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Proceedings of the 3nd Workshop
on Molten Salts Technology and Computer Simulation

(Eds.) Yoshihiro OKAMOTO and Kazuo MINATO

Department of Materials Science
Tokai Research Establishment
Japan Atomic Energy Research Institute
Tokai-mura, Naka-gun, Ibaraki-ken

(Received April 9, 2004)

Applications of molten salts technology to separation and synthesis of materials
have a potential to give us a civilized life, for example aluminum refinement. Recently,
much attention is given to the pyrochemical reprocessing of spent nuclear fuels in the
molten salt research field. On the other hand, computer simulation technique is
expected to play an important role for supporting experimental works and predicting
unknown physical properties in the molten salts application studies.

Research group for Actinides Science, Department of Materials Science, Japan
Atomic Energy Research Institute(JAERI), together with Reprocessing and Recycle
Technology Division, Atomic Energy Society of Japan, organized the 3rd Workshop on
Molten Salts Technology and Computer Simulation at Tokai Research Establishment,
JAERI on December 16, 2003. Many molten salts researchers in Japan participated in

the workshop and many useful presentations and discussions were performed.

Keywords: Molten Salts, Computer Simulation, Pyrochemical Reprocessing,

Electrochemistry, Structure, Physical Property, Materials Science
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BB A 7 VERRBIEIL, ERFEEZ LW H LU TFBR ¥4 7 VERLO DO
MERERTE (FS) 2FEML TWA[1], FSIZBITABABRBEHESOVESE LT, B
{EMEMERHITON TR Y | ZOEHEMNIRRIEE RABD 5= DOEMRAR L EM L T
W5, £DPREN T D MOX 347 TR TR, IR FTERBELE TRICHT 57200
BREBHBEREERNT & LTSN D. FP ZEORHiM S LT EMREIH~5 %
HEBITALHTII R o7,

ZI T, AL HR L LT Ce BIAF LM TO MOX SEHTEMR (Ce HMAR) [2,3]
RO EETE (Nd, Ce, Sm, Pr, La). Fe BT} Cr 3E7F L= T MOX AT E MR
(RE. CP #HMIRRR) [4]1%1TV. TN ORHY RS ERDREICRIETHELRTIL
oo 723, RBREE T RFFRERRAMCTER L,

2. RBRE&MH

2.1 Ce HINARR

BEOMBERY 552 L LBMHBETORKE LR BAREMNSH D Ce ICERL
MOX AT MR L i L 72 RRFH 2R LIORT . BRET OV b =0 LBEIT,
LR AER IR T 2REAMRICBT 2FMEL S E L Lz, REFETIT. &
XYL 7AFATEZEELTED, FPIZERL TV, ARBRICEHIT S Ce 13354
10BIFAINTHREORELRKRMEE Lz, £/, UF72/FN b= LKL Pu
BILE J0%BREOCTRZBINT S Z L #BEL LT, 2/1 £ L, RBRFIAEL LTIL.
RAT T 774 FRBOFIZ mol B 1:2 D NaCl-CsCl % 2kg LFFERD U,0,.  Pu0,.
CeO, IREBRA LTzt, #9620CICHR L, MBI RICLI VB LT, ERIELE-T
SREBREREAL, M s 5774 MURRIZE Y, U0, & Pu0, BSEHTHT 5-0. 7T~
-0. 8V vs Cl,/ClRREEDEBENLIZ T 0,4Cl, H R 2R X IAHR DD MOX BELITo 7=, RBR
DINT A—FZ L LT, U+Pu REE, Ce JREE. WA 0,/Cl bk % ZNE iR Kl & B/IMEIZ
BOWTHAEOETZ8 I —ARVPE/NRTA—F DR RIEOFEF 9 r—R & LTz,
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DD, PROBWELIETIIR LN -T2, FTHHT O Pu B EITEMIFOREIAHLT
AD OZ/Clz iR fFL, 2 DN K ZF VT H Pu BETE< B AERAER SN, ¥
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A5 MOX BREHIHA~E X 2 BEMRB L TV LERH D,

%1 Ce¥MRBROEHRURER

733 NaCl-2CsCl 2kg
BRI 620°C

##U/Putt 2

#HU+Pull B 9, 15, 21 (Mwt%)
VIHCelREE 1, 3, 5 (Mwt%)

A0,/ Cltt 0.3, 0.6, 0.9

B EAL -0.7~-0.8V (vs Cl,/CI)
#r HEESL PPulR E [6~19 (Mwt%)
BRERDER 63~100 %

My B P Cel® FE 10.6~1.9 (Mwtk)

3.2 RE. CP {INEAER
RELEE 22 | ROM 1R, B 1 3ER D PuBEROCERDE~D 3AHAFDOE
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# 2 RE,CPHEMRBROZER VR

Bt NaCl-2CsC! 1kg
BERAE 620°C
#)RAU/Putt 5
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¥2A02/C12tk 2
- 23R 1A -0.6V (vs CI2/Cl-)
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. .‘.'A ............................ )( “‘o
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RE RE"
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E9 UDF>RIA Mty

