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Study on Solubility of Transuranium Elcments, II
Hirotake Moriyama*
Abstract

In support of the safety assessment of geologic disposal of high level radioactive wastes, the
solubility of trapsuranium elements was studied. The solubility of PuO,*xH,0 was
measured under a reducing condition, and the solubility product K“sp and the stability constant
B, of Pu(OH), were obtained. ~ The obtained X, value was found to be much smaller than
that predicted by Rai et al. from its dependence on ionic radius.  Also, the solubility of
PuO;*xH,0 was measured under an oxidizing condition and the solubility product K°st was
obtained.  In the analysis of hydrolysis constants of actinide ions, it was found that the
systematic trend of the hydrolysis constants was well explained by the hard sphere model

considering the effective charges of actinide ions.

This work was performed by Kyoto University under contract with Japan Nuclear Fuel Cycle
Development Institute.

JNC Liaison : Waste Management and Fuel Cycle Research Center, Waste isolation Research
Division, Radiochemistry Group.
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1. ¥S

ERAERE OBUENSRET 58 L NIVREEREEDIZIE, 277V 274 0ND)
ZIICHETEIVNDWEIRY I VRENDREMPETEENTVS, 20k, I
b@%ﬁ%%%%?éﬁ&aLrﬁhﬁéhrwémgk\@ﬁé@%ﬁmté
Hizo T, BEEMTHIHERENZEOEVWBY S O THROMBBER TOXEEH %
BEML, TLTFRITAZEBARARERS TS, LOLEBMNS, ZhsDTHE
biqﬂﬁﬁiﬁmm?"*?&qﬂ'ﬂi%b&D“C%E’”Ett{t%%éibé?b T ORHEIRSRBAT

ATHS. TOBFEMIT, EROAHLZVWHOSBEILFHIOBEICEL W, HEL
ADFDNG &SRB S WhRTB D, BILEOFEEEB X UOBTE
T 2R ANRIERD 5NTNW B,

BREROMEIL. BREEOR/NERHRTS L TEANRIBETH O, MKMEEK
PHEREREZEDIHEALBDANGNEIENHBDT, ELDTEERMBETDH
B, INETRMESNTVWAHELT Figl-1 IZKMLUAE 4 Q7 7 F = REg{kiy
(AnO, - xH,0) DIEMEM K, OMEBZERT[1-5]. K, RKIEA-1)OFEERT
H5,

AnO, + xH,0 & An* + 40H + (x-2)H,0 (1-1)

Tt s RER R R L, %%MSEMQ4?/¥%éE%Lt%®®Eﬁ%
mtf“%omlb®IWMsih@\;®%%®F%§Eﬁ4j/#i&%%§
REOHICERRBERED D EINTVB, LHLANS, Figl-1 KRTLIIZ
ROE O TSN T U S ZOEBRERIZITVERBIREEINTNS, HELSY
DITONDEBBIIBTHEEEONTVWAEIENS, AMLE 4 HOT7 7 FoFEE
{E#) (AnO, - xH,0) DEMEMR K OEEEEERTE I LBBHBEEINTND,

ZOXI7RRPUCESA, FARICBNTE, FITE1OEHELT AnO, - xH,0
®%%FFK&E%%%K§@6’&&LK Iz, BIERHEIIBNWT, U
FUETVRIULDOEREEZRE L . BoNZERERBROMBFN S, BRE
ﬁK%Eﬁbxiﬁ@&i?ﬁﬁbtoit\%zmﬁﬁ&bfmmﬁ%ﬁﬁk
NWTHBRHTHIE &L, BREANEOERERL STV AT AIZDWTOMK
DIEEDREEER B, 2RD. 2B, HEDOD, BIEESREICIBIBZ I 2
I LAOWEBEERE L.



2. BESHTBIFE TV ND @A@%@Fﬂ%

21 BH

CNETIEE XN TND T h 2 A QUSRI Ky (=0 123517 % K,;) % Table
21 TR, RWEOEIASERD, RREGNERDHCOLRENSHZEEX
ENB. EREENERDE, ERATERT DTN 2T AOHEEREVERT
BERORIER SER D, ERENKS < B 5 TEENSDNETHD. KT
TN =T AOBA. BEEET THEROMBOBERILKE LT, BHER
DEEFD L IIEEERS BN EREARBEEED I LI D, TOX
R TE & N VAR RS N B IR AR B SR B & IERETEAYE BNz,
KT, ELEAETICBNT Pu0, - xH,0 OEMEERIEL . BREOE
RERBE I BEROEEEERERD. TNETOWEE L HLERNT 5.

2.2 E5
()TN b LhOFE

AFVALVEALET NV WAWH%@HE%@I%(H@D%)T@D =
BRIz E, AR ZE VR 2D DOEEZfTo 7.

=9, EROTIN N7 L% N IEETHER L. NEEBEEZSRL T, 52
P L, BO SN BB TAR L., FOEER 2EIEETY, BREACEEDO
W, REMEWERRN T SRR L. |

ZDWEEE SN WETHREB LR 4 CTBRIBICERS YL, Z0EE Pu id
Pu(NO,)> D TEE L TH Y, HHEIZ Am ® Cm PEENTNE I L% afRAN
7NN HR U, RKIT, BAF U HBIECREL ThD 7V o L2 R
THEHIT IN ISEE, 0.5N BB, B ROF T I, IN BERBOIEICERZR
Lz, 22T EROFIIVTIDERWTHREELBERIC 3 0TV F=D Lk
FIHEELTWAEZ E2ERL, BEEBRT N ULAZMATNRT S Z &L T
X,

N OEEE 05N OMEBTHABLAB 4 HMARICET I &ickD, o
BA A ENMLE. BEEAOEDOERIL0IN OBEBEINAS I EITXD, 05N K
L7, B A RBEIRICE R LT Mo A RERET 5201 4~8N OFF
g% Rz,

BoNT I N AOWEKER 2 RRIEHE I E T, IN ORERRZMA BE
ERRER VBT ZEED, N DU AOBERBISR(VYERRLZ. N5
DIERZIZ AW RSEE, WEEE, b ROFIIINT I, HFEESEORBEIICHME



T¥#D (BR) OREREZRWE, B4 2 ZHEHEICIE DOWEX-50W-X8(200-400
mesh)%, &7 74 3B 1213 DOWEX-1X8(200-400 mesh)% Fl 3z, oiRiRHiZE
1Z1d SEIKO EG& G B O HEHRMHIBE A Wz, TS OEETTRTAKEHKT
OTO—TRy 7 ANTIT > 7.

