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Influence of Naturally-Occurring Heterogeneous Complex-Forming Materials on the Migration Behavior of

Actinides in the Geosphere (II1)

Osamu Tochiyama*

Abstract

To estimate the polyelectrolyte effect and the effect of the heterogeneous composition of humic acids, the
complex formation constants of Eu(III) and Ca(Il) with Aldrich humic acid and polyacrylic acid were obtained,
for Eu (10’8 to 107 M) by solvent extraction with TTA and TBP in xylene, for Ca (1 O'IGM) with TTA and TOPO
in cyclohexane and for Ca(lOJ'M) by using ion-selective electrode. By defining the apparent formation as £, =
[MR, J/[M][R]), where [R] denotes the concentration of dissociated functional group, [M] and [MR,] denote the
concentration of free and bound metal ion and pcH is defined as —log [H], the values of log#, have been obtained
at pcH 4.8 — 55 in 0.1 — 1.0M NaClQ, and NaCl. Logf, of Eu-humate varied from 5.0 to 9.3 and that of
Ca-humate from 2.0 to 3.4. . For both humate and polyacrylate, logf, increased with pcH or with the degree of
dissociation. The increase in the ionic strength 0.1 to 1.0 M decreased the logf,, the decrease in logfl, of
Eu(IIl)-humate is 1.6, that of Eu(Ill)-polyacrylate 0.7, that of Ca(II)-humate 1.9 and that of Ca(Il)-polyacrylate
1.2. While the increase in the metal ion produced no effect on log#, of polyacrylate, logB, of humate decreased.
Depending on the concentration of Eu(IIT), the coexistence of Ca(II) reduced log 5, of humate by 0 to 0.8. The
dependence of logB, of humate on the metal ion concentration suggests the coexistence of strong and weak

binding sites in the humic acid.

Work performed by Osamu Tochiyama under contract with Japan Nuclear Cycle Development Institute.
INC Liaison: Waste Isolation Research Division

Waste Management and Fuel Cycle Research Center, Tokai Works

*: Graduate School of Engineering, Tohoku University
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RIS S E L ~OVIRESTEREY R TRU 2 50REYH» S, EVRE, REBMOHSE
HHETHLT 7 F /4 FHFEEE L TEBE~BITTA /O LRAL L TR, #ITRZEELTIBTIR
DI REFENEZEILNE. I0LIRBITTOEAIBWT, T7F/ A FOEBEFMTLED
EME B0, TrF 4 FEESREDERESPHTRIPOEFRT L OB DELER (TBrs
£ Thh, e THHARCBY2EHYIE. LELBRIFOALLT, BHTHEA - MLVIES
WTh, D2DOEN, HTRFOEFEY, 204 FROBEMET, BREEE~OREDSEH« 2ERE
THEL, B4 OEBA 4V EWIHAEERL, #0BTESHCRELFELSRIHILINIEHL D
2% D203 5[1-4],

BAROEBEMITE LT 7IVYBELERENEBI TR Lo THEEIN TS, ZThid, £WE
B B3R T 5 B BT, AﬁrUT?mF EHDEEILLY, FRPHELEYEL TER LHETE
HOEFTFILEMOREYT, EEPFOEFRIASA TV ALFRF Y VE, KEBE, 73/ £F0K

BRELZSHLETEOCERLEWOESE GRE Thb, 0D, EBA A L7
Y EHOWMEERIL,

() HERBHEFESFTFERICHESRTVWAI LN LIEE (B TEREDR)

(b) #ek (FEHEE FTFE. BREOHEE STHR OFRY—E
OMHIHEE D, pH S/A B, A+ VIRE A BE) SCH L TER 0 EMERN
Tk BEEREIIE S IRKERERT[S6]. CORFAF L ELTHTRRPICRE 1 KWRTEHK
WenEEA TV, e ZRETERL TSV BT ROBRICL ) ZOBRENT B[7). CHED
DMNEBAF Y IIEHBLIU2OGEERBIYV 7IVEEL T 75/ 4 FREOHAEERICEERS5R 5.
L LIRS OEEOEEMFEMIFFCHLVOT, REOLIBTE—KIC, 7IVWHLERES
+r EOREERIR, BEOHERLAL L ) KEY R, BoNbRPTOHEBERIIFMICLY
LT B EER BT TU—FHRLN T 3[8-15].

3z 1 The compositions of some typical ‘freshwater’ bodies

Streams  Groundwater Lake Soda lake

pH 6.6 - 8.0 7.0-8.0 7.7 9.6
pNa 40-46 26-35 34 0

pK 47-51 3.7-45 4.3 1.7
pCa 31-43 2.5-35 30 4.5
pMg 40-51 25-38 34 4.6
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M73V@kﬁﬁ4ﬁvwﬁﬁﬁﬁ%$ﬁ&%$ﬁtLTHﬁﬂi&ﬁ@?fD—%fd$+ﬁ?%
CBAIERBHLTVWS, FIT, KEBERATYVZIYLLLLBREEFMEERELT /F /41N THD
TAY YT LDV, 2073 yEEOHEERERIT L. MRFEIINE TRE, HEMLE
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LA, Cr, [HRIGFNFPNAETHEBEBIUCHEREOERERETHD. FHEIIRDLHK
REN, pHERK I W ELT 5.
o mrg;j[R] v
SEo TOYNRL DGR ERD L HIIEEZTET I LN TES[8,16-19].
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v W AR L,
MR MR |
g M _ MR, MR, e an

MIL]  [MI([R)/m)  [M](Cre/m)

Eh, BlI—BEB B, MR,IHF Cr KHLTERTERVWEERE—EL o2, Tk, BEEE
PEILT % L EREOBRELL, 73 U ECBI B SERLE R bINGLTEDRET
MEND, FHIOFRIIBITSL GRald 7IVPHEEITNTVWATRTOEREFEMTHL I &
FIEBBLICEEL TWwaAY, 73 vEOHEBRERTH—THY, IhsEREOBRRIEEES L UH
ERIFEE BT, COLDEMETFRERACIHAL TET I LIEBRLT, Q)RDOLITHEE
Al o TEILTZRPIOERE LS. LD oT, QORDLIIokDHIFEDEICAELILED
H—EELARPITOERTHLOT, HIOIEITNATVHAIEHTIEEE V. Thbb, GR(7IVY
HORE)DEL Lo 73 v HEROREERLEOHOOELIIXCEHERLEREORRERI L E
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TTHEYTH N, ThoDRPTOERERIBYEEAS L TEDE ) KR THPEHRANL I LK
LY, 7IVPEOHBORY R SERMASCHTINREBIILNTERLEIOND.

B TREONOEROEFELT, FELTVwEEBA T Y2 7IVMETHET 20, Howid
TIVHEREBA S U THELTREYRD, ENEEO7IVMELESTAEEI4 v DEARE
SCC(Site Complexation Capacity BA7 i mol/g) RO TINERWTEETLFHENH L. ZOLHICL
TELNLTIVHEDOEES 4 T 5 HEYREFRE R, BWES[20-22), #EREFE[11,23,24].
EBEBEETERS R ELFEINTVS

C, =R}, = (Hud), - PEC (12)
[L] = (Hud); SCC (13)
PEC 7 IVMENEZONNE—REIRTIIETHLOIH LT, SCC BL UL i pH, 4 F T/

MREEZDOMOERICE VE(LT 28 TH5. BWEE(oading Capacity, LOWE, 71 b VRIERE
Cit BEAEREEOLL E LTERESN TN A,

ILC = SCC [L]T (14)
PEC Cr
DS EOHEEAERHACIEIRDE IILETHINS.
MR MR
ﬁLC — [ m] —_ [ m] (15)

IM(IL]; —[MR,])  [M](CxLC—IMR,])
6)~ @RI ES L EF LTI, CGPRRIFEBIERHEC LV MLIRDE ZEAFTE LY, EBA 4~
OS2 AU EOBERENES LTwaBEIC, SREROERILICERSNLBEREDRE
FMRITIRESNTENT 2L BHEEOBENTCRICH L TR TE 2V EHTIZR] = (Cr - m[MRa)a
BT OEVEWSEE TE R 25, (1)~ (IHRLEITLEFATRID L S R FEHE
BEL W, SOEFVIINRERS CLC TH A L ) AT 5 Langmuir DIREDE 2 )7 & FliT
HHEMMTEDY, SCCHHWIELCH pH R/ A VY BER X VIEMICENLTIETHY, EEAF
VOBET LI EEGTEOMERDRTNER LR, 7, TIVHELRREDERA F 45
GELTVE LI 2&ETE, 204 FOEMARDNEENRI A0, 20L&/ THELAD
SCCRLC %, KBEOT7IVHENEETALADEBELE M 4V OHERICOVTLHEATES
PEIBPFETHZEVIMELH LS. WTROEF VLB FIEERFICEL IS ICTHT 80T
£V EEMTHHEELTVAFEBRIIERAF Y EHET IV A PLEABSTERICEESINT
BY, CONEEHPRUFFEETIHR=87TEREDR) OV TOF@ES %2 S TVEY,

