK DEMEN LV RELRDZ L aMER LI, LA ->T, FICEA A
VBEREICHWT, XV EEEO®SWEIEORRERAL 21T 5 72912, SIT E7/VOEA
MLETH D Z ENRENT, UEORERIL, BI1FT — & _— 2 I X UM L5 O
RERHMAAT 9 9 X CARRFER THL B2 6N D,
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Table 1  Standard free energy of formation (A¢G°,) and standard enthalpy of formation (A¢H°,,) for

nickel and grouping of aqueous species and compounds for investigation of correlation

between AsG°, and AZH°,,
) AG° AH® grouping
species or compound O O
(kJ-mol™) (kJ-mol ™) 1 2 3
Ni(cr) 0 0 O
Ni(g) 384.686 430.1 O
Ni(1) 14.035 17.5 O
NiZ* -45.773 -55.012 O O O
NiO(cr) -211.66 -239.7 @)
NiOH" -228.458 -287.042 @) @) @)
B-Ni(OH), -457.1 -542.3 o)
Ni,OH** -268.181 -349.955 O O O
Niy(OH),* -974.567 -1173.37 @) O O
NiF" -335.458 -380.862 O @) @)
NiFa(cr) -609.852 -657.3 O
NiCl,(cr) -258.743 -304.9 @)
NiCl,-2H,O(cr) -754.382 -913.374 O
NiCl,4H,O(cr) -1234.946 -1514.048 O
NiClL-6H,O(cr) -1713.669 -2104.7 @)
NiBr(cr) -195.408 213.5 @)
Nily(cr) -94.36 -96.42 O
B-Ni(105), -323.735 -487.112 o)
Ni(105),-2H,0(cr) -802.068 -1087.672 O
o-NiS -87.792 -88.1 @)
B-NiS -91.33 94 O
NiSa(cr) -123.832 -128 O
Ni;Ss(cr) 211.172 217.2 O
NioSs(cr) -746.803 =760 @)
NiSO4(cr) -762.688 -873.28 O
a-NiSO,-6H,0 -2225.467 -2683.817 o)
B-NiSO46H,0 2224915 -2677.287 @)
NiSO47H,0(cr) -2462.699 -2977.327 O
NiSO4(aq) -803.191 -958.692 O @) @)
NiAs(cr) -66.583 -70.82 O
NisAs,(cr) -237.638 -244.6 O
Nij; Asg(cr) -715.758 =743 O
Niz(AsO4),-8H,0(cr) -3491.557 4179 O
NiCOs(cr) -636.416 -713.32 O
NiCO5-5.5 H,0O(cr) -1920.881 -2312.992 @)
Ni(CN),* 449.601 353.688 O O
Ni(CN)s> 626.244 490.638 @) @)
NiSCN* 36.596 9.588 O o)
Ni(SCN),(aq) 124.273 76.788 o) @)
Ni(SCN);" 215.089 145.188 @) @)
Ni,SiO4(oliv) -1288.441 -1396 O
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Table 2 Standard free energy of formation and standard enthalpy of formation for americium(III) ¥

. AfGom AfI—IOm
species 0 I
(kJ-mol ™) (kJ-mol™)
Am** -598.698 -616.7
Am(OH)," -976.885 -1110
AmCO;" -1164.1 -1277
Am(CO;), -1734.7 -1957
AmHCO;* -1217.55 -1337

Table 3 Standard free energy of formation and standard enthalpy of formation for uranium(IV) *

. AG® AdHC,

species 0 I

(kJ-mol ™) (kJ-mol™)

U(OH)4(aq) -1421.309 -1624.607
U(CO5)s* -3363.432 -3987.35

Ut -529.86 -591.2

UOH?" -763.918 -830.12
USO,** -1311.423 -1492.54
U(SO4)x(aq) -2077.86 -2377.18

Table 4 Standard free energy of formation and standard enthalpy of formation for neptunium(V) *