Y > 7 IViRE .
BEAFIEIC L B EMERE ET o7z, BREBRTEREICTT 2720 Nas,0, &,
A 7 2 ERE OFEIZIE NaClo, &, KFB-1 4 RE(H) DFREICIL NaOH, HCIO, 2
Awniz, IN6ORFEIMIMETE () HOREHAEZRIIHEELIZVWTHL
oo MKIBANVAT S/ B BAH— Uy PHIKE G20 WTHEHEL®, BFEIUR
7 - U5 RS MILLIQI YAFALIRK> T o IFHLZbOZAW. E R
B O—TRy 7 AT, BREVZBILRZOEEZHRT S0 Ar AR

FHETTIo/. FO0—T78R vy 7 AREMBUEFRHEONF 2 — LT O—TRy 7
Z MDB-1.5B %\ /=, |

BB OREIC H iz o> Thid. 10ml R FOB L 2 8F 2 —T7IZ IMNaClo, %
#13ml AL, BITH| & LT 0.05M @ Na,S,0, % 200pl MA 7=, EDHEEZ BB
7= #8812 10°M PuO,(Cl0,), % Iml 01X . NaOH, HCIO, #f\ pH Z2HEL ., Tl =,
KREATVRER, 752070y NOFREBIKLXOVRELAEBEHN S AEE (R
B : 1.0M KA | 0.9M NaClO,, 0.1M NaCl | AgCl, Ag) ZRAW/z,

GYRERIE |

Y2 E 251 CT—EHMEREE D /-8, Y270 pH, BXUBLETTE
RZRELTHEZOE L. 2ESTE 3000 DBEAZ®T 4 NV —(BEIYRT -
U 25w RE)TELAB6000pm)L, TOAEET v— 112 1001 EDEREREL
Teo BEHFOTN N L OB ER R PESRLERTRIELZ, ZOREHFIET
WM LADQBER 10°mol/dn) ETUNMIE TERNVD T, ENLDERE
DTN P2 ALABRETZEHESE, TV NZTLET7 vV T AIZKLEES
FHiEEHFRALZ[T.

ZDHAE. DESFE 3000 DEAZBT 4 )5 —THELSB L IERKE 200 B
D, IN OFEEE 20ml &<V 7 LADEEZINZ., I<SERLAEBUES O RKE)F
BXRE, TOBEKRICT vLKBERE2ME., ERL<ERLAZLIEL < FHE)E
BI®z. ThCL BN ETENZRGIABL, AMICES ZILBEYO iRz
BlEdTa &2k, SV oV LOREZRELR. ZOBEOMERAIL 10
(mol/dm)DF —F —TH 3, EEICHWETTY D LAET v{bkFEREOHEIMIE



WM T20 () OBERSE2AVWE. B, 7v{tBILBREEESBLZEZO
AWITHEREO T NV o AdgHE EN IRl o .

23 R - ER
DTN = L OYEfRE

T P AQRENEHIIEEL TWAENEINEHERAT DI 2w
ABEEDEE S HHREE 2R L. Fig2-l OBREMNS, JIVFTAR30BT
CHRIZBFEL TWS T EBR SN, THICEELEROBMEORRE Fig2-2
i, TO&EEOBRTEME Fig2-3 IR 155 N7 B LB ST EAL D E % TR (8]
@ Pourbaix iz 70w FTB3Z &Ik o> T, pH DEVWEBR T 3MEE U THEELT
WA TSR I N, £, BHEARY MVOBRFig2-4) H5BTNV I
LOBEREN 3 MTHD I ENERIN, MWORETFMERDA F 2 OFEEHERS
NIZM o 7. 728, pH M5 M EOEBTIHEMRL TS 7)) b2 A QEESELN
O HERIEETH > . -, BMREFREMT, BRICKVEHOAPS 4
DB TH D Z ENER TN,

QBEREROWE

 BONEBRMEORREAVWT, JOERJKBITIEMER K, 2R, 4 ff
OBMERMIC- DR TEINEY, BEENLETINVNZTALAMFT R 3MHTHSC

ENBREINTNEDTRORDOREIMEZ > TNBEEZLNS. DD, 31,

4 HOHCB TR IGE-)R 2R NWE Z &k > THEBERZRD .,

Pu0, - xH,0 = Pu* + 40H + (x-2)H,0 (2-1)
PI.IOZ - XHzo + e- 2 Pus"' + 40H‘+ (X'Z)Hzo (2'2)
Pu™ 2 Pu* +e (2-3)

2R CAROTFEERETNTNK, K, &THE, C-DHROBMRER K, i3,
K, =K;+K, (2-4)

TEEN5, KIDWTIE, BH%EFT—% AG= 97.0 = 4.67 (k¥/mol) [9]&2-5)EN 5
ﬁ &b k(Klzlolﬁ.%tﬂ.Sl)u .



AG =nFE = —RTlnfe”] (2-5)

7 K0T, ERERZQORICETVTHETL, SITHEICRKIHEZMA
T 1=0 IZ BV 5 FEER 2 RO (K,=10170), K. K, 0L D K;=-5872 =015 %
Kbz,

QGVEMERIZ DWW T OICHRE & O Hhig

Fig2-5 WAERTE LN/ -HMEREIBEEEZEBRL TRY . HidEmER
IZ Debye-Hiickel JHEZZEICANTHIEL/ZME, #3117 REZTT. FR&ES
N7 ESARBEREIX Capdevila[4]5 OXEMEIEVMEZRRL TW S, Kim 5 [5]DHEEIL
KEFE TE SN EITE~YK <, T, Rai[10]%®° Perez-Bustamante[11] DR ETE A
BOBWEZRLTWSZ ENbMNE, TOIEE2EREE. MTFESOBRLD
5ER U7, Kasha[12]% Perez[11]|DHAERF O TN b 2D AT T 4 {liTH
5EEELTHD. TOER, PuIV)ORE{EIER I NS D ICBRAERNBRRNC
BEREbLONTVWB EEZZ NS, FIUTHAT, Rai[10]. Kim 5{5], Capdevila 5[4]
OBER. TN NI LADOBEEEZFHHSLLEEEBL T3, TNTIDHEI
DNTEREEDE V% Table 2-1 1258 L7z, Rai OEBRTIIWE2EEE L THO,
SR R DRE R HICEREIN TRV EVMETH H. £/, Kim 5 DER
T, T DX FARHERTHIEDICHFHIEELIZC WA, B3I —D2K 7
RO AQFHEENEEICENZDIZRY T2 a0 RAEERL THSAIHERE
BHO, WHEART MIVERZLBZRBREOREICHZ>TRYT—RI0T FIZKS
MDA THERENBNEME NS APHEEEZ 5N5, /2B, Capdevila b DX
BMERAFRORER LS —HLTWBA, EIHOMERNAK TR, R
TEEME Pu(V), Pu(VDEENSHETRDTED., ERL ThRWAIZHEEBERD
5, —H, SEOERTH. 3HICHBEINZRETERE2T>THY., B{LETE
MEERBLTWSEET, KVERREEEALSNS,

ATV T LD A R &K ARER O
Fig.2-2 7R & 312, pHT~9 ICBNTREBEBEN—EI/R> THWB LI TH B,
WMEOY I OBEEEREI. PEMEOKBET THIOA ROERICERETS
WERH B, TITH, ZORITDOWVWTERT S,
HERBED pH ST 2.2 SIQ)ERFEICOR L 7 vkt L > TRIEY
SINEERLTEY., ZOHFEOBREERIE 10° (mol/dm®) AT THBDT, &5



NEBEOKRIIABRBOTH B ENHREINTVS., LMLRRS, ZO pH
'ﬁEﬁ@*j)j’)w&%m HRBEDT ANV —TELABLTREEZRDLEISE
BBENE SN/ OT(Fg2-6). 2O pH fEEH T, RO > TERT D
Pu(OH), DA 1 ROERIN TS REEENRD 5 EEZE5ND,

Pu** +40H 2 Pu(OH), (2-6)

FT T, AHZICHBNTIE Pu(OH), @O O KA Fig2-7 R T & 5 ki & R
&> THEHSERORY T—2HRT 2 LKEL, RUT—EFNMBoFREINS
a0 RORBNGZRAVWTE/I—ELTO PuOH), DREZHEETHEEL
7 . SEHOERICBVWTIE, HESTE 3000 2om) LFOREETOIDOT FEN
HEZNTVWBOT, TOMEEAT( ROKESHFHHE/X—E L TOD Pu(OH),
OPREPHRETSZENRETH S, 2B, ZITAWSHRY T—ET VL, FeOOH
AFREHRORY T —2BRTS3 LRELEGE, 0001 FOREIMEX
<HHTES ZEMBIICER SN TV S [14].