INLDEFANDOWFRAELVENTHE2HIVEINLDEFVEEQL ) LEETAE L v
X, FIERZE I, 7IVHECBYAESTEREDRLARTY —HOBREEL (FFEL T



MOTHEITRIC A2 EE2 602, LEL, ShOOYHEFSKUFET L 7I VPHTIIWEE 258 LT
FET A LR LY, 2 I TRRE TR, ERRETEESHRL ST A ) YT AIRDWT,
TIVEREDHEEREY, pHREBA T ViE, CaikiE, A F VHBELELTHRIL, MBS —%E
FFOE)T 7 ) VE(-CH,CH(COOH)-],) L DFEERELBET I LY, S FEREM LMK
T —H A AR R RIZT BB LB L 2. 27 LERIAETE, B/ 4+ ViBEDENICLS
BELRLOI, TAUITLORBLELT, 14 LTOENEEVELUL TSY, TR
FEHVAI LI YBEFHRICRETEL Y07 A,

2. EBEFE
2.1 B

A1) 7 7 ) VBRI Polyscience HH(TFH 5 T8 90000) & ¥ 25wt% kiR & L THRA LD O FIlHR
EFICHEA L. 73 BRI Aldich HBOLDFETRTFETHR LA DAL, PR i
Amersham # & O BEA L 72 ©% 0.005M HCIO, THIML T Eu i B4 107M ORFEUEZRAL .
724810 Eu B2 WET 2 -0 =L FERE OB Y 0 ¥y A XK % 0.005M HCIO, T
WL T 10'M~10"M @ Eu iFii % #3 L 7. *Ca(CaCly in H,0, carrier free Radionuclidic Purity:99.0%)
| NEN Life Science Products, Inc. & DEEA L7-H D% H0 THR L T24x10°M ORFFHE L AR L /-,
BCa DBRETRERIE D DI RS ¥ F L — % —i% Amersham pharmacia biotech $#® ACS I (Aqueous
counting scintillant) % & 7< 58 10%LL T CTH /2. TTA(thenoyltrifluoroacetone), TOPO (Try-n-octylphosphine
oxide) & UF MES(2-(N-morpholino) ethanesulfonic acid)t3 [ (Z L AFTE D S D%, HFICHELCTITHEA

L7, 20RO WTE, TR_RTMEMELEHOFRAE L HICHRRETICERALL.

22 T7IUEEOREH

73 EEONata5g & NaFlg % 0.IMNaOHSL W TR L, HCl 2 AW THERDO pH & 7 fHZICET
Bl B, TOFMIC N, FBRLAATS 10 BEEHET 5. CoFREEOECVERTIEAL, LIE 045
UM DAY TF 74N TEBT A ERICHCI 2 MATpHL KL, #IRMBER LEAEETS.
NaOH 2 Cit B %2 EB L T 3L FfiC L, HCl 2MXTpHL IZ L, A#ICHET L. SFF3IROT
YF—vavik, EOTHICLY VI UERTRIELEEATEETS. RIKHOOIMOHCIIZITT R
CEEOREETS. Na A4 DT FRETERIE X RERCICLVTELOR, WSS EDH. —ER
WL, HOTHLTLEAZETS. HO ICTHEREL HCl #FET 5. HCl BREDOHERIL CL A 1
VERIZTIT o7, s, ERERBICIVRGERETS. BELAT7IVBRIEIFYr—FIHFIET

RE

g

é

i
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23 pHER

pH B ARSI, 5BH KCHETIAE W 5545, HEHERO 1+ »BE % NaClO, THE
L7384, AEE0IC KCI0, Wit S LA TR H 5. £ 2 TRIFATIE, IThEBIFHL0OI, A
I A B GST-5421C 121 4.0M NaCl i3 % v 7z, B A 7 AEHE GST-5311C (213 4.0M NaCl &1
w3 L pH ?rms*ciEvbft*é fe\ O THIFN NaCl 5k % a7z, Ca DIHEER O E I3 NaCl TA £ >
MELRAEL LR 20 CEREIKCBEROEEAVE. £, FIRAEBOMEMETS S pH i1,
BB OREA 4 VIBELTRPREICRDTVEDOTIE L, FEREEEOLAREAF Y EETEERL
TWh, FOLDBERBOLF L HENENE XX, ZOEERME 11IGERTESA, [ 4 Y HMEN
B R D EEREEN 1IGENTERLRD, WEEICE ST RS, FOLOEROMWEL T
72, BEM, K44 VHETO0.IMNaOH & 0.1M HCIO, ®i#5E, 0.1M CH;COOH & 0.1M NH; Dif5E
2TV, BEEAICBIT pHERREEE T2 VAE/F ViBEORRBII-12RELE)T, pKw
=13.78 (/ = 0.1M) 13.79(1.0) ; pKa(NH,") = 9.29(0.1), 9.40(1.0) ; pKa(CH;COOH) =4.56(0.1), 4.57(1.0)[26]
YEAVCEHEL, ChEZ20OHELBTAEEDMEMETHS pH D5, pH % peH ICEERET 2 — RO
B ROTHEETo .

24 EBYTIZVNEEE T I VEROEE
RYF 2 ) LEE005g, 73 UEE0.075g %, 4 4 YIREREOLH T NaClO, & Z I 2 T 0.1M NaOH
TEEE o 73 VERIEARICET VD, 54 L 0.1M NaOH 8ml 2 TiE# L. 0.1M HCIO,
Sml A MIAEHAHELY. MEBIUpHNERIEEEHITER A — &4 L —F AUT-3000(F
fK), ABT-1000(¥ = b v MB X OF 5 REH(GST-5311C) % A L7z, HEPE 25202°C IWiRD, 2
EHARBELTIIFF v 7 A= CHRHLL.
EEOREOHEBICIE, BAMSEGmV/An)E FDFEOEBLUETNICHETAHTEL Y HE
HABETAL -S4 - FOEBRARBEIRE AV, 73 VBOBHETIREFIE-EHL
BVad, BEHERBBRIIELTIC, BRENLIMSEQEMH»LHEATROL,

2.5 Eu(lll) OiEims

A2 10°M TTA & 10°M TBP R EH L7 % 3 L vk ® Fvs, K4HIC NaClo, TA F Q.1 M
F1210 MZFEL, SHANTpH 2 %2RV 77V VEEE LI 7 I vEEERE AV, FRERT
EEfTO 72 0.01M MES S & & Hi2 2 FHiRE ) 87z, Bu(lidAG8iI0A, 25°C c:ﬁof:'rﬁiﬁ
WHCEE dml AP OFBPRTIITAF v 7 RS - FIck Y 3EEBELABECTELEN Iml Oy
iitiihE % Aloka Hest 2 #1510 UNIVERSAL SCALER 1§ & PS-201 &7 = VB Nal(Tl)¥ > F L — o 3 > il



STTHIE LTHERIL 2 ke, ¥7F AEBHE(GST-5421C) & T, 72 ) OKIED pcH %)% L 72, Eu(lll)
OEEFHEETMABIEICLoT 10°M 56 10°M FCELSEA. BEAICIE MES RU

THAM(tris(hydroxymethyl) aminomethane )& # 0.025M DR &G = H 7.

2.6 Ca(lly OFEMLE

FL—HF—BCaDEEY T UNBB LU 7 I CEEOMEARE ORI, BB 107 TTA & 107
F7213 10'MTOPO %#{EM L7z 7 AF Tk vs, RHIC NaCl TA F ¥ 38E(0.1,04 F72id 1.OM)
FEL, SEHAT pH ¥ BALR) T ) NVEEEIE T I v BERERVE. BEREREROBHOK
B FERILE SR OEHEMICL ) TOPO OBEREZ . BEHAOLEMIE Byl OFEHEIC
BIrALKEALTHA. FRIARTHTEA DD 0.0IM MESERE £ b0 2 ZEiRE D 8874, 8
ALy 7 AHS AREREICEIE 4ml X, /54 FrEREFBWTERE L7z 25°C KR-/-BERBEFT 3
GRIIEE ) L2 0 a8 L, &1 1ml 2 98 L TEFRENEED ¥ F L —F —10ml (2R T BH56e
RS v FL—Sav ATy F—Y X5 A (TrnHRA i 1SC5000) ([ THIRE L THELL % K

W, BT ABEGST-5311C)% VT, B hH DRMED peH EilIEL 72,

27 Ca¥t AtV EHIC L ABEROKRE

TIWED CalDERNT 7 JAEEB L7 I VEEOEEREORIIE, BT Y AL F L RIRNE
T (EETETEHRNESHE CA-135B) &4 A—% (AEFERTERNSHE  IM40S) =H
vi7s. Ca iBEElE 10ppm(1.78x107*M), K 7 7 1) WEE(logCr=-1.5t0 -3.3) T 7213 7 I VERE T (log Cr=-5.9
to-1.7). BEMTREEICHT BBMMEEL Ca ORBEIPOCERL YV REZ 7Y -0 Ca" 1 F Vil
Bl itk o TR, E£B, BETRELEXLENN v FI—ERD CaCLFREML, 25T T
| EEHE LG AERETFRECBITS CANBEBIURETR LOED CREL, pH(H T A&

i GST-57210) % MIE L 7=,



3. MRLESR
31 RIYT 7 INEEE T I VEROWEE

B1CEROKREES T Y. Ml pHsHoBEETH Y, #EEE LR LUELEL Y B
L7 peH TH 5. peH ILRICFRTEWIARX L MENIRE D RDB I ENTE 5.

