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Separation and recovery of actinides from the radioactive wastes
(Document on Collaborative Study)

Kazuki Hasegawa®*, Tomoo Yamamura*, Yoshinobu Shiokawa*

Yuichi. Sano** and Astushi Aoshima**

Abstract

Separation of actinide and lanthanide has been the topical subject of the
separation science in the treatment of high-level radioactive waste because of
similar chemical property of their trivalent ions. To pursue the separation of the
metél ions, therefore, various processes have been studied. Among them, the
separation by ion exchange or solvent extraction has shown successful performance
and also the reductive extraction in the molten salts provides good performance.

In the present work, kinetic difference in the amalgamation process of U(III),
Np{ID, Am{ID, La(IID, Ce(IID, Pr(lID), NA(II1), Sm(ID, Eu(flD) and Gd(II) has
been investigated fof the separation of actinide and lanthanide using electrolysis in
the outside the aqueous potential window.

The amalgamation rate of actinide and lanthanide increased with more
negative; cathode potential in the controlled potential electrolysis. Typical
amalgamation rates of trivalent actinide ions are much rapid than lanthanide ions.
The rates of actinide are rapid in the order of U, Np and Am, and those of
lanthanide in the order Sm, Eu, La, Ce, Pr, Nd and Gd. The order of their
amalgamation rate is inconsistent with the estimation from their reported

amalgamation potentials £, taking into account the complexes with acetate ions.

* Tohoku University
* Recycle Process Technology Group, Advanced Fuel Recycle Technology Division,
Waste Management and Fuel Cycle Research Center, Tokai Works
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Fig.1 Schematic current-potential curves for hydrogen evolution and amalgamation of actinide
and lanthanide. ‘ |
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Feed solution
ZNp, **Am in 8 mol dm™ HNO;

1

Column
AG 1-X8 [NO;], 400 meshes, 2 mi

Eluate Eluate
8 mol dm™ HNO; 1 mol dm™ HNO;
243 e 29y duct
Am in nitric acid p produc

in nitric acid

Fig.2 Flow sheet for recovery' of 239Np.
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T ERIILL T OL B TRMEL =, BIEBSEBHPICI)ARP TRAHE 1.8 e DASRELY
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133.5 keV Oy EHF R Nal(TH > > F L—a AT 7 —TEHHIL/z. BIEORRESIL
71> MR DI ED S B HER ORIEA A4 > DIRERILEFGL 7.

RE: Ag/AgCl

CE: IrO,/Pt WE: Hg

\\\\\

=

\\\\\\\\ \
Coolant __J_

v

v

Sulfuric acid
solution

|~ Electrolyte

H* type cation| ™ solution
exchange |
membrane
‘ <>
T
Stirring rod / — <4—

Fig. 3 Schematic of the cell for controlled potential electrolysis of U, Np, Am, La, Ce, Pr, Nd and
Gd. Mercury pool: 1.4 ml, surface area: 1.8 cm®.
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RE: Ag/AgCl

CE: IrO,/Pt WE: Hg

AN AN
N NN

[7///,5]%////,]

Fig. 4 Schematic of the cell for controlied potential electrolysis of Sm and Eu.
Mercury pool: 3.8 ml, surface area: 1.8 cm?.
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Fig. 5 Amalgamation behavior of Ce(lIIl} in macro and tracer scale concentration at several
controlled potentials (V vs. Ag/AgCl). :
[HAc]=1.0 mol dm?, [NaAc] = 0.3 mol dm™, [NaCl]=0.5 mo! dm™, [HCl] = 1.0x10? mol dm*, pH=3.3.
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Fig. 6 Absorption spectrum of trivalent uranium in hydrochloric acid solution.
[U]=8.3x10 mol dm™, [HCI] = 1.7x10” mol dm™,

—-10-



JNG TY8400 2002-005

452, 523, 616, 634, 728, 878, 899, 970, 1064 nm 457 5 > MO ¥ — 27 #FT EEA 5N 3 9,
—7. U5 VIO E—ZIXEENIZEEINT. U5 2 I MASKEN I BENEMETIC
Lo TRETE . Jo0k FBMHALLTRLT MU T LENA, BERUERT MY T4
TpH 233 ICFREL. S0ml BBFREL TS MMGOT VA LMEEBEBRELE, &
TV NS S ERERE RIS 5 A CHER 10 V [V vs. AgApCl TEMETEENL
Zo =Y —RETHDEOERICEIBROERIIERTE RN 15 SHEOBMIZLD
I AR ERAM U M L, Cok. XHEME,. FBEEANENZ 50 m BRERE
L, M fEARETH DT AU UL, TORGERNS BHESRUE, IHEMRY,
BERRBRATE 2 M A S0 ml OB E R L.

Figs. 791275 2, 27V A, TAUSOLBROEBNERICLBTEEERT. &

FIBAZ -1.70 205 -2.00 V {V vs. AgAgCIIORIT 50 mV T &IT58E L BRICHBIT D BELI
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7L, BEEOBINC > CESTREIETREANE SN, ERTRLE -1.90V TOE
TUBRFICEBENENORERECHETBE. 7T 2 99% OF VA MEICH 3 15 2
B, 2 TVSO LK AREL 7 A 2 A s BREAETS 5, (LoBNEICBY 5
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Fig. 7 Amalgamation behavior of U(III) at several controlled potentials (V vs. Ag/AgCl). [U]=
5.0x10"* mol dm?, [HAc] = 1.0 miol dm™, [NaAc] = 0.3 mol dm*, [NaCl] =0.5 moi dm?, [HCI]=1.0x10?

mol dm-3, pH=3.3.
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Fig. 8 Amalgamation behavior of Z’Np(llI) at several controlled potentials (V vs. Ag/AgCl).