R v—EF Iz kiU, BISE p i,

=0 - (2_7)

T, N, RBHCERETBE/ I—DOHTH. N 365 t IKEELTW3EL
FHTHD, HIFHESE P

N,
AL -
B=" (2-8)
EREND, 37 B-8)XKD,
1
R—l_p (2-9)

EEING, BEAE m OR) T—Edm-DEESNEID, REBICREIEOREEIE
ToTWBEZZENEDT, BEAE m ORY T—OERTEHRIT p™(1p &
D, BEEEm ORY I—HFOHKN, 3



N, = Np™(1-p) = Nop™' (1-p)* (2-10)
RIT-—DEIZIEL, T/IV—DESE L, ETEE
1 =m,l, (2-11)

EEREIN, EXL~L,ORYT—IcSENDE /) T—DEKIL.

N(,L) 1 1-po A L o A L i
N, P(lllp Y [p (lulnp 1)-p (lulnp 1)] (2-12)
TREND,

SEOEBRTII TN SO LAOFIBREDN N, = 10° M, DEDTFE 3000 D7 1))
F—THBLTVEDTT 4 VI —2RBBTSAEDSHDIL 2om OB D EFHE 41
%, CNLDOEERAVSZIEIRED, £/ 7—&LLTO PuOH), PRE. AL 7L
D LA DEMER Fig2-8 KRTELIIIRDENDS, ZOFKRNS PuyOH), DLTE
EE B, ZHEH L/(logB ;= 48.46+0.29). Table 2.2 IZ5 B DRER % CHIME & bl L
THRT. MOMEEZLBEE L TROSNEZBOTHY, SEORERDOHIMSHE
HENEWEEZENS, R 4BIARTLIIC. SHOEREIBGRETNICLS
FHEHRogB = 48.27 [I8DERL—HK L TWwW3, Z#EL, FHEICHVWTIZaO
ROESIRICERINS ERE LD, BoNEREEEROMEIE LREEITN.,
BWESMOBEICLDSERISICEEDENWHEEZRD D ZEMBREELEZ NS,

24 &8

BIAEREIZBNWT, Pu - xH,0 OEMEZREL. BRERZRDEZ. o0
7B 10gK®,=-58.72 = 0.15 &72 0, A A EENOERFEDORP & /257 Rai 5D
fE (-56.85+0.36) IZHRTEDHTNETVWIEZHRB LR, £/, 201 FOERR
REELTRYY—EFNEANB I EICED PuOH), DREEEKERDE. L
MWLRERAS, 200 REDODWTHRNESTOBHENFEREL TNWEDTHRLHNLEEE
EEHOBEIIEREISENEZEASNDS, 4%, 201 RORBLIREZREL. &
FEEROBELEDD I ENEEND, £z, TN U AOHIBEHETERT
BIEDITHEXBHATEERWTRHET 3.



3. EE{bEEBIEB AT NV N LAOBMERNE

3.1 EM

MEETIC, MTHLHFIBNT, PuOsxH0 OBEMEEZNEL. BEERERD
o TORER, B5NEMEIZTNETN Rai S[UICE o TRENIZA F 2 FEADIK
BENSHEINAEIEANTEDDTIEWLOTHY, BIFMESLETHD
EEHER L. |

Hig D, RETIIBLESEHITB) S PuO,(OH), DBRMELFET 5 L LT
%, PuO,(OH), DWEMEEZWEL T, BHEKZRD, TN TOMEMEE L
ERN

3.2 EBR
(DB

BRI L A RMERERT > 7. BIREB(EESEAEITT 5720 NaClo Z,
A A RRE OFEITIT NaClO, 2. KFEA TV IBE(PH)DFEITIL NaOH, HCIO, 2
Hwk, 2hs ORMERFGMETE G HoRBEEEZAVW T, KREIET
bizho iz, MiAKIZAIVE 7 () 87— U w DHlikEs G20 BITHRELE, B
AIVRY - UIF E#E MILLIQI Y AFALRRE>TESITHFHELZDOZHAN
Jzo ERIZFO— TRy 7 ARNTHN, ZBLRBOBEEHERT 572012 Ar TR
BERKTOHAE VBT O—T Ry 7 X TITo %,

REKBERORRCH =5 T, 10ml RSO L VEF 2 —TIT 0.1M NaClo,
2% 3ml AR, EE{EHFIE LT 0.1IM NaClo % 2001l iR 7z, TOBRZHERBN
7~#1Z 10°M PuO,(Cl0,), % 1ml J1X. NaOH. HCIO, %\ pH ZFREL ., Bl k.

QRERIE

H2TNE 2521 CT—EHBEE S X8EB. H2 70 pH, BIUBLETE
frEHE LU TEREESW L, 2ESFE 3000 AT I 74 WF—(HEIUR
7 - U Ty RETELAB(6000pm) L. TDAEE T v —LiT 10l & DERFEL
B, BRFOTIN N AOREE R FERR A TR L.

33 HR - ER
DTV b= L OWERRE

VSIREE DFS R % Fig. 3-1 10, FOELEORLETLEMNZ Fig. 3212587, £/, &
HARY BV OFERFg. 3-3) DO TN NZULADOEFRBELT6E 5D A >



BHRBFELTHWDE I E2HR Lz, 1B, BMEFREMEL. BRICKD 6 MOEH
(PuO,(OH), & L <X PuO, *+ xH,0) LHERBINZ,

@F%Fﬁ@%m

BONEBEMECKERERNT, ZOERA %H%f%ﬁﬁK@%ﬁ@to6ﬁ
@%AmfﬁFFmang%éhéﬁ\ﬁﬂ%f&¢;ﬁ5ﬁ%i&6ﬁ@fﬁ
UHHEEFELTCNB I EDHREINTVEOT, 5 i 6 MDA 3 > OB
BDERAVDZLICL o THRBEREZRDE,

PuO,(OH), = PuO/ + 20H" | G-1)
PuO," ZPu0,* +¢ (3-2)

(3-2)RD PuO,'—PuO*DEBAIC DN TIRNEE[19]Z AV, ERERZ(G-1). (3-2)
TWCETWTEN T2 LITE D, 1=0.1 OBFEERZRD(logK,= -24.78+0.14).
E/z. SITHEZAWT, 1=0 DBEMER K, 2RD7z (log K= -2538:0.14),

QGYAMREEFEIZ DWW T OSCHE & O Mk
B 5 NEMEROEZ Pu(VD) | Np(VI), U(VIDIZ D W TOICERE & g U 72, Table -
FUITRTEDITSEOEE IV N LA OXEREZ BT 2 &, Kraus 5% Moskvin
5 OXERMEIZ LERT/AE L, Lierse 5% Musante 5 O HME & L) —89d 5 T &8
BRI, ERFHEVRLDEICEBEEEHD. FAXE, Kaus 5 DHEILE
BICHBRZRAWTWSDT, ZODIHEGOEBRHEEEZAONS, TIT,
SEOERELNSDELTI IR TV U LAOEBERELET I L, T

N LAOBEREREIBD NS WEEREN, UF XTIV OAEDEENS
i BEFERSTREVWERERPRBELTS o REMAKRE TR,

o T UIZHETN MU LAETOEIIONTEORFEEEZWRT SicHizo
T, TNENOEIZDVWTEEEEERTSI ZEMBRETH 5. TV hU AR
DNTIE, SBIIERFERZHETE Z &Ik, BEENTAT 6 io1F 0
ALIRBEGEOD ETHEBERZRD, SEGEONCEMREROZAEZFMLT
W RERS B, |

34F & ,
BBEEREICBWT, PuOOH), DIEMEZHIEL., BEEREZRDZ. HFH/z



BREBOENBIE., IV TN R ULREDR Y VFRTRIIDNTOR
IO BBMEMIZ DO TREWIEEENRBENS & Elkol. F8. FE&E
BNFRMEBROZYEZBERL T IENVETH S, £k, TNEEDIT,
IARMBERDZLEIT OV THHEIMENNESEZI S5ND.