[H] +[B] =[OH] +[A]

(Bj= 2

V. +Vy+Vs (16)
[A]=—ath

A
Ky =[HI[OH]

BOH, HA i3 #NZN3hiE £ NaOH) & HERGFCIO HCH % L. By, A, VB XUV, 13EE L EROT]
WEEE . I FEEROBORETS D, V244 Y MEFTET 5720 M ZEROHETH
5xwum@4#>%ﬁ£5.Mitﬁgwﬁﬁv%uﬂfamyﬁﬂJmﬂﬁ%ﬁﬁ%.:@ﬁtpﬁ
SHOMEETHS pH & DEIEAERLNA. £, PEIHELOBAN TROMMMELN L BEES
UHBOIER LY pcH 2 RDEIEDFTES.

[B]{H]

C. =[BH =—
H][A]

C. =[HA]H[A K, =——
A [ Al pK, [HA]

T, BHIZEHES(NG,), HA 53 CH,COOH)TH 5. D7 ABHEL A 4+ Y MEICOVWTHHE
1 LABOEREENESN. DBRBELZ pHIZZIORE ) pcH ICERLHAVS.

HUT 7 ) VEER 7 I U EOBBEEREREREAVTHERERERO L OB EETo72. 76
N-EEHBEFE 2 ICFET. Z0EED, ZpcH KB 2 BRERERER EHERaERL. H)T
7 ) VO LB EE R 2t 12.88 meg/g, — 7 I vERIE 478 meq/g &2 D, IS F VHEEDE
BEBAL ol RUT 2 VEBL7 I VEOMERRIGBEEORSTEORLALRY, SR8AOW
T pH A+ 52 EE A2 S FIBNT 2 EmER LTS, KU T2 VBRI —REAROKEL
OB FTHED, BHREENSFITERCEESATVA DI, HIEREOBRREIZOEED
ERRO MRS E 2S5, M HEEVBEREERCPEL LS. 7IVROBEMRD &
oL TV EOTHBED LA T SOREAEHREVFERNICAHTLTNDLELHI LN
TE&3.

FYTy Y MBOWERSIEA T BREOREEZFIIEY, ThELBLT7IVBIRDEVEESR
B TWEW, SOOI R4 FVBREOTEIX, KT IIBOBREE BOFERIIESHRKIIEE

LTWAHBEANEF S LEFR S EHONS RH 25| 320 PR ERMLTWALHLEILNS.



7IVBOBEREETEET, IVAFVLVELEOBERENEDL S REBETHFEL TWE2HFG
BPHVAL, R T ) VBT R TEBSEENL VNS WI L LA+ VBEOEEF SV ILE
GhETERLLE, 7IVBOBRENHILVEHNLLOTSHS ) LENTES.

12 1 I i ! I
O 0.IMHCIO, +0.1M NaOH
A 0.]M CH,COOH +0.1M NH,OH

S —a——e— =1, OM NaClO
3 = 2l | ] I 1 | 1 |

0 2 4 6 8 10 12 14
added NaOH/(meq/g Acid)

B2 Ry7zYLipe 73 EoiEERE



3.2 HEEREL logBDRDTF
3.2.1 EEEHEE
TTA, TBP OGEHEME R BWT, BETFORELRVWRATODENL Dy, XFTHRTOTEIL

DBIVHEREHBIIRDLIICEENS.

M] [MI+[MR,,]
_IMR,] 19
e [MI[R] a4

SCTTIERES TTASA 4>, BIZTBP, n 3 EBA AV OBEFMERL TWA. BAESERIIEL T

iy
=

BEOE(LIHT 5SRO Do b D NOWPOREIL L HhROLND.

peDo 20)
14 5,[R]
[RIIBHERLEOBETSH Y, BEREOWEINENIZ

DR ESND. Z 2T, CRilfEaeEigeE, [HRUSEBREE L Co2vERERE, [MR,)I2EFLTE

MLTWAESEBAA Y DBRE, mit—o0EBAF Y X THESNABHERENKTHE. &R

£FrOBRENEEEEECSS L ERTEND, [HR]+[R]>mMR,] TH 5D TEERORKRYE
L kDONEEEEar HOTROL I ILEES.

[R]=Cra (22)

U .0 (23)
[HRI+[R]

REBERIIBMEREHE

(0)F D SRR IE, EEEICBWTH B L KD DB oftgtiEottt L TROLNBDT, HlIERE
2B O EREIC DWW THEENZZRALEELE 2o T, o TloghiRDLHITE

§=3"(logD—logD,,,)’ 24)

THALNAWETEANRAIE S &) CIRRBRAIZRSTIHIL YTV, T A—5 logD &
g iliE L7, &2 logD REBRK XV BSNAFEILTH Y, logDes KB % /ST 2 =5 logDo
L loght VTR L VHBENBETHS.

log D, = log D, —log{1 410} (25)

calc

L L, &BA 4 VIRESEVE X013k MR, WERICE ViHE S5 R OBREFMERTE RS

.10.



B, [RIZ Crad H b/ASWELEZLORMTLE, PEEDIER]=Ca PHEEL Y bBWENES
Na. 2F 0, #ERY M FOFEBHOYHRE2ERL2ITAE LRV,
ZOLERNEICGGOINER LY

G =Lt mvr, 1= B, paRI=RI| 2 4, v 05
Crex
[R]—m— 27

b, —H, EBAF>OHEEK .
CM=M]+[WJH ]+[MTNB]0 (28)
(8L VRDORDELNS.

[MTHB]O = 1 fD CM . (29)
[MTB], 1 D
M]=1t—1" 30
(M] D, D H—D M ©0)
MR, ]= -2 G31)
H—D 1+D D, |

IRBEOREY, Rl=Cue DEETELNLGERVIIL, 4 FOBHOEEDHLLEDD T
MTAIENTERE, TLbLH203002NN LY, BEHIDO Dy, Cv m, fu aX VELD CGollT 3
D#EETAHIENTE, BONLERBELEBTAILNTES. W3 HOEB/IF > THY 2
DEMEFMTE25ORMERELEERTILEZLONLOTH=3 E L.

322 44 Y EREEREY B EERERDOERE
HERESIIQNADIGLDOWHE WA L TROLHIIERINS.

[MR,]

32
logB, =log——== I —log[R] (32)

ERBA Y ONEIL, SERINORIEHENLETHLE

MR, Jix 4 F > 2 — yvbw‘mﬂlizénzam]&mﬁrﬁcM LYFIL L TRDBODT,
[I\ARJ"] [ M H[M]]_ [CM ]
lo =1lo =log|—M 1} (34)
TV T WV I B (Y7

L. £2ns, | 2HEeHEHX & PRI

.11.



[R]1=(Cq —m[I\AR,,,])cv:CRa{l —mﬁ-c‘"‘;ﬂ] (35)
R
CekE L, BEROESIEBTENIR]=Coor EB 5. FEFTIR2 D Ca¥ A v ZHVTY

BOT, m=2&L7. BDADES 1 ORI logh, 2K 5,

33 HEAERENTOXRFLEVWRTOSELOZEL
3.3.1 ()D& i3
Eu(IID)O S EAH 713 TTA O BB EE A 4 > L #4Emk LERMFH S Nz8KIC TBP 55 H#
T2 ET, Bl FREICHIBT A BRABEMER LAV, ZOROFHER K iZRDOALDY,
M"™ + m(HT), + n(B), = (MT,B,), + mH" (36)

_ [MT,B,LIH " 7

m 0

" M HTL[BL

L. EERA IIT, BATO o BEEEGOLEEEZRL TS, M™, HT, B 3 LU MT,B, k%
NFENEBA 4> I TIRES, TTA, TBP B I UHEEEL TS, LT, BEOLBIZERNZHIE
T3, REPICAET 2 TTA SEEMTIRIMT,DFEETE S 251, £BA Y OFBH Dy 13RD X
FIFRESN, ONRomLoNEErEB L, '

[MT B, ]
D — I Ao (38)
M
log D, =log K, + mlog[HT], + nlog[B], +mpcH (39
HT, BROVWTONERLET ERD L Ik D, TBP ICHBIRLPRE LV EEET 5.
Cyr =[HT]+[T]+[HT], +m[MT,B, ], (40)
Cy =[B], 41
¥,
_HIm) . @)
(HT]
_ [HT]O 43
o =TT (43)
LY, @O
1 Ka
Cyr =[HT], + +1|+mMT,B,], (44)
= wgnKmm }

SBA T RES IS SBEREIIINTS, poH PR RBROBESERTEZ L &, (4K

.12-



b,
logfHT], =log Cyy — Iog[L + l] 45)
KDR

log[HT, I3 & &% D), BOREL Y Eu' D logDp id peH ICH L TIHE 3 &4 5. 7, log G KA LT
X3, log CalitLTHES n PEBFELNS. peH KHTAFELOB(LERI IR L. HIFD
EARIEE 3 DERTH B, poH<s.6 ORATHELITEE 3 DERHHEH2 2L 05 ZOBBETIE
BuDER{LFBII B TH 2552 dbrn. I=0.IMO L EOFEILIT I=1.0M D & ZiTHThH
TR EVA, A FVIBEOBEEIIZFLAERVEVZS, £, EBA A VEEIR X > THELIR
RELZTRVOT, ZORFHVWTHERRLERFITA2OREBELTHS.