[Np] = 1.3x10™ mol dm™, [HAc] = 1.0 mol dm™
1.0x10? mol dm™, pH=3.3.

, [NaAc] = 0.3 mol dm™, [NaCl] = 0.5 mol dm™, [HCI] =
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Fig. 9 Amalgamation behavior of ' Am(II) at several controlled polentials (V vs. Ag/AgCl).
[Am]=7.9x10" moldm?, [HAc] = 1.0 mol dm*, [NaAc] = 0.3 mol dm?, [NaCl}=0.5 mol dm™, [HCl] =
1.0x10” mol dm™, pH =3.3.
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421 5H. UL TIEATE, FAVA ARUZVAOT INHLMCED
M fi&EA A AKIBRPTEERS V&, CVOA, T5EFTPh, RZFP AL HRY
= LI, A B BAVEATRL . SHERITE UTHILT U ARIA. BT
B U ABEIIC &Y pH 25933 ICAB L 50 ml OBMEREER L, £, 81
4 WEEY S 2 EF L 5.0x10° moldm® TEMET o7z INHEEA A OB DI ORTE
R B BIMELEE Fig 10 7T, BHELERMICT2IR-T, 7o F= KABICE
TTEENENT B EASRD N5, 252, LUTA, 74T ARBNERICT TN
HIMEARERT LIoAt, 24 DT 4, A FU 29 ABRIORHEL THZ 0T TV AL EE
THhol. EMTRULBHIBAN 190V OBTEEIEETDE, HISHHEOERTI 5~
i 94% OF TN HLMEDBHET L. LU T AKX 0%. FIEADLE50%. 4P L& 20%, H
RUZ®D AR 10% ThHb, BEETHRA A OFBHERICBNTS, EFEEMENT2IC
B THRITHEEME BHERMES N, LALRYS, CNoOBTHEETS >V, 3TV
SUAT AN AE T D EFHEO T TN A AMEEEIIED TEOY I EHNHES A TH B,

[La(lll)] / [La(IID)],

200V

0.01 [1 ) 1 . L : ] .
0 2 4 6 8
| Elapsed time of electorlysis / h

N

Fig.10 Amalgamation behavior of La(IiI) at several controlled potentials (V vs. Ag/AgCl). [La]=
5.0x10? mol dm™, [HAc) = 1.0 mol dm™, [NaAc] =0.3 mol dm?, [NaCl]=0.5 moldm™, [HCl] = 1.0x10”
mol dim™, pH =3.3.
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Fig. 11 Amalgamation behavior of Ce(Il}) at several controlled potentials (V vs. Ag/AgCl). [Ce]
= 5.0x10” mol dm?>, [HAc] = 1.0 mol dm?®, [NaAc] = 0.3 mol dm?®, [NaCl] = 0.5 mol dm®, [HCl] =
1.0x107 mol dm™, pH=13.3. |
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Fig. 12 Amalgamation behavior of Pr(III) at several controlled potentials (V vs. Ag/AgCi). [Pr]
= 5.0x10” mol dm>, [HAc] = 1.0 mol dm™, [NaAc] = 0.3 mol dm™, [NaCl] = 0.5 mol dm”, [HCl]} =
1.0x10% mol dm™, pH=3.3. ‘
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Fig. 13 Amalgamation behavior of Nd(III) at several controlled potentials (V vs. Ag/AgCl).
[Nd] =5.0x10°* mol dm™®, [HA¢] = 1.0 mol dm™, [NaAc]=0.3 moldm?, [NaCl]=0.5 moldm™, [HC]=
1.0x10? mol dm™, pH=3.3.

g
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Fig. 14 Amalgamation behavior of Gd(11I) at several controlled potentials (V vs. Ag/AgCl). [Gd]
= 5.0x107 mol dmn?, [HAc] = 1.0 moldm?, [NaAc] =0.3 mol dm™, [NaCl]=0.5 mol dm?, [HCI] =1.0x10
mol dm?, pH=3.3.
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RICE BT A, IYOEY AORERLEERT, 77 Fo K, (hof LHEARICRT
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VLR INETRALIRE LR L T, T ORERSRII—RIEZBALITHE > TWizh, ¥<
DI LDEBM -1.80V. TTOET ADEN -1.90,-2.00V ORILCEEIRENDS L DT, BREY
HOBELEICIER, BRBLTIERESEA T REOHMDEIDIN,