. AG° AeH®
species O O
(kJ-mol™) (kJ-mol ™)
NpO," -907.765 -978.181
NpO,0OH(aq) -1080.405 -1199.226
NpO,(OH), -1247.336 -1431.23
NpO,SO,4 -1654.281 -1864.321
NpO,CO5’ -1470.02 -1599.9
NpO,(CO;),” -2009.6 -2298.8
NpO,(CO;5);™ -2522.859 -3017.12
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Table 5 Standard free energy of formation and standard enthalpy of formation for uranium(VI) *

AG®,, AHC,
species G 4 ’ 4,
(kJ-mol ™) (kJ-mol™)
UO,0H" -1159.724 -1261.371
(UO,)»(OH),* -2347.303 -2572.065
(UO,);(OH)s" -3954.594 -4389.086
UO0,COs(aq) -1537.188 -1689.23
UO,(CO;5),” -2103.161 -2350.96
UO,(CO;5)5* -2660.914 -3083.89
(U0,)5(CO3)s™ -6333.285 -7171.08
U0,*" -952.551 -1019
Uo,Cl” -1084.738 -1178.08
UO0,Cly(aq) -1208.707 -1338.16
U0,S04(aq) -1714.535 -1908.84
UO,(SO,),>" -2464.19 -2802.58

Table 6 Obtained multiple coefficient of determination (R?) for correlation between AG®,, and

AfHO m
element (group) R’
nickel (group 1) 0.9950
nickel (group 2) 0.9895
nickel (group 3) 0.9985
americium(I1I) 0.9978
uranium(I'V) 0.9995
neptunium(V) 0.9964
uranium(VI) 0.9994




Table 7 Status of ion interaction coefficients in the NEA-TDB ¥ for dominant aqueous species in the

performance assessment of “H12” report "
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elem . counter electrolyte ion
aqueous species - - - - - —1 remarks
ent CI' | ClOy | NOy | Li" | Na~ | K
Se | HSe X X X
Zr | Zr(OH)4(aq) no electric charge
Nb | Nb(OH)¢ X X X
Tc | TcO(OH),(aq) no electric charge
Pd | Pd(OH),(aq) no electric charge
Sn Sn(OH)s X X X
Sn(OH)4(aq) no electric charge
Cs |Cs soluble
Sm(CO;), X X X | taken from
Sm | Sm(COs3)5+ % X % | americium(III)
SmCO;* X X X
PbCOs(aq) no electric charge
Pb Pb(CO5),” X X X
Ra | Ra™ X X X
Ac(COs)y X X X taken from
Ac | Ac(CO3)5™ X X « | americium(III)
AcCO;" X X X
Th | Th(OH);CO5 X X X
Pa | PaO(OH);(aq) no electric charge
U |UOHC0),* X | x| x
U(OH)4(aq) no electric charge
Ny | NP(OH:(COy),” X | x| x
P Np(OH)4(aq) no electric charge
Pu(OH),(CO5),” X X X
Pu(COs), X X X | taken from
Pu Pu(COs)s™ < < « | americium(III)
PuCO;" X X X
Am(COs3), X ©) X
Am | Am(CO;);> X O X
AmCO;" O O x
Cm(COs)y X X X taken from
Cm | Cm(CO;3)s> % X % | americium(III)
CmCO;" X X X

O: selected in the NEA-TDB, X: not selected in the NEA-TDB
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Table 8 Composition of modeled groundwaters (mol-kg™)

modified  modified modified
FRHP FRLP FRHP1° FREP?2™ MRNP SRHP SRLP FRUP 3™
pH 8.46 5.70 8.46 8.46 7.07 7.95 5.96 8.46

Ey 281mV  -156mV  -281mV ~ -281mV  -244mV  -303mV  -159mV  -281mV
I, 420x10°  4.04x10°  2.00x102  2.00x10"  3.91x10" 6.34x107  6.58x10"  7.00x10’!

Cr 1.46x10°  1.02x10*  5.68x10°  1.95x10" 2.95x10"  5.90x10"  5.90x10"  6.94x10’!