10



4. T FZRA F 2 DK E B DR

4.1 B

TOFZRAT OBMELZTIMT 2IcHho Tid, BEERILB S A, MK
REBCEERERREOT— ¥ 2B LR ETH S, LALANSE, 2h
ETOMETRERT—FBIT2TRVHOP, ERT—INH > ThEDEEME
PR ENTWANEE S5, ZOLDRIBAICIE. LEMICEL L T
RORNET— Y E2AVTHEBRTROENBEEHETRT 2 2L LIETFbA
%o BT ERTF—FORBLNBAT IV FoRAF DN TIE, {L23AGH
AOBRLHERFLTB I EREDOTEETH S, 22T, BABRETFO
EEDEM L TWT—RIC/E2MEBBIRL S RITB EEZ LN TVWE T F o
RAF2NTDWT, KRS RERIZH 5N BRI 2RI 3[18].

42 TV FZ R4 Z O 1 MADBERK

TERDHARTHRESINTVDS, 14 VHBE 0 BB 7 VFoRAA D8 1N
IR EERR,' DfE% Fig. 4.1 ITRT[18]. ZORMNSH BN LI, AricDNWT
RIETFHESOEMIAENE OENKREL LD, ZOZ &, fErhsiEfanTy
BRI RFEROEMIME > T F U ERRBALL (FIVFZ R, 207D
WWEHBHEEAMRIZE VWS ZEIHIEL TS B D EEZ 5NS[34]. —H.
An", AnO,", AnO,7IZDWTIE, FEFEHEF OB THRIZR OEIVNE LB T
EWHMNS. AnOFDPADREE LT Choppin 5, T IZFINA T ORED
FMIBET VT RAF OEDEBHIRETFEROEMCHE > TRLTE &%
R L TWB[35], A0 IOV TIRHFAMROBHANTETH B4, An* iz D W TIRE
BROFBHAIIRETH 5.

CNBEDIER, YOVFZRAZTOHEIIEEORHBHEERICNA T, BRE
MEORREE { BFREOMEERIB MEEEEZRR L TWS, 2T, £
HTRTZFRAT L OMKSBERDOFFTETO &L ST, 1T DF
MEMEHET D L& Lz, BITICH s TIRAGERETFNVICEDEW O S%
BALEBOR6)ZAWN, ELEEHER S { BETOHELESLOMRERTL
72[18]. F7=, 2.3 HTHRY/z PuyOH), DREEEHIZOWT, TORUEERIL
7z

43 BIEIRE FIVIC & B KA R R OMET |
AEERETIVIEBW T, PLA A2 ELTOTIFo R4 A ORABIIAST

11



LKA A EDREM L, 6 EADIEN\FERBERRRT2HDET D,
FNTNDAF VBIZDOWTOHEEM ERE-DANSF/FSND. -

A .
E = E—IL (4-1)
=

T ZREAF OB, JIFEE. 1 IRUFIREOERERT. 194 2 RE 0
B BE n MASBRERR OMEE,. ZOEME 6 BALTRTHKSFTHSBE
DBMNEDEAENS, @2)RIZL->TEHENS.,

B =exp(-AE/RT) (4-2)

T RIEBKEER. TIHMEHRETH 5.

(4-1), @-DEZERAVT. L DHEENSPLA T THETIVFRAFTDE
PHEW 23Rz, Table. 4-1 KR WK DEREORL 2RT. UIBLBTAUY
A DOWTHENZET I IRESNTNS[45,62)D0T, ELXNICTETOMEZIRA
Uiz TOMMDFT—F1L, 1F 2REN 0 TREWREFBEIZDWTIE SITIEI XD
PIRgICpl 2ROz, o, TI/FRAF O EEEUTIE, Table 4-2 iR
TEALE 6 DBE ORFREE 1, OEME[9S]| &AL, ALY BK0TF B K UKEEK
MA T DERICTODVTIEIREEN W, BRA T OBREETH S 1.4X10"m
[94,95]2 R Lz, —FH., PV FRAF o BLOBMEFOFRHEMICOWTIL, f
BRSEOHEERMNMS < Al O ThHOBRE+4 LEEL. KB F >
111 LRELE, 7%, AnOy, AnO2ICBVI BEEA 4> OEPEHITT 7 F oK
AF L DEYEBMIEKEL, TIVFINAF o 2EOBR &L TENTNA4]L, +2 1
BBESICHRELE, 2B, KDTFTOXBFE—AL MIDOWTH, ENZEE
FMICEEBRZ TERTSIIEE L, '

PLEOEMob&ic, 77FRAFT > BIUKLFOERNER, BIAERMOF
BEROEZAHNSA—F E LT, Table 4-1 OMAKSREROHEMEICKH L THE
{70z, BEHKROH % Fig. 4212, BT THELSNIZTNTOR, D{EZ Table 4-1
CRT, MEBEESEENLVW—BZRLTVWAR I ENbN 5, BT TELNEN
5 A—H % Table 4-3 IR,

44 HER
Table 4-3 IZ5RT L 351, 537 An™. An"™, AnO,, AnO*OAEZNERIT. TIT
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NOEROBHT2DBE+3, +4, +1, 2 KD B RIERMER 2. 2O, I
504 IDOWTIEE OSBHEEERICNA TR S M OBRIAIEERIME <
ZEERBLTNDEFEAONS. AMATIHEOBERBRHEIEREL T, ERE
EERBED f BFREOHEI/EROEEIZOWTHRETZ{To /. Table 42 ITY
TDFZRAF D 5f BF OB FERE<>-O|MAE[96] &R T . Table 4-2 05 BHHI 57
LD, B iZERA A SR L LD EIEREN, ZOZEMD, 5 BTN
BRNEERCES T A EEZRTIEEEL T, OEZERL, AXER & OH
BICERRD T &2 L7, Fig 42 BB O<r>/r, KFEHEEZRT. ZORKO,

FOFZRA T OMKICERER L EYBR E<sic OBRE—EOBEAE DS,

<>/, DIERREWIZE, TRbb 5f ETFORRMEBRICEETIEENAEN
EFZEABLNBIIRTE, EPBRAREL R >TVWB I ENDMNE, 2T, BXENH
ML IEROBER 25 WA B OBEID Z,y, IDWT, FEikiZ<en, EOBEFEZHR
7= DY Fig. 4-3 THB. Fig. 43 ITRT LI, 23R TREINSEHERICESL
S,

Zadd - 0.0217 X ( <I‘>/I'c )8.23 (4"3)

45 £&8

DEQTENEHLNELSIE, TIF KA T OMAMRERICOWTIHE
HOBEMEERICMATRERIEOHERRE { ETRHAOHAERNFETSD
DEEZEND, o T, SBRIDICKREDENERT—F2ERTH I LiTLD,
BEOHEERICXAEELRABICTAIENBETH L. i, 5F ET ORI
ERRICHE U TERNRE &SN 5 ORI EED, LENHELBOEREZED S Z
EHBRETHS,

72, D7D, Pu(OH), DREETEHB, KDOWTOXEMEOFISE, BEFERE
TN X BFHERR, 2.3 HTROLZERIERE Table 4-4 1ZRT. BERET N2
BWiERRE2IETTROZERERVES BT EMPENTH D, DI &
MHH 23 ETROEEREROGEENHERIN/EEZI LGNS,
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BTHAETICBVT Pu0,xH,0 OBMELREL. WRER K, 2Rk, T
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BHizd TN I ENRBINE,
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Table 2-1. Solubility products of PuO2-xH20 (am) *.