YU A, AVDETLTRT TIVHAMEOHET E3HIC, KERBHIIICZILEDOE IR
TRV ADERAED 5N, E. L Onstott A7 LFLED Y T VEAEIERE MW7 <
WA REREROBE. KRREEIBCHET BRBRT TV AOFERBESNTNS
B, ZD7=D Fig 3ICRLEBEAROL S REBM N EERLTEREITI &, KB IVICHE
AL BESBRENICELILERO T < NI AWAE L BRZERERANE U ZOBMR
POEBEAREHIET 20T TA, 270D AOEEBMEMRIL. Fig 4 IRLZEMBE
NWOBERBEOL S ICKBEBSROBERMEBYZ T IVHALADERSEE D85 EHMEZ B W
TR L. WRLEELZAWZER THEINERARINR I S50, KEEREOH
R IR R £ TR T BB ILEIRT Y H ADTRE N EEBOEMTY T A,
| IYOEYADT VA DB AL L TR OB & D 0 &8 1
FUREIHEEZEZ LA SUREENERSND, o TFgs. 15& 16 D7 4 v 74 > ihigid
YIUDIA 2TO0ET LAORERSEINERNAEEOHOEICDWTT Oy FLIz, ERT
RUZEBN 190V ORTHEEICEB TS LYY I LR 2EEOBHETH0%. o0 A
iﬁm%®YVWﬁAm#@ﬁ?6,u@*%%ﬂgmkwbt7/ﬁ/®ﬁxﬁ§thﬁ
BEVEM 190V OEBMEMTS > & > DT U H AMEOEITE 2 BEITR 50% TH .
FIRFENOKIGETER Y U DA, 20089 ADEMNEBNITEN,
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Fig. 15. Amalgamation behavior of Sm(III) at several controlled potentials (V vs. Ag/AgCl).
[Sm]=5.0x10" mol dm™, [HAc] = 1.0 mol dm?, [NaAc]=0.3 mol dm™, [NaCl] =0.5 moldm™, [HCI] =
1.0x10” mol dm™, pH= 3.3.
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Fig. 16. Amalgamation behavior of Sm(IIl) at several controlled potentials (V vs. Ag/AgCl).
[Sm]=5.0x10" ‘mol dm™, [HAc] = 1.0 mol dm™, [NaAc] = 0.3 mol dm*, [NaCl] =0.5 mol dm™, [HCl] =
1.0x10? mol dm™, pH=3.3.
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FERO R IR S DE AR BB, T ORI BRI EEL T O KRB
E0. TINH MEOBEEER LT 7 F= K EFHHEOABO AR 2 REL TV, &
B CRKBIRBMIEIC LB, 75 ATHT 5 BTROS BHAR 2T L7,
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Fig. 17 Amalgamation behavior of actinides and lanthanides at the controlled potentials of
-1.90 V (V vs. Ag/AgCl).

T T KT B RERB(Separation Factol IR TEHE S 1D,
SFupy = (Sw/Hy Y(Sy/Hy) ©)

S: Mole fraction in the catholyte solution [mo! dm™)

H: Mole fraction in the mercury phase [mol dm™]

M: Np, Am, La, Ce, Pr, Nd, Sm, Eu, Gd
G-6)NTBWT S BBFER T OLEA A 2 IRE, HRKRBEBFOSBERETHD, TDED
M & URTNTNHBMROTREY 7V ORETHBLEERL TS, &k UI2 &5
RIS RITHEVLIFT HREFRICBIT DBMEERD S HEHRRERENTE S . BB 55 2.
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RCDHBRILTED Sy/Hy B BB LU= EHRECE Fig. 18 107 Y. DHHREIEERTFIIONT
BHERIHLTT Oy b L LAY 55 SRR EDRMEE RLER T Y2 A,
T AU Y LOSHHRRE. RHEEOMHRRERT, —F. FLERY UYL avDE
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Fig. 18 Separation fact(_)r of Np, Am, La, Ce, Pr, Nd, Sm, Eu, Gd in reference to U by
controlled potential electrolysis.

Table 1 IZIXFIREDHHRBANEG SN RBIEL -1.90 V TORBMBRFIC L 20HHRE %
TV iz, WHRHEEEYPOT /F o FEFTEOFBEDO—DE L TRESN TS, B
R GDﬂﬁ{*ﬁJﬁf\@ﬁﬁiﬁiﬂﬂtﬂiﬁl:c}:6%5%&17?5%{%\%5%@7‘:&5%%43l:‘%'uiﬂi LTH39,
AP THHBRHEPHIC T I H AMEENZ YT ) UL, 2T OET LAOGHHGREE. &R
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BIHHIE S B L TEWEREZTRT. L L., INS 2 TEZUADERZ BT S E, FFED
SEHREIIEBETHIHEIC L B E EBERLERSBONTVS, > T, AUIRIEKERE
RO EEBERIA L KERBMRIRICE D . T/ F o REFLEONBEOTEEEZR LI &
EX&, | _ '

YDA, A0DEDLRKBERT I fieG1 4 ELTEETESLD, TOTVII
HAMERIRIIBWTHEIREE LT I i1 4 28BL 27 <A MERGHREENT
N3 FETEOSMMARERETAAELLT. UESEA 4 2 EEMICF L — MMLT
WWEDKBRPTEEILEE, COBTEEZESTLEAMGTES, E R, /70721 —
FIEBENB IR Y LT U BO OEIGENA 4 2 R EDREA 4 > E R/ HHEET
B9 5., @M TH16- 7 FT2 —613A PO F T LGS 127 pm). /N 7 L (Ba™ 143 pm)‘?-“-ﬁ:}
(Po* 132 pm)ED NESEA F > & 11 BEFEERRTA I EBHALN, FPAR—0iT74
=R DY T T LG 111 pm). 2T O ET AE 112pm). 1 v FIE DT AYD? 113 pm) D
FIHRIC 1:1 DHMBRICK > TEELT S T EMNWHIN TS 920,

Table 1 SFmy in electrolytic amalgamation and
pyrometallurgical partitioning

M Electrolytic i Pyrometallurgical parlitioning+
Amalgamation  LiCl-KCl/Cd LiCl-KCl/Bi
U 1 1 1
Np 23 - 1.9 1.1x10’
Am 5.3 1.1 -
La 6.4x10' 1.31x10* | 2.53x10°
Ce 1.8x10? 4.9%x10" 8.34x10°
Pr 3.3x10° 4.2x10" 9.22x10%
Nd 7.6x10? 4.5%x10" 9.33x10°
Sm 1.9x10" 5.79x10° 2.07x10°
Eu 3.3x10! 2.48x10° 1.38x10°
Gd 3.6x10° 1.79x10? 1.04x10"