- 3} -
1 Lt )
- 1 _ :
1 ol ]
_- -1 -_ -
1 a2l ]
1 st i
35 40 45 50 55 60 65 70 35 40 45 50 55 60 65 7.0
pcH pcH

3 ERFEEFORTFLREVRTO EWUDOFEL.

1M TTA, 10°M TBP (%) = 0.IM NaClO, (5)7=1.0M

F7:,2x10°M TTA & 2x10°M TBP D4 EREIE L2 E 4 1I0RT. M4 hOERIIES 30EMTH 2. logD,
13 Ix10°M TTA, TBP D & 2 13 13X oz, BIFK L Y BRI DIRE & logD, #EIHEA 5, TBP @
BN EARE B,
2x107 2x107*
log| ———— |+ nlogi——|=3log2 +nlog2=1.3
" g[lxlo--‘] g[1x10-3] BownoE (46)
n=1.3

SF ) TTA BERICEMN$ 5 TBP OEMNZEIEMI 13 & %5, £& LT TBPL 5F°EWV" D TTA #

.13.



ISR LT A, [510E 10°M TTA, TBP 2R L7 ¥ L VB RICE LT, 10°M @ Ca¥ D
FHEB L PEFETTO 10°M 27213 10°M @ BuINOHEILOELEFRT. B5 k) 10°M © Ca¥'0

FEIEIE, Eu(lll) DFEEECITEALBER Sz W I TP 5.

25
20

1.5

_1‘5 PRI R o S TR YN T SN ST SN SR RN N [ TN S N
4.0 4.5 50 5.5 6.0

pcH

4 FEILCER DHIEFDOZE
0:10°M TTA, TBP ©:2x10°M TTA, TBP

T T T
3k o

: v v
2+ -
1k -
0 -
a1k — o

O logC,=-5

, v logC =-8 i
“r ® log C,,=-5, with Ca§ |
i v log C, =-8, with Ca§ |

| R I ] I 1

35 40 45 50 55 60 65 70
pcH

5 107 M CaDOIE?E, HF T o EulIDOFE

-14.



3.3.2 Ca(IDDiEHEIL -
b L =Y —BE® Call) I T S REIRME RIS TR 5205, $#4ERANICIE TTA &L TOPO %
Avad, ZOROFEEHEHE Kex 13RO LI 2B,

M™ +m(HT), + n(S), = (MT,S,), +mH" | (47)

mon

_ [MT,S HT"

mon

=t (48)
[M™ J(HTISIS];

ZIZT, SIETOPO #ELTwa. BudD& & &[T logD, id peH 103 L THHE 2 DEME T &HF2Z
Lih D, M6 10°MTTA, 107 F 7212 10'M TOPO 12384 % logDe @ peH 12355 B 2 (L% R . pcH<6.5
EBWTHERELIEIREOEE 2 OMBEECES. ZORIRBVT Ca DILFERIE C2¥CHEET A, TOPO
HEEE 10°M DD 10'M I L8 €5 & logDy ik 27 R L7z, A1k TOPO wEA L 1.3 L4 3.
F7-, K712 10°MTTA, 0SMTBP 2573 YL VBRI Ca 2 il LR 2 RY. pcH<S6 T
logDy<—1 &% 5 M T, En(INDHIE 5 ETSH 5 10°M TTA, TBP &M TIZ Ca(l) XERBICHE SR

"2

6 HEREMTOEELLZVRTO CahD S EL.

1=0.4M NaCl ® : 10°M TTA 10''M TOPO & : 10°M TTA 10*M TOPO

.15.



o
1

E 7 10°M TTA, 0.5M TBP(F ¥ L »&i#)~® CaD O, -

34 FAEREN TFOHTFT LR TOSERLOZE
341 BT ) VEEE Bu(IDD &

FY T o) VEEO BRI T A SELOELI L Y ERERERD S, B 8 IC Eu REA
10°M D& EOFERILEFET. B2 RESNEPT O#ERERTRT. BB EIEERE I
BATLAETHE, BRAT Y BENR NS IR = Con £ 25, HRILOEILIE TR
FFFICEC LD E, EE1 OERICIHEL TS, TRIE Np(V)ERY 7 2 ) VEROSER L F LIE
FMEZRLTEBYH, —00OEBAF VIClE—20R )77 ) VERGTHFEERT LI L 2R LTWSH[27]
2L, TR —o0EBAF VIS LTWAREY T IVBESTFORTH-T, —DOEEA T
VI — O DREEPEERLTWAIEEFBRLTWIOTIR ., B8 ICBWTpcH #FTA5IZ2M
METRERENL DS A LAVESFRBEOTHVIILOR Y, 2%, pcH A& < & U BEEEH
WT 5 EBERERPPSEDIIERTLTVS, HEREROBBEEERFELEIICRT. loga
DI LT logh I3 EAGRNICIEM L, 4 F Y BEOEINIC L o T logh, ANEIT 5 R 5 i,
YT ) VEBEOEREISEFTFERSECEE SR TV A O CHRES LA TS L AEWFERT
AL hD. FORORBENE R LEBAFTUHFRITIINVBICFIEFELALT R
l%&ﬁtﬁféﬂit,%wﬁﬁﬁﬁmm5%@enéﬁ%ﬁyﬁiwﬁét&5tm4ﬁyﬁﬁﬁ%
S, BEu A o LESTH Natf 4 AT 5 & logB MM T 5. 44 VBEX 0125 1018
ﬁ%f%th%@u¢7@8¢é<&é.ﬁ%?%@%&&&ﬁfdﬁBn&m:n%wﬁ%@ﬁu77
DLEBEOBTTEREDRIIEETLINOL VRS,
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-9 -8 -7 -6 -5 -4
log(Co/mol dm)

8 FYTrYNERE EW(IDOIAEIER = 1.0MNaCIO,, Ce=10"M

8!l1l|lrl||||1|]i|nn

T Fr v v v 1r 111

PR TR S N NN YT TR TR Y [T NN S 5. W U 2 1

Lh
LI B R N N B

RS SN T TV T AT A N SR S T N O N N B

-0.6 -0.5 -0.4 -0.3 -0.2
log o

B9 BERERICSRINEEOLE
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KICRY T2 ) VEBEEOERICE LB Eul 4 ViBEOEZEFRTAL. H10 2R+ ViRE%:
10°M %5 10°M $ TELE €7 L EOFMILOBLEET. £BEAF VBEN10°M, 107M, 10°M
BEEO DB OEAELNAY, 10°MOL SEBVIREFELRZ. 1M OLEDT~F %
Bt RERE kD, FRLVESASFEEFEEZEI0ICTLE. £BA F ViBENF10°M~10°M
DEOEERTREE L CTT. £BA 4 Y igEF10°M OSEEE 10°M~10°M DG4 LI TE
WAL ASE S N AS, SR A PSR L /o), FEROREEREBERIFEREEEE
HIBEE Crak VS oTnahdEEZLRE. 22T, QORE 10 MOE ZnEREREH
WTHERY A FOMIODRLEEL-SEHEFFAELE 1 FOERTRLA. B 11 RO
HA rOBMEZEELTVWEWEEDHERETHS. MM EB L -ERIEBRERIILI(FoTVED
TIMOEEDEWFERILIIY A FOBHNETHEATES, 2Fh, 10°MOE ZZR2T L
BA 1M Dk ZIZHRTHEL o TWwaEA, EHOMELERTE, FY 77 U VEOEEREE
BEBA 4 VEEOEERTIT RV, 121K 77U VEEOREEFEIC L % logB,DELE T LT,
BHEEA BT 5L loghlt EAL, 44 Y BENERT L logh WRA L, £EA 4 ¥ % TTA % TBP
DHBHIOFELE L ST W Edbd 5.
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£ 2 K)T7rYNEBEITOED AOHEEER

number
peH o logf, logDy
of data
Coip Crpp = 10°M 4.68 0.27 5.98(6) -0.33(3) 7
Cp, = 10°M 4.74 0.28 6.13(6) -0.13(3) 6
0.1M NaClO, 4.97 0.34 6.52(5) 0.56(3) 6
5.20 0.40 7.01(5) 1.20(4) 8
5.21 0.40 6.85(5) 1.13(3) 8
5.52 0.49 4.75(2) 1.90(1) 8
5.53 0.49 7.60(3) 2.10(3) 8
5.54 0.50 7.49(9) 2.09(8) 6
1.0M NaClO, 4.42 0.35 4.92(3) ~1.38(7) 7
4.46 0.36 4.83(6) -1.25(6) 6
4.63 0.41 5.16(9) -0.78(6) 6
4.64 0.41 5.26(3) -0.76(7) 7
4.73 0.44 5.52(4) -0.43(8) 8
4.75 0.45 5.62(1) -0.29(1) 8
4.80 0.47 5.68(2) 0.22(8) 8
4.81 047 5.44(2) 0.22(7) 7
5.07 0.55 6.13(4) 0.58(8) 8
5.07 0.56 6.01(3) 0.48(6) 6
507 0.56 6.13(3) 0.51(7) 7
5.32 0.64 6.39(6) 1.16(8) 8
5.36 0.65 6.52(6) 1.44(6) 6
5.39 0.66 6.54(T) 1.50(6) 6
5.54 0.70 6.67(8) 1.91(6) 8
Cpu=10"M 5.53 0.49 7.46(T) 1.93(6) 7
0.1M NaClIO, 5.20 0.40 - 7.07(5) 1.17(4) 7
Cp = 10°M 520 0.40 7.15(9) - 1.24(7) 7
0.IM NaClO, 5.53 0.49 7.56(3) 2.05(2) 7
1.0M NaClIQ, 5.54 0.70 6.67(8) 1.98(6) 8
4.75 0.45 5.49(6) -0.25(3) 8
Coras Crp = 2x10°M 4.78 0.29 6.15(6) 1.40(3) 8
Cpo = 10°M, 0.IMNaCIO,  5.04 0.36 6.61(4) 2.09(2) 8
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2.5 | 1 I I I I I 0.5 I ] ¥

logD

2.0 | 1 | 1 ! 1

1009 -8 -7 6 5 -4 -3
log (C,/mol dm™) log (C,o/mol dm”)