ClO4 0 0 0 0 0 0 0 0
NO; 0 0 0 0 0 0 0 0
Li - - 0 0 - _ _ 0

Na“  3.53x10%  347x103  9.32x10°  1.99x10"  3.04x107  6.17x10"  5.01x10"  6.99x107!

K 6.15x10°  5.99x10°  6.15x10°  6.15x10°  7.99x102  1.06x102 1.09x102% 6.15x107

* FRHP adjusting 7, to 0.02 molkg™
" FRHP adjusting /,, to 0.1 mol-kg™

™" FRHP adjusting 1,, to 0.7 mol-kg
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Figure 1 Correlation between A{G°,, and AH°,, for nickel (group 1) and its least-squares

regression result
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Figure 2 Correlation between A{G°,, and AH°,, for nickel (group 2) and its least-squares

regression result
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Figure 3 Correlation between A{G°,, and AH°,, for nickel (group 3) and its least-squares

regression result
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Figure 4 Correlation between A¢G°,, and A¢H°,, for americium(IIl) and its least-squares

regression result
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Figure 5 Correlation between A{G°,, and AH°,, for uranium(IV) and its least-squares

regression result
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Figure 6 Correlation between A{G°,, and AH°,, for neptunium(V) and its least-squares

regression result
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Figure 7 Correlation between A{G°,, and AH°,, for uranium(VI) and its least-squares

regression result
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Figure 8 Estimated hydrolysis constants of zirconium(IV) compared with the NEA-TDB
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Figure 9 Estimated hydrolysis constants of uranium(IV) compared with the NEA-TDB
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Figure 10 Estimated hydrolysis constants of neptunium(I'V) compared with the NEA-TDB
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Figure 11 Estimated hydrolysis constants of plutonium(IV) compared with the NEA-TDB
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Figure 12 Estimated hydrolysis constants of americium(III) compared with the NEA-TDB



JAEA-Technology 2009-074

120
A
100 A Unified Theory
80 | A O Hard Sphere Model
X
i;n 60 | R o X Ligand Repulsion Model (A)
¢
40 | 8 x ¢ Ligand Repulsion Model (B)
O
20 | 4 o NEA-TDB
X
X
0 VN X

0 1 2 3 4 5

n (number of CO5> ligands on
zirconium(IV))

Figure 13 Estimated formation constants of zirconium(IV) carbonate complexes compared

with the NEA-TDB
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Figure 14 Estimated formation constants of uranium(IV) carbonate complexes compared with

the NEA-TDB
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Figure 15 Estimated formation constants of neptunium(IV) carbonate complexes compared

with the NEA-TDB
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Figure 16 Estimated formation constants of plutonium(I'V) carbonate complexes compared

with the NEA-TDB
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Figure 17 Estimated formation constants of americium(III) carbonate complexes compared

with the NEA-TDB
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Figure 18 Estimated formation constants of zirconium(I'V) fluoride complexes compared with

the NEA-TDB
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Figure 19 Estimated formation constants of uranium(IV) fluoride complexes compared with

the NEA-TDB
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Figure 20 Estimated formation constants of neptunium(IV) fluoride complexes compared with

the NEA-TDB
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Figure 21 Estimated formation constants of plutonium(I'V) fluoride complexes compared with

the NEA-TDB
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Figure 22 Estimated formation constants of americium(III) fluoride complexes compared with

the NEA-TDB
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Figure 23  Estimated formation constants of zirconium(IV) chloride complexes compared with

the NEA-TDB
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Figure 24 Estimated formation constants of uranium(IV) chloride complexes compared with

the NEA-TDB
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Figure 25 Estimated formation constants of neptunium(IV) chloride complexes compared with

the NEA-TDB
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Figure 26  Estimated formation constants of plutonium(I'V) chloride complexes compared with

the NEA-TDB
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Figure 27 Estimated formation constants of americium(III) chloride complexes compared with

the NEA-TDB
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Figure 28 Estimated formation constants of zirconium(IV) sulfate complexes compared with

the NEA-TDB
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Figure 29 Estimated formation constants of uranium(IV) sulfate complexes compared with the