" Values of the controlled potential at -1.90 V, ' Ref. (16)
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ROH, 190V K VBAMOBMFEE TIRZOERELSTNEELUTWS,

107

E AU [
. O N e A A
10°F o A; g e % o ? ST
Ay PRI R
N 10-35_ o> v _‘_!S-"ﬁ"ﬂ L.l “...._..- a |
<10°%F v gD O ..o
- ; ot v la v Sm
] A Ce w Eu ]
10°F o 13
; m Pr O Gd!
[ O Nd ]
10'6 1 3 1 x H N 1 £
-1.7 -1.8 -1.9 -2.0 2.1

Cathode potential / V vs. Ag/AgCl

Fig. 19 Tafel plots for the amalgamation of trivalent actinides and lanthanides in the aqueous
solution.

BRI & BB & ORTTLET T2 BHRBUBEE. KAICHET 3 WHOBE
WREAOHAE - BREEI S, AIROBEIC L 2NEBLBRICEEE NS, APEOE
RN ST BMREL & L THiE T N U U ARTRINL R BHOBE bR S — 1 & D F—
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FETITo7z, GFITTRLIC L DI, ERBEEEIIRAEIEAMOBMIC L V155 EAzEM
fay—ﬁxwﬁﬁaﬁgmﬁmm@ﬁ%%t&mo%or;@@M®%&ﬁﬁmxwr\wﬁ
VL RTVZY A T A VY AORSEREE CERMED L OTASERISh DO, BB
BB L T RS BIBRS XEA R IR O BAER CERAIThI I LichET
LEZBND, TOER. SEHEEET L Fig 18108V T, 5 L REEMARREIC % 5
ICREVDBHEBUME T 2EmARO b b, ZhidFig 90F—7 =0T oy LB LM
I BREMFERMIIEHT A TT 7 F = FEHELBO 7T A L{GEEIEET
BHThHB, LiL, BREEOESETIRLITIZ LT, @B A 4 ORMEEIIEM
THLEETE S, VIR T 3R HROSERT. ERAROBRERIC XV BEILSES
haLExbn5, | |

— %, BRI BRI 1 [A om?] L BEIE 4 [VIOBEE RS ¥ —7 = L ORI
KA TEREND,

onkF
23RT

(R T F 127 7 75— [Cmol']. R IEEHRE K mol'], THIRE [K]. » RIS
EYBETRERT, £ iy o BENPNEREREE [Acn?], BITHE L TN BERS
DEERI ST A —F —Th D, (AL REEN E & 73 MEBSL E, DETHHIEBE
Eixt UCRSEREE i 270 v M, BERRESRBREERBLND = LItk s,
LisL, AFECEEEX AN EAT 2 — 5 — B ET 5 2 &1L, RO & 5 R h CHEEEY
Bbhb, |

BB EE LIABRBAEC L 5@BA > 0T v A MURR T £ DFUSICA
A RBREBESLEL SN, FEHOREE LCOKRRERSEED . -0k bRBEE &k
BERCIIERERRUORIEERNIC LD Ry BTHEET S, #-oTRF v ax¥ v FTH
I L RIBRA £ 13, BERSEECEERET 5B, S% )~ bRy ZEBICANo
TOBERIE L IR 5 2 L BMERESN D, KERENERR T &5 baiiEi s 845 L 5
AR BB IKAT T B ISR R [Q)V. IRABREE S[om?). BRREME L [RIBRIOIERE L [om].
ERBER [ em" ) bERATRENS,

logi=logi, ~ 7 )

L 1
Rea. =35 - ®
o, BREER IAJZRHWD L, -80S IRy, BT [VIIXRkRiT 2 5,
L 1
IRsol. =1 XEX'Z (9)
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ZZTHROREER LT IRy, BT OERHEERE L Iox 2 RFEEOFHE % AT,

Fig. 20 ICI3ZARER OB RBEIR & KRB OEXNRLBEREFRET Lic, O)RNITBWTKERR
BOFREHE S 13, BREEICETIHBTRLUZBREO LERAICHAST 3, £LTIORE
FHEPOBBEBLBOLT I v 7/ REHECOMBEER L L L, ZOEERERE L 248
FEACIE 0.1 om IR L7, {RABAYIC 0.01 em R TX0.005 em T EEITEE Liz, BARKNE
DEERITHEMEITHOEET Y T LABEITHE Y L{EEL T, 0.5 moldm?, 25°C TDE
MEER 1=93.6 om0 mol” & U BEEHE y=486x107 QMo & LD,

Reference electrode

T

Liquid junction of glass ceramics

Fig. 20 Schematic of the arrangement of mercury cathode and reference electrode.

Table 2 {Z BABRIEERE 0.1, 0.01, 0.005 cm IZOWTHE L IR BTEE LD, H151L2
PR EBNEMICBNTRF Y axdy ML VBRI SWERBEMN E &, TOBMTHR
NDEMEF I 2 TN ThRRLE, ThDOEREEFIBOTORPLHEESND IR BT
%, 3 EROBBREHC W TE IS STNR L, £ IRy BTEHIE L IRIBEN £
IR BHBEREICOWTE 65125 8FICR LI RF v a 28y ML VREENL EZ -1.70
e 2,05 VRIS L SR8, BEMERE 0.1 cm 2 BHEEND IR, BTEWEL
T=REABEBAL E-IRy X -1.68 D5 -0.12 V ~BHNZE LT 5, —5 . B892 5E8E 0.01 cm & 0.005
om M LHEENAWE LIISHEER E- R it TNEN 17055 <186V & <170 235 -1.95V
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RAANELT 2EAPRD 5N 5.