10 W) 721 VERE Eu(I)OHEEHE.
(L) 7=0.1M NaClO, (T) 7=1.0M
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15 F
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15E
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log (C,o/mol dm”)

1
[FS ]

1.5
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0.5
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2.0

25
-10

log D

-9

11

IIIITI'IIIIIIIII

pcH 5.54

-8
log (C a/mol dm”)

7 6 5 -4

_ 1  20F 3

v _ 1'55_ ch5.20_§

3 1oF 3

I

1 00F 3

1< o5k

i asE E

: i 20
JUEYH INNNI ETETE SRS NE RNN TR AR FE AL “25 T TET P PPN T T P Tt

Su SRR SR RN EAULEE LI LI IR

9 -8 6 -5 -4

log (C,o/mol dm™)

-7

s v 1 i £ L) I L] I L] T

pcH 4.75

lI'I'lUl'll'll

p
P R R R S N T W

-6 -5 -4
log (C e/mol dm™)

F) T 7Y LERE EnIDDEEIERER) SBERT A P OBfIoNnE.

O : Cp=10"M V : Cg=10"M



8 L } l LB L) I l T ' L] I LI} 8 L] l LI LI ]
7F 7
ch : : Qa : :
an f 1e0 T N
L2 6k 12 6F .
5 . 5 .
-‘ L Ll il [ L. L.l I Ll l 1l I 1 l- 1) ' L I Lt 1 L ' Ll d '] l Ll L-
0.3 04 0.5 0.6 0.7 -0.6 -0.5 -0.4 -0.3 -0.2 -0.1
o log o

" 12 RY7 2 VEEE EnUNOHEERICS 2 5 RHEDZE
VVG: Cp=10°M, AA : 107M, OB : 10°M
VAOG : 1=0.1MNaClO,, VAR : /= 1.0M
VAOV AR : Crpp, Crp = 10°M, © 2 2x10°M

342 BUT 7 ) VERE Ca(ll)D AR

FL—H—REDA LSy LER)Y T2 Y VBORLEROHEREEE 13 12 LoD, Eullh) & Akl
REEERED R L, WA T 2 DRI A & -1 OEBICINE L, SELAE b ig0 SEALFIRED pcH
Lo TEITE LD loghtd pcH DEEXZAI¥bedb. BHREDTT v MMIFHELFD TOPO
H10'M DEEDHERETH Y, 20Mud 1CMOBOERETHS. I, (FVBEOPELITLIL
5o, B 141 Call vy TRED L EOERERT. L —F—BED L T LRI loghA°
pcH %4 + VMBI BB 2L I LSS5, TROOKEERI I LD B, T, FRBEE D EE -
2EI5CRT. EuIDE B U &5 ICHEENS LRET 5 Elogh it ERTE. 44V MENFERT 5 L logh,
BAEL BB, SEBBEFELC DL logB 3B koTHY, I=04M DFERTIZ logh, A7 01525 0.3
BEBVEABLRTVAD, FOEVIREES A+ Y BEOELIIL D loghMELICHANTHS
(, AT ILERTT 2 YNBEOHERIIEEA 4 ORECEELILAERTRVEEIS L
BTES.

[%e)
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2.0

1.0

8 7 6 5 -4 3 2 - 7 -6 5 -4 3 2 -
log (C,.a/mol dm ~) log (C,ov/mol dm ~)

13 RYTZZVNVEE L —H—BED Ca(IHDOHEIER.
(£) =04 MNaCl (H) a=0.77
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14 BY7ZYLERE <y DBEO Ca(lDOHEIER

(%2} 1 = 0.4M NaCl (43) pcH 5.98 7 = 0.4M NaCl (. = 0.77), I = 1.0M (0. = 0.84)

_2.0 PRI N S N SN T YO N T A S TR R T SN N

TTrrfjisfrjsvrrryrryryryjrrrorperey 1 1 1

O J
1 30

> b

4 25

2.0

>

| L L L L L L AL N IRL

1.5

1.5

g

O

' L i I ' | Ll L1

1'0 IlllIl!IIIlIlllllllllllllllll‘ 1.0 1
04 05 06 07 08 09 10 -0.3 -0.2 -0.1

log &

15 RUT 7Y LVEEE CA)PHBEMERILE R ABEEOTZE
O :1=0.IM NaCl, A A : 1=0.4M, OH : I=1.0M

OAD:Ca=10""M, AR 107°M

0.0



F3 RYFZUNEEAN Y LOHEEER

CaifdfL /M (NaCl) pcH o logf logD, number of data

10"°M 0.1 6.66 0.78 3.24(4) 1.30(2) 8
0.4 5.09 0.51 . 1.43(4) 0.55(1) 7

6.05 0.77 2.07(2) 0.06(1) 8

6.95 0.91 2.54(3) 1.38(2) 8

1.0 ' 5.69 0.76 1.36(3) -0.58(1) 8

107"M 0.4 5.12 0.52 1.68(2) 5
5.98 0.77 2.25(2) 5

6.96 0.92 2.66(3) 5

1.0 5.98 0.84 1.76(2) 5

343 FYT 7 NEE L By LR ICS 2 5 £F Ca(l)D HE
16 27K 4H A Ca DHFET A FRICHBIT 5 BuIOFERILDE(LE CaMDHEF L Z VR EFE TR
T, HPOMBIzE 1 TELASRMETHSE, KU T2 ) VERE EnDDHERIC, CaDDHFR
NEEALBEE L WD ENSh ot BUT 2 )NEEEEA F OWREERIIE, 14> 0F>ER
R FVERREERA AV OHERS OBFFHEIFS LTI LEVR D,
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log (C, o/mol dm™) log (Co/mol dm?)

16 103 M CaUDEFETIBITEFEY 7 2 ) VEEE Eu(IDOHEEER.
(£} 7=0.1M NaClO, (F) 7= 1.0M
O®:Cy, = 10°M; V¥:Cp=10"M; OV:Cc, = 0M, @V:Cp, =107°M

344 73 VEEE Bu(lll) i B
73 v EnIDOHEEE @17 IoRT. 73 VEBolRs, HE-1 0OERDFHOS MBS
Shbwv, BT 2 )AEER UHETIIEEREEFRELLZVWILEERERLTWS. £2T, B4
BIHERERERD S, A)RERD LI CEETS.
logM =log 3 +log[M] (49)

[R]
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COEBEBRLEY loght KOBIENTES, LEL, FOBR2O005EMELHRL. loghid loghy L
logD PIEL YRD B0, FOEFWELETAIBED LCER T LRTRITR LB, 2 203K
HEO7 ) —DEBA+ VBEMIIIOWTOLRGETH S, FEHN Dy, D DEIDREEZEZNTHL
MM E T2 &, QFIEFRFIRDL HILEEND.
Cy =[MT'(1+D,) : (50)

Cy =M](1+ Do) +[MR,,] (51)

GBOYSDHEC L D
[MR,]=(1+D)(IM} —[M])

M7 (52)
=(1+D)[M -1
(1+D)i ][[M] ]
(Bo)zL b
M =2 L
1+D, D, ™ .
ML L )
1+DD, ™
] 1-]-1
vy _ (1)) "

M)

GHFIC I Y EREMR, |2 K0 520 M E MIIC TSR ENZITRIER S v, 22T logM)
L log[M]iC 005 LLLoENSAEE0T ¥ ¥ HWTHERERZ R 72 ) VEBEOBE L HITKD
2. FO#BEFE I8, R19BITR4RRLE AfFo7oy MI1ITEHFEOEHEEIL, 35612
EFHoEBGr/-TboEaREICL.