Ref. Media Kgp [=0*
Capdevila et al. [4] 0.1to3 M NaCl -58.30 = 0.50*
Kim et al. [5] 1.0 M NaClOs -60.73 = 0.05*
Raietal. [10] 0.1 M  nitric media -56.85 = 0.36*
Perez [11] -47.3 t0 -56.3
Kasha [12] 0.06 M HC -55.1

1.0 M NaClO4 . -55.2
This work 1.0 M NaClOg4 -58.72 £ 0.15*

*Recalculated from the experimental data by using the SIT[62].



Table 2-2. Stability constant of Pu{OH)a4.

Refs. stability constant of Pu(OH)4
Metivier et al. [15] 49.5
Lierse et al. [16] 43.1
Pazukhin et al. [17] 46.19
This work 48.46 = 0.29*

*Recalculated from the experimental data by using the SIT[62).



Table 3-1. Comparison of solubility products of actinide(VI) or actinyl(VI) hydroxides.

Solid phase Refs. Media Ksp
U032H20 Kato et al. [20] 0.1 M NaClO4 -22.15 = 0.06
Meinrath et al. [21] 0.1 M NaClO4 -22.34 + 0.23
Meinrath et al. [21] 0.1 M NaCiO4 -22.20 = 0.12
UO32H20(r) Bruno et al. [22] 0.5 M NaClO4 -21.26 = 0.02
U032H20am) Bruno et al. [22] 0.5 M NaClO4 -20.93 = 0.01
UO03-H,0 Gayer et al. [23] NaOH/HClIO4 -21.96
UO02(OH)2 Kramer-Schnabel et al. [24] 0.1 M NaClO4 -22.21 = 0.01
Babko et al. [25] 0.2 MNH4NO3 -21.74
Milkey [26] NH3/HNO3 -21.9 0.3
Kraus et al. [27] 0.1_M NaNOs3 -23.5
NpO3:H20 Kato et al. [20] 0.1 M NaClO4 -21.72 = 0.13
NpOs°H20 Kato et al. [20] 0.1 M NaClO4 -21.74 = 0.22
NpO2(OH)2 Baes et al. [28] 1=0 =-21.4
NpO2(OH), Moskvin et al. [29] 02M -22.7
PuO2(OH), Lierse et al. [30] 0.1 M NaClO4 -23.0
PuO»(OH), Musante et al. [31] 0.1 MNaClOs  -24.05 = 0.2
PuO2(OH)2 Moskvin et al. [32] NH4ClO4 -22.74
PuO2(OH)2 Kraus et al. {33] 0.1 M NaNOs -20.5
PuO2(OH)2 This work 0.1 M NaClO4 -24.78 = 0.14




Table 4-1. Selected hydrolysis constants of actinide ions.

log Bx’
) . on . number  average of .  calculated
valency species Interaction ) reference
coofficient® of data literatuge data value
An(l)  NpOH™ 0.39 1 7.18 7.18 37
PuOH?* 0.39 7 8.51+1.66  8.51 38-44
AmOH?* 0.39 1° 7.60 £0.70  7.24 45
CmOH** 0.39 7 879188 857 . 4144,
46-50
BkOH?* 0.39 1 8.74 8.74 44
CfOoH? 0.39 2 9.22+0.53  9.22 44,51
EsOH>* 0.39 1. 950 9.50 51
FmOH>*  0.39 1~ '10.84 10.84 51
Am(OH),* 0.17 1 13.90+0.60 1321 45
Cm(OH)," 0.17 2 15.76 £ 4.90  15.87 46,48
Am(OH)3 - 1*  1630+0.50 16.88 45
An(lv)  ThOH>* 0.48 15 11.27+1.14 12.56  28,52-61
PaOH>* 0.48 3 14.83 +0.03 15.85 28,43
180) &d 0.48 1 1346+0.06 15.03 62
NpOH** 0.48 5 1326 +1.00 14.97  28,63-65
PuOH>* 0.48 15 1338051 1461 1517,
28,66-73
Th(OH),%" 0.39 9 2243 =174 2384 28,43,52,
55,57,60,
61
Pa(OH),** 0.39 3 2851 0.91  30.40 28,43
U(OH),?* 0.39 1 26.12 28.74 74
Np(OH)2* 0.39 2 2879+ 1.48  28.61 64,75
Pu(OH),>* 0.39 5 2746 +1.65 2790  15-17,
28,72
Th(OH)3* 0.17 5 33.41x4.18 3276  535,57,60,
66
Pa(OH)s* 0.17 1 42.44 42.56 43
U(OH)* -~ 017 - - 1 - - 43.69- - — - 40.06 - — 76 --




Pu(OH)5* 0.17 5 38.90=+2.03 38.75 15-17,
28,72
Th(OH)4 - 7 4094+ 4.65 4040  28,55,57,
60,61,77
Pa(OH)4 - 2 5471 =2.67 53.42 28,43
U(OH)4 - 1 53.63 50.06 76
Np(OH)4 - 1 50.09 49.75 61
Pu(OH)4 - 6 48.68 £2.78  48.27 15,17,
28,30,72
U(OH)s™ -0.09 1 54.00 57.67 28
An(V)  PaO;0H - 1 9.50 9.50 28
NpO,0H - 12 445097  3.32 282975
78-83
PuO,0H - 4 431+0.03 431 28,39
83,84
AmO,0H - 2 1.27 =042 127 85,86
NpO2(OH)2~  -0.09 2 4.67+030  5.24 78,79
An(VI) UOOH' -0.06 1° 8.80+0.30  8.74 62
NpO,OH" -0.06 2 9.13 = 0.39 8.51 28,87
PuOz0H" -0.06 8 9.05+0.97 847 16,2831,
39,88-91
PuO2(OH)2 - 6 1681 =£2.17 15.51  16,31,39
89-91
UO(OH)s~ -0.09 2° 2197 +1.17 20.83 62,92
NpO2(0H)s~  -0.09 1 20.00 20.20 93
PuO2(OH);~  -0.09 5 18.90=1.90 19.96 16,31,39
89-92
UOy(OH)4>~ -0.13[71]  2°  23.30+0.40 24.17 62,92

*Values taken or estimated from the NEA Thermochemical Data Base project[45,62]

unless indicated otherwise.

®Values taken from the NEA Thermochemical Data Base project[45,62].

®Average values of the recommended[62] and recently obtained ones[95].



Table 4-2. Ionic radii of actinide ions for coodination number 6 (1c)[34] and 5f orbital

radial expectation values <r>[96] (10"%m).