Table 2 Dependence of IRy, drop on the length L between reference electrode and
mercury cathode

E IR [V] E-IR. [V vs. Ag/AgCl)
[Vvs. Ag/AgCl] [A] 0.1{cm] 0.01 [cm] 0.005 [cm] 0.1 [em] 0.01 [cm] 0.005 [cm]

-1.70 -0.02 -0.019 0.00 0.00 -1.68 -1.70 -1.70
-1.75 0.06  -0.069 -0.01 0.00 -1.68 -1.74 -1.75
-1.80 -0.18 -0.222 -0.02 0.01 -1.58 -1.78 -1.79
-1.85 -0.40 -0.481 -0.05 -0.02 -1.37 -1.80 -1.83
-1.90 -0.63 -0.767 -0.08 -0.04 -1.13 -1.82 -1.86
-1.95 -0.91 -1.106 -0.11 -0.06 -0.84 -1.84 -1.89
-2.00 -1.30 -1.566 -0.16 -0.08 -0.43 -1.84 -1.92
2,05 160 -1931 019 010 012  -186 -1.95

EENEMCED TV Fo R HLEOLBA A OT7 TN LANDRTEEERLIE Figs. 7
16 T, BF2 i aAdy bTEREUEREBES E M BAIIELT 2R > TRITEHEA B
FBEANRD SN, BHEISRICET T NEX D RERBRBENESND LD, TV
HIMEEGORESETEELONE, HoTRF > aAyy NTREILERBEEN E M8
MicZ b NUE IRy, BT EMIEL 72 BHEEN E-IR0 b, TP OHARAY7ZEERE 0.01, 0.005 cm 2
5B 5NBEOXIICBRAIICELTILENRD D, D% O BMELELIRIIC R E U BB A
0.1 cm 1. BBEFHIIIE SIS AD T ENELOND, RER TIHKBREABEDIERE
REFFLTWBDT, Fig 20 IRLAKBREOD LED» 5% < ORENRETS, LrLE
EOREROEST b M OKERANE T 0, SMAS TV & KRORICE £ 5 HENER
ENnie, TOEE. BERENSBERICIELITOVERESEASND.

BRI O EELERLLE Ry BTOBRBEENAOFE2ERLIMN, KERBIEN
EAEIS, F I U T R BT BRI TR BRE RSP EBEMICRIZTERIREN, #o T &
BTEA LTI FoREFTEOY—T7 270y b5, TREREE i, PBHR . ©
BT R & B s,

43 TNVALMCEHIEETSETF
ﬁiﬁﬂ%ﬁf.bi?kféﬂﬁ%{iﬁ@&L%ﬁﬁﬁﬁé%‘lﬂfﬁ bf‘:i%{ﬁ%{@?ﬁ?ﬁ%\ OMNDTIFE, ik
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PR CEA L, A—RNELOETROBTEEL LB LELER, G- 10X TREWET<
VA BERISEY T 2TV = AT A Y LD AL BFESSENT BT E OB
EREL RBERARDONE, £, FHECSVLTE I GRS A 0EETA <Y ¥
AKWT2U B EY ARBINCEVETREEER R L. CALICBIERE T & Y T4,
TIRAVA FAVL H K20 6LT s F= FRKIC, BFESORMCHE-> Ol
D L,

M2 +3e” + Hg — M(Hg) (10)

FTZF=F:#\\»w U Np Am EW

s = v Sm Eu La Ce Pr Nd Gd B\
QORTINEE&RA F DT wNH MMEEE, DV KERPOEREA A OBREL{LSRIL,
BROSSBTIE L BT RT3, |
LIT, ROBEETERSEELD,
vplke)

O+ne” =—=R | (11)
vy lhy)

(1DRT v Lk B ENRENEBOBMEEYE Y ORISEE [mols” em™?) & HEFEL [om s %%
L. T2&D fRUb BEREHELF AR UOBEFEORIGETYT, Bk 0 RUSETH R
@?E#ﬁi%ﬁ?%l# (BB b DEERE x=0, B /IR BBE) 2ThTh 0, 1)2: Cr(0, #) [mol
em?’]E T B L, ERIGEERRAOL S ICHT LN TES,

Ve =k Co(0,0) S (12)

vy, =k, Cr (0,1) (13)
7737 —0BAlE Y BRE QICIE BRI > THEIN-0H A WVIERLE R DERD
TAER N[mol]DREIZIX

Q=-nFN _ (14)
DEERHZOT, KSR I[A=Cs KA TREND Z Ltk 3,
]E—{—jg=—an—N— (15)
dt dr

Z DT dV/dr [imol s X BABRFGHEE v [mol s em?ICBBFREH A [cm ]2 E U= b DIz
BF, G-15RBEKDLIICEENS,

| I=-nFAv, v=v, - (16)
%D, RAEREREERSEESZRBRLTN\S, #oT. EERSICEY 3 BREE i [A
em?1& BBENL E[VIOBHR £ 3% L7k O Butler-Volmer DR 5, 7 <L AMEDETEER -
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WTERPSAHRRTH D,

. & * -l EIEN C O:t GIIF E_En'
i = nFE° (CH)™ (C}) {_Qci_)exp[— (RT )