IS DEIZBVT logh2@)RNBIFRIC L VERAMS Z EHFTES. Rl KT 7 VIVERD Cy
=10°M DA ERVT GBI TERDT, Thoo7ay M, BHEBRERETHEELLAZIN
EZERICHELTwS, bbbl 7 I VEILSERLTWS, Thbb7 I VBaT A Filfl
HLTVREM R TRERED L VOLE/F VBELRLTEY, B 7Y —DEEIF VT4

1

PNV rhOEREAFVEERPRELTVS,
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RYT 7 )VEE 1BV T 7Oy ME—D2DEBRTHLDLENTWIOT, —2DEEERERD
EEETRLTEY, BOohbAEHEIEEA T VREOEBVIIOWTERRZT TR WILARINL.
—F7IVEEI/DTO Y MI2 KOERPLR-TWE LR L, £BA F VREQIEINTHE
EREENRPT EANS L 2 oTwd, Shut, 73 v EBOMABRAY—HICERT 2b0LEL 505,
T I UEBIIEERDOEI A FAEH D, KEFOT ) —DOEBA A 0NNV IPOEBAT Y
MEDECE ZICRBERDOBCT A PHSBERL TV, NV HOSEA T VIREFERT
BEBEBIOMR A4 MISFI L, SEERTOBT A b & OWERI LRI 5720 loghtts
BA A VIBEICEESITE. JIT loghllonT, logMIAH BE logM]*&k D b/hdwvk &, logh
BER0gho THBHE L, logMPF & D KEWE ZIZBREICEE SN T dlogMJ(4:EH) T logfuadTiR ¥
LEREPRETS. CO2O00MBERRTEDT, 8T A—4F 4, log[M]*, logho ¥R L HFHME
BAZRKZCLIA2DTROLI - TRDA. B 18 FOMBEINDTIIOFERTHY, TOMEIERS
PICEY. FoE 18 PSR logho AT LTEY ., BREFE 2D L loghid logho & VESNS
(T2 T DAFRNE.

log 8, =10g 3, , —log {1410 eI=es1} (55)

FYT MRS 73 VEBICOWTIE, £ IO YT AL OBHRERERIE pcH $ 71 REEE IS
KELTEL RBEVIEEVELCN:. KiEPOEEA+ VIBEN LR T AL, BUBEERERE
bz DEELEE (SEEKSHLZ) bERETA RITZ7IVLETR, EB/FVREIZHALTE
VIR ERERES ) OREKEEL IR LTS, 73 VEICBWTH, £BIBEOEMICGLTE

TRESED L) OEEKBED EF L TWAEY, EBEBEFE A LERBEBEOEMITI LI
B IPEE BRI S 7o 0 O REEIIEIML AL 25, Thbh, 7IVBRICBWTIHERNOR

ZERESTH—ICFHLTEY, BERNOBUERE,SHICHEHE (5F) ShTnlild, B
HERENEERICEIVEEIRAC 2R TEPTOHRERERINEL R EVIPRVELNS.
EROHTRPTIE, CREOFH—IZFHLTVEERECHLT, B 0/ F YPREFLTHEFL
Tl ZElhY), 2avaly ARRLLRVIMNERSA+ YOFEEC Lo T7 I VRREGFOEKE
PELTEIERES., LdoT, IFTRBICEFLTVWEEEA A Y ORBIERIIR > T 5.
Fho, A A VEEOBEIMNIE L THE#ERERITHI LTS,
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(k) 7I=0.1 M NaClO, (F) I=1.0 M



log(IMR J/[RY)

.10 -9
log [M] log [M]
19 ®YT 7Y NVEBOEEERISERE7 ) -OEBAF VIREOEE.
(1) I=0.1 M NaClO, (F) I=1.0 M
# 4 Eu(m)o‘oﬂ%‘) Tr)NEE, 73 VEBOSERERESR
HYT 7 IVEE 73 VEE

I/M | peH o logB, log°k | pcH o logB, A log[M]*
CafElL 01 5.53 049 7.44(5) 524 | 553 072  86(1) 0.657) -111(4)
5.20 040 7.026) 473 | 507 062 771 0% -9.6(5
1.0 5.54 0.70 6..60(7) 456 | 552 079 782 0.56(7) -11.3(7)
475 045 5588) 331 | 506 069 69(2) 05(1)  -9.6(7)
CaHh 01 553 072 8.0(4) 0429  -12(2)
503 061 7.52) 05(1) -10.4(9)
1.0 552 079  7.02)  06(1) -10:1(6)
505 069 6.6(2) 06(1) -9.1(7)

.31.



345 73 VEEL Ca(ID) D $EHERL

TIUEEE FL—NBEO CAIDOEEERAER 20 ICRT. BREDTO v MIFERIO TOPO #°
10'M OB RETH Y, OB 10°MOBOFETH . Eu(DEEVHREIMEE-1 OERICEHEL
TWaDT, CHXEFEAVTEEREHEZROESICRT. 72, M21I27 7 DBED Ca(l) & DA
ERDMER%E LT, peH R4+ VHREICLD logB FHELRTII A ENThol. BEEEICH TS
logB, DI 22 17T, REEEFLRT L oghFERL, 14 Y BENLRET S L logh TR
Lt BERDEBLNS. T, CalDBENREL 25 E logh it N EWEFBE LR, BHEEDRFEDS I
SR BERVELN.

N T T TP T 0 -1.0 i I I 1 \
-6 5 -4 3 2 -6 -5 -4 -3 2

log(C,o/mol dm™)) log(Cya/mol dm™))

20 7IVEEE FL—TEED CaDOHEETER.
(7£) 1= 0.4M NaCl () o = 0.83
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05 F - 0.5 F 3
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= 05 ] osF ;
= g ]
B/D " ] [ i
< 1ot o pet-69] OF ;
X A pcH =598 1 A [=04M 1

15 F B pcH=5.12] 15+ B /=10M I
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log([R}/mol dm”) log ([RY/mol dm™)

21 73IvEREwy ni;;';%ﬂ%w Ca(IDDHHEH.fEH.
(%) I=0.4M NaCl () I=0.4M (a=0.71), I= 1.0M (& =0.87)

3-5 B T T 'l_l_'l L) £) T F I L) L) 1 L) | 3.5 i ¥ l L} 1 L) L) | L) I 1 L) L] |

- @] . L e 4

30 + : 4 30} -

R A B AN J

s L L -
@ | A [ s ]
— 2.5 -— A A -1 2.5 - A A -:
L A L A 4

. A - ] | A - ]

2.0 o B - 20 = ] -

i 1 I L i L 1 I -] 1 [l '] ' 'l 1 L L. [ L l 2 L 'l l i 'l L 1 L i L 'l ]

0.7 0.8 0.9 1.0 -0.15 -0.10 -0.05 0.00
o log

22 73VEEE Ca0DOWEERICE L 2BEEORE
0:1=0.1MNaCl, AA :0.4M, OHE : 1.0M
oAd: G, = 10"°M, AR :10"M

.33.



#= S 73IVEEINTTLOEEER

Ca(IIiR EE 1/ M NaCl) pcH o logB. logD, number of data
10"°M 01 6.02 0.83 3.41(4) 0.67(2) 8§
0.4 5.44 0.75 2.442) 1.35(1) 8
6.02 0.83 2.65(3) -0.08(1) 8
6.95 0.92 2.92(7) 1.49(3) 8
1.0 5.68 0.83 2.19(2) 0.37(1) 8
10*M 0.4 5.12 0.71 2.22(2) 5
6.05 0.88 2.26(3) 5
6.97 0.94 2.44(3) 5
1.0 6.05 0.87 1.98(1) 5

346 73 VEEL BWINDFEERKICE 2 5 HTF Ca)DHE

CalNEFETIBY A7 3 B BEW(IIDOHREFRICOWTE 23 RS, R T 7 ) IVE L OEER
FIZBRLD, CAlDVRTFELLWVE ZIL ORT CaPFHFET S & Eu(I)DFERIEFEH 25, ZDC
P13 CaIDAETFT AL Full)DEERIPEL BB LETL TS, SEEERICERE7)) —0F
BAAOFERZHMUICTT. TIEOMBONT A —F 2E4ITRT.Cal)FRFTHILITLY,
logfao PIEIX/NEL 2D, FHEBAF > OBMHRITLY logMIP LR T 5 &, logh, 1 T 4% 47 Ca(ll)
FRFELRORICHERTTAY HAAE W, loghltH5 X5 CaOHFOREEZRE 25 IT/RL, H261C
44 VEEE CaDDEFIC LA HBEITOVWTT o7, EullDDEED 6 HiEDL HEIT loghtd 3 &
L3SOE{LEFT. H26 2BV T, (NE@BLUQENEHETEIET, Na™f A ¥ 01IM »
& 1.0M IZ#IT 5 &, log[MIDEIZREDH 5T loghtd# 0.7 BERA L, loghIl5 X 5 Ca)DHE X
Eu(I)DEEICREL TWAE I Ld%hh 5. logiM]<-10 D & & X, 10°M @ Cai Mz A &IZ& B
logg, PIHAIZRLBETH 275, logM]H-10 382 5H7: )26, FLKRIOBRENINI(H-T
Wh. 2F ), CaIhDEENNLEL E>TWA, Na' 4 F 713 0.IM F 7403 1.0M & BEa( DT~ TAMA
F2d ) BEu(IEEOT(LIC L A BES AL TI R, $72, Na'4 & Vid Ev™* 4 & ¥ Oz Ca¥' 1 F ~
ELEFTALD, 414 VBEFEWE XX CaOEFICE 5 logB ORI /NS 25,