<> [1¢
valency I v v VI
Ac - /112
Th - [ - - /0.93
Pa - /1.05 1.36/0.91 --/ 0.78
U 1.38/1.03 1.30/0.89 1.24/ 0.76 (1.19)%/0.73
Np 1.31/1.01 1.25/0.87 1.20/ 0.75 1.15 /0.72
Pu 1.26 /1.00 1.20/0.86 1.15/ 0.74 1.12 /0.71
Am 1.21/0.98 1.16 /0.85 1.12 /0.73)? 1.08 / -
Cm 1.17/0.97 -- /0.84
Bk 1.12/0.96 1.09/0.83
Cf 1.09/0.95
Es 1.06 /0.93
Fm 1.03/0.92

“Estimated by extrapolation.



Table 4-3. Effective charges of actinide ions obtained from the analysis

by using the hard sphere model”.

valency II v A\ VI
Th (4)
Pa 4.52 = 0.17 3.38+0.35
U 4.37x0.15 3.23+£0.20
Np 3.13+0.41. 4.34 = (.14 2.40 = 0.46 3.19 % 0.23
Pu 3.36 = 0.37 4.27 +0.12 2.55 = 0.50 3.18+0.24
Am 3.13+0.25 | 2.08 = 0.61
Cm 3.35x0.24
Bk 3.37+0.37
Cf 3.45 = 0.36
Es 3.49 = 0.35
Fm | 3.70 = 0.32

"The dielectric constant and effective electric charge of water molecules were obtained to be

7.60 = 5.17 and -0.57 = 0.18, respectively.
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Summary

Systematic trends of mononuclear hydrolysis constants of acti-
nide ions were studied with the use of a simple hard sphere
model. In the analysis of the literature data of hydrolysis con-
stants, not the formal but the effective charges of actinide ions
were considered since some additional interactions were expect-
ed for actinide ions as we!l as ordinary electrostatic ones.
Systematic trends in the hydrolysis constants were well explain-
ed by the present model, The evaluated effective charges were
found to be correlated with the radial distribution of 5f orbitals,
and an empirical equation was given for the correlation between
the effective charges and radial expéctation values, A useful
method was given in the present analysis to check the experi-
mental data and to predict the unknown data from a systematic
point of view.

1. Introduction

Reliable thermodynamic data are required for the
safety assessment of geologic disposal of radioactive
wastes, and many efforts have been dedicated to ob-
taining” the chemical thermodynamic data of various
elements. In spite of the efforts, however, some of the
thermodynamic data of actinide elements are still lack-
ing, and the chemical behavior of these elements is
predicted by applying chemical analogy and by taking
the thermodynamic data of similar kinds of the el-
ements. It is quite important to establish the basis and
conditions for applying the chemical analogy.

The stability of hydrolysis species has been dis-
cussed in many literatures in terms of the charge and
ionic radius of the central metal ion [1—86]. For exam-
ple, Davies discussed the first hydrolysis constants of
the 1A, 2A and some other elements in terms of the
ratio z%/r, where z is the formal cationic charge and r
the ionic radius [1]. Pollowing this, Irving and Wil-
liams [2] and Williams [3] suggested the use of the

ratio of z/r, the ionic potential, or the above function,

z%/r. Baes and Mesmer {4], on the other hand, consid-

* Author for correspondence :
(E-mail: moriyama @i kyoto-u.ac jp).

ered the function z/d, where 4 is the interatomic dis-
tance, M-O, rather than the ionic radius. Although
there are also some other functions proposed consider-
ing the effects of cations upon their anionic neigh-
bours, ‘it may be generalized according to Huheey that
any function z'/r" can be used in this context with sim-
ilar results [5].

The unified theory of metal ion complex formation
constants which has been proposed by Brown and
Sylva is one of the most successful models considering
the effects of cations upon their anionic neighbours
[6]. The model considers the electronic structure of the
metal ion as well as the charge and ionic radius, and
is used to describe quantitatively the hydrolytic be-
havior of most cations in the periodic table. Using this
model, one can predict stability constants for a number
of aqueous species composed of metal ions and li-
gands which are important for the safety assessment
{7]. However, this model tends to give poorer esti-
mates for higher coordination species, and a simple
hard sphere model has been proposed to describe the
systematic trends in the hydrolysis behavior of trans-
uranium ijons in a previous study [8]. The model has
successfully been applied to the hydrolysis behavior
of higher coordination species.

The present study is an extension of the previous
one and deals with the hydrolysis behavior of actinide
ions. The systematic trends observed in the hydrolysis

behavior of actinide ions are analyzed by the hard

sphere model in which not the formal but the effective
charges of actinide ions are considered since some ad-
ditional interactions are expected for actinide ions as
well as ordinary electrostatic ones. Systematic trends
of the hydrolysis constants are well explained by the
present model and the evaluated effective charges are
discussed, the additional interactions of 5f orbitals be-
ing considered. The obtained results will be important
to establish the basis and conditions for applying the
chemical analogy.

2. Analytical procedure
Selected hydrolysis constants

Our procedure s first to select the reference values for
hydrolysis constants from the literatures, and then to
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Table 1. Selected hydrolysis constants of actinide ions
Valency Species lon interaction Number log 8.7 Reference
coefticient" of data
) Average of - Calculated
literature data value
An(ILi) NpOH?** 0.39 { 7.18 7.18 1l
PuOH** 0.39 7 8.51x 1.66 8.51 12—18
AmOH** 0.39 1° 7.60+0.70 7.24 10
CmOH* 0.39 7 8.79£1.88 8.57 15, 18-23
BkOH* | 0.39 i 8.74 8.74 18
CfoH>* 0.39 2 9.22+0.53 9.22 18,24
EsQH** " 0.39 1 9.50 9.50 24
FmOH** - - 0.39 1 10.84 10.84 24
Am{OH)." 0.17 1" 13,90 %0.60 13.21 10
Cm(OH),* 0.17 2 15.76 £4.90 15.87 19, 21
Am(OH), - 1" 16.30 £ 0.50 . 16.88 10
An(IV) ThOH*" 0.48 15 11.27£1.14 12.56 4,25-34
PaOH*™" 0.48 3 14.83+0.03 15.85 4,17
UOH** 0.48 1k 13.46 +0.06 15.03 9
NpQH*™* 0.48 5 13.26 £1.00 14.97 4, 35-37
PuOH* 0.48 15 13,38 0.51 14.61 4,38—48
Th(OH),** 0.39 9 2243174 23.84 4, 17, 25, 28, 30, 33, 34
Pa(OH),*" 0.39 3 28.51+0.91 30.40 4,17
U(OH)** 0.39 1 26.12 28.74 49
Np{OH),** 0.39 2 2879+ 1.48 28.61 6, 50
Pu{OH);** 039 5 2746+ 1.65 27.90 4,41,45,47, 48
Th(OH),* 017 5 33412418 32,76 28, 30, 33, 34
Pa(OH)* 0.17 1 42.44 42.56 17
U(OH),* 017 - 1 43.69 40.06 .51
Pu(QH),* 0.17 5 38.90%=2.03 38.75 4, 41, 45, 47, 48
Th(OH), - 7 40.94 = 4.65 40.40 4, 28, 30, 33, 34, 52
Pa(OH), - 2 54,71 +£2.67 5342 4,17
U(OH), - 1 53.63 50.06 5t
Np(OH), - 1 50.09 49,75 34
_Pu(OH), - 6 48.68 =278 48,27 4, 41, 45, 47, 48
U(OH),~ —0.09 1 54.00 57.67 4
An(V) Pa0.0OH - 1 9.50 9.50 4
NpO,0H - 12 445 +=0.97 332 4, 50, 53—-61
Pu0.OH - 4 431 +0.03 4.31 4, 12, 61, 62
AmO,0H - 2 1.27£0.42 1.27 63, 64
_ NpQ.(OH).~ -0.09 2 4.67 £0.30 5.24 53, 54
An(Vl UOQ,0H~" —0.06 1* 8.80x0.30 8.74 9
NpQ,0OH* —0.06 2 9.13+0.39 8.51 4, 65
PuQ,0H* -0.06 8 9.05£0.97 8.47 4,12, 41, 66—70
PuO,(OH}. - 6 16.81 %217 15.51 12, 41, 67-70
UQO.(OH),~ -0.09 2¢ 2197x 117 20.83 9,71
NpO,(OH),~ —-0.09 1 20.00 20.20 72
PuO,(OH)," —0.09 5 18.90 £ 1.90 19.96 12, 41, 6769
UQ,(OH),*" —0.13 [T} 2¢ 23,30+ 0.40 24.17 9,71

s Values taken or estimated from the NEA Thermochemical Data Base project [9, 10] unless indicated otherwise.
® Values taken from the NEA Thermochemical Data-Base project [9, 10].
¢ Average values of the recommended [9] and recently obtained ones [71].

apply the hard sphere model to the analysis of the
selected values in order to discuss the systematic
trends.