NEA-TDB
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Figure 30 Estimated formation constants of neptunium(IV) sulfate complexes compared with

the NEA-TDB
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Figure 31 Estimated formation constants of plutonium(I'V) sulfate complexes compared with

the NEA-TDB
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Figure 32 Estimated formation constants of americium(I1l) sulfate complexes compared with

the NEA-TDB
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Figure 33  Estimated formation constants of zirconium(I'V) nitrate complexes compared with

the NEA-TDB
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Figure 34 Estimated formation constants of uranium(IV) nitrate complexes compared with the

NEA-TDB



JAEA-Technology 2009-074

20
O
15 A Unified Theory
X O Hard Sphere Model
& 10 S X Ligand Repulsion Model (A)
s | & e NEA-TDB
A
. X
0 |
0 1 2 3

n (number of NO; ligands on
neptunium(1V))

Figure 35 Estimated formation constants of neptunium(IV) nitrate complexes compared with

the NEA-TDB
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Figure 36  Estimated formation constants of plutonium(I'V) nitrate complexes compared with

the NEA-TDB
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Figure 37 Estimated formation constants of americium(III) nitrate complexes compared with

the NEA-TDB
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Figure 38  Activity coefficient for the AmCO;" group estimated from the Davies model and the
SIT
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Figure 39 Activity coefficient for the Am(COs),” group estimated from the Davies model and

the SIT
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Figure 40  Activity coefficient for the Am(COs) ;> group estimated from the Davies model and
the SIT
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Figure 41 Activity coefficient for a group with net charge of +2 estimated from the Davies

model and the SIT
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Figure 42  Activity coefficient for a group with net charge of -1 estimated from the Davies

model and the SIT
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Figure 43  Activity coefficient for a group with net charge of -2 estimated from the Davies

model and the SIT
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Figure 44 Estimated solubility of HSe™ in FRHP and modified FRHP groundwaters using the
Davies model and the SIT



JAEA-Technology 2009-074

10-5 - T T T 1 J
-Davies
o SIT
g
!
E
;10'6© A — . -
=)
S
O
Z,
10-7

1 1 1 1 1 1 1
0 0.1 02 03 04 05 06 0.7 0.8
I, (mol.kg?)

Figure 45 Estimated solubility of Nb(OH)s in FRHP and modified FRHP groundwaters using
the Davies model and the SIT
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Figure 46 Estimated solubility of Sn(OH)s™ in FRHP and modified FRHP groundwaters using
the Davies model and the SIT
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Figure 47 Estimated solubility of Pb(CO;),” in FRHP and modified FRHP groundwaters using
the Davies model and the SIT
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Figure 48 Estimated solubility of ThCO;(OH);™ in FRHP and modified FRHP groundwaters
using the Davies model and the SIT
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Figure 49 Estimated solubility of U(CO;),(OH),” in FRHP and modified FRHP groundwaters
using the Davies model and the SIT
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Figure 50 Estimated solubility of Np(COs),(OH),” in FRHP and modified FRHP

groundwaters using the Davies model and the SIT



JAEA-Technology 2009-074

—_ 10-8 - T T T T T
« -Davies

g SIT

°

g

‘,;4*10-9- o —

% /& """""""""" Q
N /

o

S @

=

Z10-10

1 1 1 1 1 1 1
0 0.1 02 03 04 05 06 0.7 0.8
I, (mol.kg?)

Figure 51 Estimated solubility of Pu(CO;),(OH),” in FRHP and modified FRHP groundwaters

using the Davies model and the SIT
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Figure 52  Estimated solubility of MCO;" (M: Sm, Ac, Pu, Am, Cm) in FRHP and modified
FRHP groundwaters using the Davies model and the SIT
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Figure 53 Estimated solubility of M(CO;),” (M: Sm, Ac, Pu, Am, Cm) in FRHP and modified
FRHP groundwaters using the Davies model and the SIT
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Figure 54 Estimated solubility of M(CO5);> (M: Sm, Ac, Pu, Am, Cm) in FRHP and modified
FRHP groundwaters using the Davies model and the SIT
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