.34.
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(b) I=0.1M NaClO, (F) I=1.0M

VYV :Cp=10"M, AA :107M, DB : 10°M, 0 : 10°M

.36.
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26 Ca(IDiTE, FEHFETIBITS 73 VERE BEWIDDHEEIER.
(%) peH = 5.52-5.58 () peH =5.03-5.07
(1(2) : I=0.1M NaClO,, ({4 : 7=1.0M (1{3}: Ca #EL, () : CLa=10°M

3.5 shEREHO LB
Hummel 51344 % £ CiTb 7 EudD, AmIID, CmdIDB L UF CalD & 7 3 Y EEDIHEfER
DEREY, k0L hEE "KEERLTEF DTV 5[28].

e IMHS]
(MIES) o

Z =T, [MHS], (HStotal (2ZNFN, 7IVELEERLTVWASEAFT VBEBIT7I VRO
HUFES ) OEBEEZEQELITH A, RiEFTTHVZ A,

(56)

_IMR,]_ IMR,]

- ~ 57
P = MIR] T MICye
g = 2% (58)
(Hs)tosal

CriBEMEEL ) OEREEETH S, CR/(Htotal BENERSHLVOLEE LS. 7I VROH

£ 478 meg/g ZDT. (B8

.38.



log °K =log 8, +logce +log(4.78x107%) (59)

i, ToXIckhAE CKICERL, Eu(lD, Ca@DicoWwTENENE 27,28 I2RL. EH
BICLTHEY T 2 ) LEE (48 12.88meq/g) KDV TRD 7 log CEDEi% K 41287, B 27 IZRE
NB LI, KFETESNZT7I VEE BEWIDO#ERE, MOERETROLNLEL X (&
LCwa, BLIOEDE I 4FEdH2T2E, BEEORELRL I NP TE LD ILITER
BYETHE. E2ORIVT2YNMED log CKNEERD L, TOMIPHREEL I UA 4 VHBEDOE
BEE(STTVWAIEDDDE. F 27 TE, £EAFVREFENE ZIATH2Y)ET620nTNS
BENZEBA A VBELROBBLEINIBENERTETCWE O EEILNE. CalDDHR
ZFIC I=0.4M TEBL TWA7%, Hummel 52t > TF L Do/ I=0IMOFEREED TN &
(BHoTuhy, BEMEETROLERTI=01MIT L Ho T, I=0.1M OBEIZLAT I=0.4M
Tid, BERESHFIELB2EOT, I=0.4M THONTHREIRLYLDIOLEVWR D,
Bu(lIDIizDWTid, LEIcEBA 4 ViBE T2 &G T T, S4ERERET KD S I LT E HEEN
Wi, MAKEELR ETRIPLRVERA T VIBERFHICOWTREHE T2 2 LA°TE, RIGEE
EREMOEBRFETEOAEELOBPRELTBY. FHEABELIHVWLIEITLY, 7IVEROT
H—MOBEEEFTIENTES. —F CallDicoWnTid, KR THAVWA B R TIRERMBEOMETE
DEMEAE L 2 CaDDFEHEMBII DN TIRE S IIHRFAPLETSH S,

.39.
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(Eu) AHA, EDLE

(Eu) AHA, equilibrium dialysis

(Eu) AHA, ultrafiltration

(Eu) BFA, TRLFS

(Am) LBHA, UV/vis spectroscopy

(Am) GOHY, UV/vis and ultrafiltration

(Cm) GOHY, TRLFS

(Cm) AHA, TRLES

[This work] ]
& (Eu) AHA, Solvent Extraction (pcH 5.53) §
¥ (Eu) AHA, Solvent Extraction (pcH 5.07) §

0 +C4dAbDn

73 B BwlIDOHEE{EH.

O  AHA, equilibriwmn dialysis
O BSFA, Schubert's exchange
A PPHA, Ca Ion-Celective electrode
[This work]
&  AHA, Solvent Extraction pcH 6.02 :
@ AHA, Solvent Extraction pcH 6.02, /=0.1M
P AHA, CaIon-Celective electrode pcH 6.05
4 AHA, CaIon-Celective electrode pcH 6.97

Adp: /=04M

28 Hummel b & DR, 73 VEEE CaDOHEEH.
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4 BbhiZ

Ca(Il¥ Ew(IIDOEKY 727 ) MEEE 7137 3 Yo+ 2 #fkERiconT, BiEMBEL (V&
BICEBMEIC L WRET LA, SN — 2B FERETHLRI T 7 ) VEROHEFEREREFRY
ToINBEOREEL LDICERT R, T, HEOEEAF VBELEEERILWVWT, 1 VEBE
FEID L) RBUCHEETLIEBEA A OEELZTS. 73 VBOBFESRERSFIT 7)) VER
EEBRIC7I CBoORMEL ESICEREL, KBRKEET A Na' A+ DL ) 2EBMF OREE
FiFAH. LL, RUTZZUVEBTREEOEA P IMEOER A+ ¥ DBEELHF 7 I VEROH
RERICEELEXE, T, NOSBEA AV OFELEBELZTS. I3, 73 YBROLOHKT
i3 b0THY), BTRKIEEINIRELFETLIEEA A VICLoT, EHLTWwAESE
BAF L ET7IVBOHERIIFELRZITLNOT, BT ROEROHMENFERL 2o TL 5.

.41.
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Summary

For the quantitative description of the interaction of metal ions with humic substances, it is
necessary to clarify the effects of both polyelectrolyte and heterogeneous nature of hufnic
substances. To estimate the polyelectrolyte effect separately, polyacrylic acid (MW = 90000) has
been selected as a representative of well-defined, homogeneous polymeric weak acids, and its
interaction with Eu(III) has been investigated by a solvent extraction method using ""*Eu (~10"°
M) with TTA and TBP in xylene. By defining the apparent complex formation constant as
B=[MLJ/(IMI[R]), where [M]=[Eu’"], [ML] is the concentration of Eu(Ill) associated with
polyacrylic acid and [R]=Cra (Cr is a proton exchange capacity and « is a degree of
dissociation determined by potentiometric titration), the apparent constants have been obtained at
several pcH and ionic strength (0.1 M and 1.0 M NaClQ,). The constants increased with pcH and
decreased with an increase of ionic strength, that is, the values of log £, varied from 6.0 (at pcH
=4.7) to 7.6 (pcH = 5.5) at 0.1 M NaClO, and from 4.8 (pcH=4.4)to 6.5 (pcH=5.4) at 1.0 M.
The plots of log A, versus log a revealed almost linear relationship both at 0.1 and 1.0 M

NaClO,.

Introduction
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Humic acid are recognized to play an important role in regulating the migration of radionuclides,
and understandi_ng their characteristics in the interaction with radionuclides is one of the
important subjects for the safety assessment of underground disposal of radioactive waste[1-4].
However, since humic acids are heterogeneous mixtures of various ill-defined polyelectrolyte
macromolecules, their complex-forming characteristics cannot be treated as those of simple
molecules. As a result, in defining the binding constant, the effective concentration of the
complexing ligand is expressed differently by different investigators[5-8]. Since the difference i
the definition of the ligand concentration leads to different conditional constants which are
difficult to compare with each other, the effects of pH, ionic strength and metal ion concentration
on the interaction are still unclear. One of the main reasons for the difficulty in clarifying the
interaction is that the interaction is affected by both the heterogeneous and polyelectrolyte nature
of humic acids. In our previous study [9], to estimate the polyelectrolyte effect separately, the
interaction of Np(V) with polyacrylic acid ([-CH,CH(COOH)-],) has been investigated by a
solvent extraction method. Polyacrylic acid has been selected as a representative of well-defined,
homogenous polymeric weak acids, avoiding the effect derived from the heterogeneous
composition of humic acids. The following definition of the apparent complex formation
constant has been used under the condition that Cr>>[ML]
fo = [MLI([M][R]) = IMLI(IM]Cre) (1)

where Cr is the total concentration of proton exchanging sites, « is the degree of dissociation,
[R] is the concentration of dissociated proton exchanging sites, [M] and [ML] respectively
denote the concentrations of free and bound metal ion. The advantage of this definition is that Cx
and & can be determined independently of the determination of 5. The polyelectrolyte effect has
been discussed by examining the change in log S, with pH and ionic strength. In the present
paper, the interaction of Eu(JII), selected as a chemical homologue of Am(III), with polyacrylic
acid has been studied by a solvent extraction method to compare the effect of the charges of

metal ions (NpO," and Eu’") in the interaction of the polyelectrolyte. -
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Experimental

Reagents

Polyacrylic acid (MW = 90 000 daltons, 25 wt% aqueous solution) from Polysciences Inc. was
used as received. ¥’Eu radioactive tracers (specific radioactivity 37 MBqg/ml, carrier 0.06 mg
Ewml) were obtained from Amersham Laboratories and diluted by 0.01 M HCIO4 (~1()"7 M).
Other chemicals were obtained from Dojindo Laboratories or Wako Pure Chemical Industries

and were used without further purification.