_Cr(0) exp[(1 —-q)nF(E —E"')” an

RT

0 R

ANRICHBNT FRBERTASOREEN (V). CIFEEEER [cm ') o RBERE. »
RRBICESTAETR.FII7 Y 57 —FH [Cmol ']\ R AR ER [J mol' KL TIHEE K]
ZFLTCo, CRriEN i?éﬂfi@wb{zmtﬁﬁitm%ﬁ fmolem™] &R LT3, 17)RICBITBE
WBFE & SOV IRED €0, fy/CT BB HBREOEBERL THY, BREZTHHERLT
B CEREEAESICAE VB 1 IENERRRO L 125,

[(1 a)nF(E -E° )” (18)
RT

anF(E-E™)]
RT

i=nFk*(Cy) " (Ch)" {exp[—

CORMPSHB LS. BERSOBERRNLOETTHHRBEN £ FEROET OE
W R OSIEK o KEBENG, REER. BELEETNETERSCEE 0/
AT B, EEHETRETERETO I Rk 0E U<, BEKGOEERNES S
B ET. T OENASVIE EBERSRECA EEITEL NS VB I I RSSEL, £
ADEANRPOFEEE ki RO kb WK EANTRRTRE N BEEME EXERICKAE<T
BIETEDEEELSED I EMTES,

ky =k exp| -2 EE ) )] (19)
. [a-aFE-E*)

ke, =k 20

=k expl (20)

~%, BURKERAIC G TR OBRIRD BT a = 05 LLTRDNSY, M
BT OBRKEESTFAENTOS 2,

AT o R REA 4L OBMETI L AT N MERREERT B188. MG LOED
BibicH 5T 5 EITEGE L, BRIcHE 5T 24508 —IRDA T Butler-Volmer DINERT LRD
£ 275,

i=nFk"(C5) ™ (CR)" exp[— %;Eo)l . .(21)

CHRORBEN EV AWEICBNTT A MERSHHET T2 EMTH DTN H AMEE
B E, NS5 EEXTIN. RRBREEI, 77FZ R, HLEO7 VA MMEOBT
EER, ETESOEINIME> TESRBRBTEMHALE, > TRHRIBNT, 7IIINHL
LEMICEB LB, R—ERHEMT s OEMETTANS WRTEREENELCS, DXLl
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THEME RBLOIL, T2 F=F, HEEOTAH MEEL E, 3EFES ORI
S TR 5 R EH B 5, |

—F RS us5 74— FOFR—T ST 7 4B Lo TRHIE SN LB T
< VA MLBEAT E, % Table 3 1% & 072 279, BB EMIL pH i CBEREHIEFET 2720, A
—AFRTHREFICL VRESNDERIEE mV OEZTLTND, Ll RICRLET 75
= K B HEOT v A A AMEBAIER NI R E S OB - THRROEICELT 5EM %
HD, Table 3 1SR LT < A H AMEEBLL E QDR O TFREINE T LT AbEHT. RTES
DWW > TRTEERENEL Y ARKXOT 7 F= N, HFLEO V7 EEHLELRE
SEEE DR L 6T L b—E L2, = OREISW T TI®~5,

Table 3 The amalgamation potentials F, of investigated metal ions
U Np Am JLa Ce Pr Nd Sm Eu Gd
E,[V:NHE] -1.65° -1.78" -1.61* -1.65° -1.63° -1.62" -1.61" -1.60° -1.70° -1.60°
-1.90° -1.68° -1.75% -1.77° -1.73° -1.62° -1.76° -1.72° -1.73"
-1.72° -1.83% -1.88" -1.83% -1.71° -1.78°
aRef. (2), *Ref. (3), “Ref. (4)

AEOEEBMEM T, FBLEETIC L EMBIED pH 2833 KRB L=, -, B
BEA A L T2 F = K, BB A ORBERER LT, 7N MMEBAIC T LA U2 TEE
WREZLND, £ TN RROBREIET CORBSROFERS XD, TOHF5OHE
MBI >, SRA AL OT <A SLEAL E, & BIEEAL £ OBURIL, F0v R PORE
UK TRENB, |

’ MJ’H-
E - Ea + 0059 ]og JM,aq{ ]aq

| n Pae Ml |
QARITBNT 1 BB ET DBTE. v & i HREM OIERIFE, Mg & Ml
IMBEERL, TO&M aq & Hg BENENKIA, KT DS A —F —ThH BT L 25T,
EHRBE Cy BLUMEBRLTWEWVERBA A ONE £ 2 AV L, BREEPOBRE
IM™=f/Cu L RTZEBNTE S, ZOBPRMLEHRODELSLRABELNS,

(22)
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Cu

E=E + log 1, +

n

HBW0IT

E=E

« 0.059
+

0.059 0.059 log M,z N 0.059

YM.Hg

Cu

log

no ML,

“ Ml

(23)

(24)

A THLHE EPEERIC L 2T <V MEBAETOZREED, ki, BB LERRK

BOPRERTHEHEZELDEQHNT, ERT AV AMELORBEMICHRYT S,

BESHTOBT 2 F=F, FLEORHBEEOLERER % Table 4107452, U5
Y ERTY =17 BITOVT, AL Moskvin 12 & 0 BIE E N -ERERSE R O AR ERIL, TR
B L TETFRERETHESN, FOEICIEPRIPLTERBBELS, LEL, ZThb2xHE
oW TRIZREFBENOT, KRPOEEAVDZ &Iz L,

Table 4 Reported overall formation constant j3;

of actinides and lanthanides for acetate complexes

B P2 B3
U a* 1 02.68 105.03 1 06.60
Np a* 102.77 . ]05.04 1 05.58
Am b** 1 0|.99 ] 03.28 . 1 03.90
La ct 1 0|.80 1 02.82 1 03.53
Ce et 1 0|.9l 1 03.09 1 03.68
Pr df 1 02:01 1 03.4] _
Nd df 1 02.]0 1 03.59 _
Sm dt 1 02.]7 ] 03.75 ~
EU b** ] O|.96 1 03.]9 1 03.79
Gd <t ] 02.02 1 03.47 1 04.?.6

Ref. (25), "Ref. (26), °Ref. (27, 28), ? Ref. (29)

"1=0,"1=0.5,7=0.1.