Table 1 shows the selected values for standard
state hydrolysis constants, B.°, of actinide ions. Be-
cause of increasing needs for the reliable values, a
critical and comprehensive review of the available
literatures has recently been performed for some of
actinide elements in the NEA Thermochemical Data
Base project {9, 10]. The recommended values for
uranium-and americium are-used in-the- present.study.

As for the other elements, however, there is no critical
review and then the average values of the available
literature data [11—72] are temporalily taken as the
reference values. Although the literature data are often
scattering possibly because of difterent confidence
levels, the average values are expected to reflect the
trends of the real ones. Then the available literature
values are averaged without any intentional selections.

Ionic strength corrections have been made to esti-
mate the standard state values from the reported ones
by taking. the specific ion interaction theory (SIT) fol-
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Fig. 1. Atomic number dependence of the first hydrolysis con-
stants of actinide ions. Open marks are the averaged literature
values, and full marks the values selected in the NEA TDB pro-
ject [9, 10]. Curves are only for the aid of the eyes.

lowing the NEA Thermochemical Data Base project.
Ton interaction coefficients are taken or estimated from
the project [9, 10] as shown in Table 1. Based on the
similarities of the formal charges of the species, the
“value of 0.48% for UOH** is taken for AnOH**, 0.39
for AmOH?* is for AnOH** and An(OH),**, and 0.17
for Am(OH),* is for An(OH),* and An(OH},*, and
—0.06 for UO,OH* is for AnO,OH*. Similarly, the
value of —0.09 for UO,OH),~ is taken for
AnO.(OH);~, AnQ,(OH),~ and An(OH),".

In Fig. 1, the selected values for the first hydrolysis
constants of actinide ions are plotted as a function of
the atomic number. In spite of some scatters, it can be
found that the first hydrolysis constants of An** ions
increase with increasing atomic nurber. This trend
can be explained by considering the effects of the acti-
nide contraction [73]; the ionic radii of actinide ions
decrease with increasing atomic number due to de-
creased shielding by Sf-electrons, and the electrostatic
interactions for hydrolysis increase. For the other ions,
however, such trends are hardly observed, but rather
opposite trends are observed for An*" excepting Th**
and especially for AnO," in Fig. 1. In the case of
AnQO.**, no definite trend is found in Fig. 1, but the
opposite trend to the actinide contraction has already
been pointed out in the literature [73].

Hard sphere meodel

From the above facts, it may be considered that acti-
nide ions have not only the electrostatic interactions

but also some additional non-electrostatic interactions,
In order to evaluate a contribution of the non-electro-
static interaction, a simple hard sphere model [8] is
used in the present study. Not the formal but the effect-
ive charges of central actinide ions are introduced and
the values of the effective charges are evaluated by
applying the model to the analysis of hydrolysis con-
stants of actinide ions. '

In the model, an octahedral structure is assumed
for all the hydrolysis species of actinide ions, and a
central actinide ion, its ligands of water molecules and
hydroxide ions are all treated as hard spheres, includ-
ing oxide ions of the oxo-complex, i.e. AnO,* and
AnQ,%*, The assumption is only for simplicity and, in
principle, some other structures may also be consid-
ered. In the case of the hydrolysis species, however,
the coordination number higher than 6 for OH™ has
not been reported so far, although the coordination
number of 8 and 9 is found for H,O. By considering
this fact for OH™, the hypothetical ocatahedral struc-
ture is taken in the present study.

In the case of An®** and An**, six corners are occu-
pied by water molecules and/or hydroxide ions to form
the hydrolysis species. As for AnO,* and AnO;**, on
the other hand, only four corners are available for
hydrolysis because of their structures. By considering
the Coulomb interactions between the hard spheres,
the electrostatic potential energy E of each species is
given as

E=73,(ZZfcry, (1
iny

where Z, and Z, are the electric charges of hard spheres
i and j, respectively, & the dielectric constant, and r;
the distance between hard spheres { and j. As a substi-
tute for the dipole moment, water molecules are as-
sumed to have an effective charge.

Since water molecules are substituted by hydrox-
ide ions in hydrolysis reactions, the standard- state
hydrolysis constant ,° of each hydrolysis species is
related with the potential energy difference DE be-
tween the hydrolysis species and non-complexed acti-
nide ion as expressed by '

B." = exp (—AE/RT), (2)

where R and T denote the gas constant and absolute
temperature, respectively.

3. Results

A least-squares fitting analysis of the selected and ref-
erence B, values in Table 1 was carried out by using
equation (2). In the analysis, the effective charges of
the central actinide ions were evaluated other than
Th** of which the charge was assumed to be +4 with-
out any contribution of non-electrostatic interactions.
The ionic radii of actinide ions were taken from the
literature values [73] for the coordination number 6 as
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Table 2. lonic radii of actinide ions for coordination number
6 (r.) 173] and 5f orbital radial expectation values {r) [77]

(10" m)
Valency {r¥r.

4 v v Vi
Ac -1.12
Th —/- -10.93
Pa —/1.035 1.36/0.91 —0.78
U 1.38/1.03 1.30/0.89 1.24/0.76  (1.19)%/0.73
Np 1.31/1,01 1.25/0.87 1.20/0.75 1.15/0.72
Pu 1.26/1.00 1.20/0.86 1.15/0.74 1.12/0.71
Am 1.21/0.98 1.16/0.85 - 1.12/0.73)" 1.08/—
Cm 1.17/0.97 —/0.84
Bk 1.12/096  1.09/0-83
Ct 1.09/0.95 ’
Es 1.06/0.93
Fm 1.03/0.92

* Estimated by extrapolation.

Table 3, Effective charges of actinide ions obtained {rom the
analysis by using the hard sphere model*

Valency [Ii v \Y VI

Th @)

Pa 452017 338x0.35

u 4.37x£0.15 © 323020
Np 3132041 434%0.14 240x046 3.19+£023
Pu 336037 427x042 255x050 3.18x0.24
Am 313025 208 +0.61

Cm 335+0.24

Bk 337037

Cf 3.45+0.36

Es 349+0.35

Fm 3702032

* The dielectric constant and effective electric charge of water
molecules were obtained to be 7.60 + 5.17 and —0.57 £0.18,
respectively.

shown in Table 2 and, for the lack of data, the ionic
radius of 1.4 X 10~'® m for 02~ [74, 75] was taken for
H,O and OH~. The electric charge of OH~ was as-
sumed to be —1, that of O*~ was obtained from the
formal charge of AnO.* or AnQ,>* and the effective
charge of each actinide ion, and that of H,O was
treated as one of free parameters as well as the dielec-
tric constant . The obtained results for the effective
charges of the central actinide ions are summarized in
Table 3, and the B, values obtained in the analysis are
compared with the selected reference values in
Table 1.