Procedures

The reference electrode for the pH measurements was filled with 4.0 M NaCl (instead of KCI) to

avoid precipitation of KClQs at the junction of electrode and solution. To convert pH (the

observed readings) into pcH (the negative logarithms of hydrogen ion concentrations), the

following linear calibration curve was obtained by the procedure as described previously [9].
pcH=a+ b pH (2)

where a=0.151, b= 0.968 for /= 0.1 M NaClO; and a=0.389, 5=0970 for /= 1.0 M.

The titration of polyacrylic acid was conducted as described previously [9]. From the end
point, maximum proton exchange capacity was calculated to bel12.88 meq/g (MW = 90 000). The
concentration of dissociated functional groups, [R] = Cra in Eq.(1) at each pcH was calculated
by using equation to titration result.

[H'] + [NaOH]agea = [OH'] + [R], (3)
where [H'] = 107, [OH'] = 10°°Y*H and pKw = 13.78 (/= 0.1 M) 13.79(1.0 M) [10].

For the determination of the apparent formation constant defined by Eq.(1), the following
extraction procedure was adopted. Organic solution containing 10°M TTA and 10°M TBP in
xylene was pre-equilibrated with 0.01 M MES aqueous solution. For each extraction experiment,
each 4.0ml of this xylene solution was contacted in a vial with 4 ml of the aqueous solution

containing a variable concentration of polyacrylic acid, 0.1M or 1.0M NaClOq, and buffer
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regents(a mixture of 0.025M MES and THAM) and "*Eu(IIl). Then the vial was closed tightly
with a screw cap. The containing solution was stirred by PTFE magnetic stirrer for 3 hours at 25
+] C. After phase separation, y-activities of both phases were measured with a well-type
Nal(Tl) scintillation counter. The remaining part of the aqueous phase was used for the pH

measurement with using the 4.0 M NaCl electrode calibrated as described above.

Result and Discussion

Figure 1 shows the extraction of Eu(IIl) with TTA and TBP as a function of pcH in the absence
of polyacrylic acid. The synergistic of Eu(Ill) can be described by,
M + 3(HT), + (B), = (MT3B), + 3H, “4)

- [MT,B][H'T (5)
* [MIHTLBI,

where subscript o indicates the species or concentration in the organic phase, and without
subscript in the aqueous phase, M is Eu**, HT is undissociated form of TTA, B is TBP. When the
complex formation of Eu(III) by TTA is negligible in the aqueous phase, the distribution ratio of
Eu(IIl) can be expressed by,

Do=[M]«/[M], (6)
where [M], is [MT3B],. As Fig. 1 shows, the slope of log Do vs pcH is three at pcH lower than
5.6, indicating that Eu(III) exists predominantly as Eu’" in the aqueous phase. The distribution
ratio of Eu(I1l) in the presence of a complex-forming ligand is expressed by,

D = [M]/(IMJ+[ML]+[MLg]+...), )
where [ML] and [ML;] are the concentrations of metal complexes in the aqueous phase. In the
case of the ordinary complex formation by a simple ligand such as acetate, oxalate and EDTA,
the chemicai speciation of complex-forming ligand and the denticity (the number of functional
groups (atoms) binding a metal ion) can be specified definitely. In such a case, the formation

constant of 1:# complex ML, can be expressed by,
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B=IMLaJ/(IMJILT") | )
where # is the number of ligand molecules in the complex. In the case of polyacrylate, it is
unlikely to occur that more than one large polyacrylate molecules coordinate together to one
metal ion, and » is considered to be equal to one. For the denticity, however, we do not know a
priori how many carboxyl groups are involved in the complex formation per metal ion.
Therefore, we will use the apparent formation constant f, defined by Eq.(1), which is expressed
in terms of the concentration of dissociatéd carboxylate groups, in place of Eq.(8). Since the
intramolecular distribution of dissociated carboxylate groups is related to the degree of
dissociation ¢, the dependence of £, on a will give us the information about the denticity. By
using Eq.(1), Eq.(7) can be expressed by,

D =Dy/(1 + B[R] B )

Fig. 2 shows a typical example of determination of log S (I = 1.0 M NaClO4). At each pcH,
values of log D observed are plotted against log[R]. The results indicates that Eu(lII} forms the
apparent one-to-one complex (z = 1 in Eq.(8)) and log S is dependent on pcH (or o).

Since errors in log D (calculated frdm y-activities of *?Eu in the organic and aqueous phases)
were nearly equal in these experiments, an optimum set of log Do and log £, was obtained by a
linear least-squares fitting, which minimized the sum of the squares of the residuals between

log D (observed) and log D(calculated),

>(log D - 10g Deae)* = minimum, (10)
where

10g Deaie = log Dy - log(1+1018 Po. *los RD). (11)
Similar experiments were conducted at various pcH’s at 7= 0.1 and 1.0 M NaClOs. The results
are summarized in Table 1, which clearly indicates that log S, increases with pcH (or o) and
decreases with the ionic strength. When log £, is plotted against log « as shown in Fig. 3, log fu
increases almost linearly with log «. This suggests that the denticity (the number of carboxylate
groups involved) in the Eu(IIl)-polyacrylate complex increases when the density of dissociated

groups on the macromolecule increased with a. As compared with the case of Np(V) [9], where
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the dependence of log 8. on log & was observed at log & > -0.3, that of Eu(lll)-polyacrylate
extends to much smaller log . This is considered due to the higher charge of Eu**, which can
exert greater influence on the ligand than NpO,", that is, more distant dissociated carboxylates
on the macromolecule can be involved in the interaction. When compared with the values of log
B of dicarboxylate complexes listed in Table 2 [10], the values of log &, are pretty larger even
than log £ of oxalate complex, suggesting the denticity higher than 2 in Eu(IIl)-polyacrylate.
The effect of ionic strength on log S, is also obvious and considerably large as shown in Table 1
and Fig. 3. The differences in log B of Eu(lll)-dicarboxylates between 0.1 and 1.0 M ionic
strength are around 0.6 in Table 2. The differences in log f, of Eu(Ill)-polyacrylate are much
larger and about 1.7. The activity coefficients of Eu*" in the bulk solution can be evaluated by
SIT approximation [11] to be log y = -0.93 and -1.32 at /= 0.1 and 1.0 M NaClO,, respectively,
and their difference of 0.39 cannot fully explain the above difference. Thus, we can infer that
there is a competition between Eu’* and Na* in their electrostatical condensation to the zone
immediately around the polyanion. Since the dependence of log B, on log [Na'], dlog B./dlog
[Na'] = 1.7, is smaller than 3 which is expected from the complete ion-exchange between Eu’*
and Na’,
EuL + 3Na" = NasL + Eu’’, (12)

we must go into the detailed structure of electrical double layer around the polyelectrolyte to

quantitatively describe the effect of ionic strength.
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Figure captions

Fig. 1. Distribution ratios of Eu(III) in the absence of polyacrylic acid. 7= 0.1 M NaClO, (@),

I=1.0 M)

Fig. 2. Distribution rattos of Eu(Ill) in the presence of polyacrylic acid at /= 1.0 M NaClO, .

| Fig. 3. Apparent complex formation constant as a function of log .. / = 0.1 M NaClO4 (@),

I=1.0M(D
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Table 1. Apparent formation constants of Eu(III)-polyacrylate complex *

number
pcH a log fo. log Dy of data

0.1 M NaClOs 468 027 598(6) -033(3)
474 028  613(6) -0.13(3)
497 034  652(5) 0.56(3)
520 040  7.01(5) 120(4)
521 040  685(5) 113(3)
552 049  745(2)  1.90(D)
553 049  760(3) 210(3)
554 050  7.49(9)  2.09(8)

1.0 M NaClO, 442 035 492(3) -138(7)
446 036  483(6) -1.25(6)
463 041  5.16(9) -0.78(6)
464 041  526(3) -0.76(7)
473 044  552(4) -043(8)
480 047 5682 -022(8)
4.81 047  544(2) -022(7)
507 055  613(4)  0.58(8)
507 056  601(3) 048(6)
507 056  613(3) 051(7)
532 064  639(6) 1.16(8)
536 065  652(6) 144(6)
539 066  6.54(7)  150(6)

a) The digit in parentheses following a numerical value represents the estimated standard

TR IR -ITATAARIRRWLOLAND]

deviation of that value in terms of the final listed digit.
Table 2. Formation constants of lanthanide(IIl)-dicarboxylate complexes.

(I=0.1, 1.0 M NaClQ,; T=298 K) [10]

Ligand acid(H>L) metal VM  jogB; logB: logPs logps
Oxalic acid Eu 0.1 5.36 9.04
(COOH)» 1.0 4.77 8.72 11.4 13.1
Malonic acid Sm 0.1 4.19 6.84
HOOCCH,;COOH . 1.0 3.67 6.1
Eu 0.1 4.29 6.99
1.0 3.72 6.24
Gd 0.1 4.32 6.97
1.0 3.73 6.24
Succinic acid © Sm 0.1 3.50
HOOC(CH;),COOH Gd 0.1 3.42
Glutaric acid Gd 0.1 3.19
HOOC(CH,);COOH
Adipic acid Gd 0.1 3.09
HOOC(CH,)sCOOH
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