AL HRE I OBBRPOENR 2 2 b01 42 i OEREH 5 2RI IERERER](Expanded

Limiting Law)iZ kTR & 3,

220.5091V7

—logy; =

1+0.3291x10%avT

—29 -
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FWBEOEBMBAACAWBMRBRIE, XHEMEELTHRALT MU T A%E 05 mol dm™( =
05288 ZEITAAMET=05. 14 F/NNTA—F—a % 48x10%cm & LT, (25)AD 5
TUFR, WLEOMREAOSEREREFRMEL L. FIRICER: OBMEER pK.=
476 HWELT, 442 L7, Table 5 oA 42 ME 1205 THELET 7 F= K, 102
ERERETRT, '

Table 5 Revised overall formation constant f3;
at I =0.5 calculated from Expanded Limiting Law

B Jip) B3
U 101.66 103.33 104.56‘
Np 10|.75 103.34 104.54
-Am . 101.99 103.23 103.9[]
La 10!.42 . 102.19 102.78
Ce 10!.53 102.46 102.93
Pr 10463 10278 )
Nd - 1017 102% )
Sm 1087 10%13 )
Eu’ 1019 10%1 10°7
Gd 101.64 102.34 103.5]

* "Reported value at [ = 0.5.

Table 5 0% &7 @AM & MIE L7 BH ORMBERE AT, BT 7> [Ac]=1.30
mol dm® £ &40 pH = 3.3 OBMEEIZ B 5. THEEEKOFERIA £ LI (R % Table 6 17
FE. TUFE, BB TR L TWAWSET 480 BEETH 0. M5 2 304 3
B L 7= S AR T, I 1 S04 2 R OB IR T B RN E SN T B,

HESNEREA TS MYORE 5 5. )ROEDBEETEEND T I INH ALEH E,
M5 DFIVE Table 7 1R LTe. CRBTERDT TN H MRS EET 5 ET R =3 & Liv.
BIRRICED 105 30 mV BEQBMMTEELBH, 75 F= K, L8 L — TR B
LZBEMERNWTNDH 10mV TH 2,

NS DE 5% Table 3 IR LT YA LMEBMIZINKL TH, BRFEROENICONTE
OEREBINCZEL T 2 HFEIEDH D> T INSTFEO T INH MEBIROERD BN 5,
ABFETE SN &S TR DR ERNT 5 - LML W EE L 5B,
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Table 6 Fraction of chemical species f; in the acetate

buffer solution (%)
foo M* fi: ML? fa MLy fs: MLs

U 2 8 35 55
Np 2 10 36 52
Am 3 28 50 19
La 19 47 25 9
Ce 14 43 34 9
Pr 10 39 51 -
Nd 8 36 56 -
Sin 6 32 62 -
Eu 6 30 50 14
Gd 8 30 44 18

L denotes acetate ion.

Table 7 Negative shift from E, by complexing with acelate ions [V]

U Np Am la Ce Pr Nd Sm Eu Gd

0.059
n

logf, -0.03 -0.03 -0.03 -0.01 -0.02 -0.02 -0.02 -0.03 -0.03 -0.02

n=3
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H2 < DFFEDT T NH LRSI OV T C. Guminski K, BWEZNTNS T VI ML
E, PBIEREREH K ROKET OBMRIE Sy DRERTo ", AERTHOWATIFIK, %
TROIL, XHFREREI N TWARERIC DN THENS N/ % Table 8 TR T U A,
ATDEY LEAOHFLIEICONTH 1.1 V T IVALMEBUAHEEIN TS, LALEK
KRTTY I FZR, TEESE 4 13, BRBA 170 Vs, Ag/AgCl TR 7Y H AMEOKE
IRED NI h o7z, F Table 8 IR LI T Y IWVALMEBM EHHEDITORIBD L EF
BT B, C. Guminski BE DI TNETROT TINH MEBLITITD 5 TEEIEL B,

~—75 TRIWAMERIEOEREREFERICOW TR, ETERGERED 10° 75 10° cms? O
BEABREINTNS,

Table 8 Selected property for amalgamatjon process®”
U La Ce Pr Nd Sm Eu Gd

E, [V: NHE] - -2 <111 <11 11 -1.68 -1.80 -1.1
k [cms’] o= 13x107%1.6x10* - 1x10° ~10" 3x10* ~10°
Sy [mol %) 4.5x1071.4x10? 9x107 1.1x1026x107 2x10? 0.1 7x107°

E,: Amalgamation potential, & : Standard rate constant, Sy: Solubility in mercury.