Typical fitting resulis for An**, An'*, AnO.* and
AnO,** are shown in Fig. 2. As already found in the
previous study [8], the systematic behavior of the B,°
values is well described by the hard sphere model. The

W values increase with increasing coordination num-
ber, but the rate of increase is not simply porportional
to the coordination number due to the increasing repul-
sive interactions between the negatively charged- li-
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Fig. 2. Step-wise hydrolysis constants of some actinide ions.
Full marks are the selected values and open marks the calculated
ones.

gand jons. The reasonable values have been obtained
for the other free parameters; the obtained value of
—0.57 = 0.18 for the effective charges of H,O is less
than that of OH- and 7.60 =5.17 for the dielectric
constant is close to that for electrical saturation.

4, Discussion
Effective charges of actinide ions

As shown in Table 3, the obtained effective charges of
An®t, An*t, AnO,* and AnO,?* are found to be larger
than the formal charges of +3, +4, +1 and +2, re-
spectively. This result suggests that these actinide ions

have not only the electrostatic interactions but also

additional non-electrostatic interactions. By consider-
ing possible contributions of 5f orbitals to the ad-
ditional interactions, an analysis has been performed
in the present study.

It is widely recognized that actinides represent a
unique part in a periodic table of the elements and that
the 3f electrons are not so localized and are likely to
contribute to chemical bonding. Extensive efforts have
been devoted to explain the bulk porperties of acti-
nides by considering the electronic structures {76]. For
example, ab initio calculations of the electronic struc-
tures have been performed to understand bonding in
metals and some compounds. However, it is still diffi-
cult-to predict such properties as the stabilities of the
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literature {78].

solution species mainly because of the lack of structur-
al information. In order to discuss the observed trends
for the contributions of 5f orbitals, an emipirical
analysis has been performed.

it may be considered that the radial distribution of

5f orbitals is one of the most important factors for the
contributions of non-electrostatic interactions and, as
a measure of the contributions, the ratios of the 5f
orbital radial expectation values [771, (), to the ionic
crystal radii [73], r., have been used. As shown in
Table 2, the () values are usually larger than the r,
values, and the larger (r)/r, values are expected to
“result in the larger contribution of 5f orbitals to the
additional interactions. With increasing atomic num-
ber, in general, the (r)/r. values decrease with atomic
number and the contribution of 5f orbitals will de-
crease. :
Fig.3 shows the effective electric charges as a
function of the (r)/r, value. The literature values of the
effective charges which have been given by Choppin
and Rao for AnO,* and AnQ,>* [78] are also shown
in this Figure, and are found to agree with the present
values within the uncertainties. The effective charges
for An**, AnO,* and AnO,*" increase with increasing
(r)r, values, suggesting that the contribution of non-
electrostatic interactions is much important for An**,
AnO,* and AnO,>*. On the other hand, no clear de-
pendence is expected for An** because of the smaller
{r)fr. values, but rather opposite dependence may be
found in Fig 3. Although this may indicate some
uniqueness of An’*, further confirmation will be sug-
gested for An** and especially for Bk**, Cf**, Es**
and Fm?* of which the experimental measurements are
very limited.

It is interesting to compare the contributions of
non-electrostatic interactions among An®*, An**,
AnO,* and AnO;**. In Fig. 4, the additional charges
which are the differences between the effective and
formal charges are plotted as a function of the {)/r.
value. The dependencies of the additional charges on
the {r)/r, value are found to be almost the same irre-
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Fig. 4, Correlation of additional charges of actinide ions with
the {r)/r. value. Open marks are of the present analysis and full
marks of the literature {78].

spective of valence states, and the additional charges,
Z... are expressed by the following empirical equa-
tion:

Zys = 0.0217(rY ey (3)

This empirical equation is only temporal, and may be
improved by further studies not only experimental but
also theoretical, At the present stage, however, it will
be useful for checking the experimental data and for
predicting the unknown data from the systematic point
of view, '

Indications for application
of chemical analogy

Although extensive studies have been performed up
to date, some of the thermodynamic data of actinide
elernents are still lacking, and the chemical behavior
of these elements is often predicted by applying the
concept of chemical analogy for the safety assessment
of geologic disposal of radioactive wastes. It is impor-
tant, however, to consider the basis and conditions for
this concept. Some indications are obtained from the
present study.

For usual electrostatic interactions, it is enough to
consider the difference of the ionic radii, i.e., the dif-
ference of the Coulomb interactions. In addition to
these interactions, however, non-electrostatic interac-
tions which are possibly due to the formation of hybrid
orbitals are also considered to contribute to the stabil-
ity of the hydrolysis species of actinide ions in solu-
tion. For predicting the hydrolysis constants of actini-
de ions by applying chemical analogy, it should be
remembered that the true values would be larger than
those predicted only by taking into account the usual
electrostatic interactions. However, this does not
necessarily mean the higher solubility values since the
non-electrostatic interactions are expected not only for
the solution species but also for the solid phase spe-
cies. It is thus quite important to study the contribution
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of the non-electrostatic interactions to the stability of
the solid phase species. -

Rai et al [79] have reported that the solub:llty
product values of AnO,(c) and AnO, - xH,O which

 are representative of the stability of these solid phases
are dependent on the inverse of the ionic radii of acti-
nide ions. This means that the stability of the solid
phase species is well described only by considering
usual electrostatic interactions and that the non-elec-
trostatic interactions are-not so important in this case.
In the analysis of Rai ef al., the ionic radii for 8-coor-
dination have been used, which are obtained from the
lattice parameters of the crystalline dioxides and are
rather larger than those for 6-coordination used in the
present study, Referring to Figs. 3 and 4, it can be ex-
pected that because of the smaller {#)/r. value the non-
electrostatic interactions will be much smaller for the
species of 8-coordination than for 6-coordination. The
stability of the solid phase species is explained by con-
sidering the actinide contraction contrary to the case
of the solution species.

The trends of the solubility values of actinide ions
may be predicted for the safety assessment of geologic
disposal of radioactive wastes. In the case of AnO.(c)
and AnO, - xH,;O, for example, the stability of the
solid phase species exhibits a trend of the actinide con-
traction while the opposite trends are expected for the
solution species other than Th** as shown in Figs. 3
and 4. Thus a trend in which the solubility values de-
crease with increasing atomic number will be expected
in this case, Since the contribution of non-electrostatic
interactions is expected to be dependent not only on
the (r¥r. value but also on the coordination structure
of actinide species, further studies may be suggested
for different types of structures.

4. Conclusions

The hydrolysis constants of actinide ions were well
explained by a simple hard sphere model in which the
effective charges of the central actinide ions were in-
troduced. The obtained effective charges of the central
actinide ions were [arger than the formal charges, and
not only the electrostatic interactions but zlso some
additional non-electrostatic interactions were found to
contribute to the stability of the hydrolysis species of
actinide jons. By taking the ratio of the 5f orbital radial
expectation values to the ionic erystal radii as a mea-
sure of such contributions, an empirical equation was
given for the additional charges of the central actinide
ions.

The present treatment of the non-electrostatic in-
teractions is only empirical, and it may suggest to stu-
dy the formation of hybrid orbitals from a theoretical
point of view and to derive the equations for the con-
tribution of the non-electrostatic interactions.
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