TTTNVY BRICBL TENBHN AR TH 2 BE0EA 4> DRESLRERT
OHREEMBIHEEZRTOREA T, EEREFH L5 2x10°, 1x107%, 5x10%, 1x10* cm's™
DIEDBTHEE KD, @ORP DS A—F —TEEHHRUEEAEE. FEROEME
HERUCEL A=18cm® & V=50ml TRELE. . 5-5R P TRECHESTEEFRIL 1=
3. BIMRKIEENRIED a=05. REBLRTT TV H MEBLIZEENICENEN E=-17
V{Vvs.NHE]. E,=-1.68 V[V vs. NHE]Z R/,

INSOEERCTHELLBTEES Fig. 21 R T, K6 HHNOFERERICL DT
HALEDET OFE . EEFEEFR L 252x10%, 1x10%, 5x10%, 1x10° ecm st oD W TEINER
99,90, 70,30% 1212 %, 7NWHLMEBHPZELWEBBRIGTD, COETHEIIELHET
KT TREREFEE DD EARE DN TH B, o T 7UFZ R, HHBOBMRTIC
£BTNH MERB TR, BEREOBAZNRNT A~ —TH BTN H MEEL E, 72
FTRL, BERMNET THAEEREFK L bEECESLTWA I MRS NS,
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L) ! 1 I 3 1
-4 -1
1 e k°=1x10"cms

RN
,r-'_-% \I\ T e . 4 1
— N, T ._ k°=5x10" cms
— N, -~
— N -
— \_\ . ~a
\M '\n
ol
= F k°=2x10"cms™ s
= ~ k°=1x10" cms
— '\_

\n
\.
\‘
.
\‘\
001 o ] .
| 1 L] 1 LN | 1
0 2 4 6 8

Elapsed time of electrolysis / h

Fig. 21 Dependence of calculated amalgamation behavior on standard rate constant.
E=-170V, E,;=-1.68 V, a=0.5, F=96485 Cmol”, T=25°C, R=8.31 Jmol'K', n=3,4=18
cm’, V=50 cm’.

HEFMRONNN I BRRICL DTN A LMEEBHOBRMTIE, PL—S—BEOBMBRE
BOWeRxT YT L, TAV YT LEROT, BRIBKOSEAF IBE 5.0x10% mol dm™,
TOEHEESOml &L, CORE. BEBRPOEEAT>D1% B7 TIIVH LALLM ST,
KEBPTOREDIFELLIL 3x10? mol % THD. BT TINHLMENHETL T 99% NBTEH
B EE, TOEERI 03 mol % £ THENT 5,

—77. Table 8 IZZRL /2 IBMREE Sy id 17 B E T AT 0.1 mol %. fDFTHEIIEITDA< 45x107
5 1.1x10% mol % DEAFHE TN TWVS, NIV BRICE VBEREL LOSBEAKBTICEE
TEBLOR, 77 F2 FeRLEIKEE OSBRI AMHeMY) EHRT 5 Z EA¥EHa N5,
CDEIRTEDS, AMETSVIERIILIVBRILAET V7 F= R, HLEO7 < IVH LML
EOENL. BERSORERGET THBMERETE £ CNE. RTINS
LB AT 5 E B AR B E T B R ENH B

ARICE ST, FIFREFTEOT VILHMEEEE Fig. 17 lRLELDIC. K&k
EzhU5D, INEAALABLROSHORRENENMIA L, COZERB-RMRATSH
D, BIKEWHERTHS.
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5.%8
KEWBABNBIC BT 2EEMERICLY. UF0 FTYZUL TAUTTL T
oo BUDA, T5EFVA FEPLA UIUTA, 270ETL, HRUZTLAOTF TN
A BRI ERAM LTz - | |
TNBEEA A OTTNH AMENERRU R, BHELASBMCBET 518> T
FINVH MEDEE SN L. OB EMENE TOBERISIRT2H - —8T 5.
EBMBMITED T A MEEYOBED S, LTLEL 42 OFETHFT YT L, 1Y
OEY AR HLEERB LT, 77Fo KEERNICT TN AAMET 5 T &N 5 72,
CNSEROBITREDE LRI L KBREREC L DMERN LI, 75 VK § B
TERDOHUHAEE B U B B RS R TORKSEIC & 5 2 REBITHE EO A R K &
| BERENE SN, AERBEON SRR B 2 BRECED, FIF o REYTY Y
Ly 2 OPY AERRLFLEOM BN A B AEHENED 5k,
YIUSLEITOET Al 7 AU ST AMIENT TN AMEEE R T T=0, A—EHE
HOBRBTIZBVTUOT 7 FZ REAREORN T INHLELTENENS, NS 2
FTEICDWTRTZINALMEREOFEHRETER TS I B4 22, 275U T—FI
ST ko T IMIIA A > BRI EE BT VA MEEE 2L T2 EMMERENS,
A—RHEMLTT <N A AMEERE LB LR, TVFIRRII Y 2TYIIA 7
AV ST RERTFEBSETICRG., TORTHEINES 225 @RGS0, £, HLET
BYTUT A, IO AREBEEESN, KICT 2y, UYL, TIEFIA, &
AV b ARYZY A ERT BRI ICONTRITRENGE < 72 B RAE 51z
AEBRTRENE CNSTROT TNA MBI, TOT VA MEEL E, DEEEEL
TPFREINBEAERETUH—RLAW, {o>T. CHEREA 4207 INHAMURISIZS
WT, BARMEETFTH ST TNH MEEBL E, DA TEL . BERBORERLL/T A—
5 —THHEBERE R L bERES LTS AR TS S,
FEAPFE TR BRI LD CREREA 4> 07 TN MERISERE LIz, B
LEDSEAABPICHET 5BEBHS, SO &L T, KEEOLEMILEPIIRMED
KGRI, &0 B ST BEEN Y < VK SEREC Db S FHBT 5 25X 5N 5.
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