K10 4EORBRTHES Uz RERINY

#1 BB TOEITRODRERE

#8 m #19  ref[1] ref[2}x refl3] refld]
(753K) (753K) (783K) (773K) (773K) (773K) (723K)

U 1.80E+0 2.43E+0 2.04E+0 1.80E+0 1.88E+0 1.90E+0 1.82E+0
Np - = 9.49E-1 - 8.87E-1 1.05E+0 =~
Pu  1.00E+0 1.00E+0 1.00E+0 1.00E+0 1.00E+0 1.00E+0 1 OOE+0
Am 6.97E-1 8.59E-1 5.97E-1 6.44E-1 6.10E~1 -

Cm - - 5341 - 5.34E~1 - -

Zr 6.52E-1 8.90E-1 2.98E+0 - - - -
Ce 3.67E-2 6.12E-2 3.93E~2 3.88E-2 4.18E~2 3.88E-2 -
Nd - 4.62E-2 8.31E-2 4.32E-2 4.82E-2 4.22E-2 4.00E-2
La - 1.40E-2 2.51E~2 1.46E~2 - 1.46E-2 -
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¥ ICLWR-MOX#ED

}
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B 12 BAmE oK

HM(+RE, PGM)
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s |t |
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Separation factor, SF,
SF(M) = D(M) / D(Pw)
Distribution coefficient, D,
D(M) = X(M) / Y(M) [1]4.P.Ackerman, et al. [2] T.Koyama, et al.

X(M) : mole fraction of Min Cd 3] M Kurata, et al. [4] J.J.Roy, et al.,
Y(M) : mole fraction of M in salt & rata, ot o. [4] ¥

#[2] LiCHKCI eutectic with NaCl up to 7wt.%
and CaCl, and BaCl, upto atotalof §
wt.%

13 MOX 5 OBMRBRITTERY
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ZLREOBRRXFARIZB T 2 BELRER

(B AR -F /1B 5ERT) TR HR, BH F M REX
(B RAFFEFT) Ik fh

REEME H 2 WVILR BB R T RAZ R O BAE TRIZEW T
i1, FREEMREZE 0 R LT AEXRBABENANLRHEEZHBL TS, ZOHT
EXAFLAETEY?LORBMEIIEEFETH 52, U, PN REOEAFTLRTIL,
ERESRE L VS REBY %y Bt R CdBEBPICR L2 UB X Pu 2 B
fEL. WIZCdZFHRBELT@U, PONZEINTZ2IRBBREINTE, XFETIX, &
ECAPFDUBLVPuRAEROE(RBREIT O RIBRFEFRARL LT, PuBETOWREK Cd
FADNTANTY X DB FEE, Cd DRBE L PuDBED 2 TERE—EIZIT
S FkEHBRN Uz, BIHEDOHETIE Pu OZ{LRIT 10%REICIEE 7288, BEOD
FHETHER, BVEIRR TRSME. MEL bICHRV PN BB LN,

1. FFid

R AE A B MR B B WV I R BB R S AR & L TE LR
BAEFEEREINTEYI[L, 2], Z0BABIRICBVWTHAMEER I ukR LT
BEAFLBIESFRIREEER LTV 3, Pu VA 4 O ELRE TRiilEy
JUPHEFHHBSKE S FBBEELEH L2V AREERAEMIE S EXFLHE
RXEAE L B L CTEREOLHLOREN NS BATELER THY ., I EROR
HCOBRENTMERT-DHMVEFELER TE A0 THD, T, Pu 2EHMTHR
L2V, BARERD OBRBFEFENR E| FBEMCEILBIEREIC BN i L S
Z2 35, B{LOBRE~DOEAFOLBOBERAMEIZ W TIIRE ANL I k> TREBANHEIL
VMR 2 B L T 2R OBABEROSAIZL Y RBNICTRTHEZ L %
JRRF CEBRMICHER L TWVW3, Z{PRETIE "N O (n, p) RISIZX B “COERM 5730
£ CPRAEE) DAERRZBET 270  KARIZIIN0. DR GFHET BB NEHAVSB /-,
LTOBABTIR T, EAERHZEMBENT I LIC L Vi cd BEPIicEI L 7=
TI2F/)AF2BEETHIIESLETHY . TONEREL L UHIERRBFRAX T
Hd,

INFETHECAPDOUDEARE L TiX Akabori 5 [2]IC X W HIESThITE
D, ¥k U-Gd-Ce-Cd & (2wt%U, 1wt%Gd, 1wt%Ce) DZE{L2Eh% 773-873K IZHiT B N,
FHEEHERTHARTV S, EORKER. UVITEEMICEIN N, L EEOERE TUN,
ZA L. GdiZGAN b L<iZ(U, GONFE LT, F/o, CelXiFEA LM CeCd#BE L
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T Cd PIZTERET B,Ce 13 Cd P TOEVWERFEOLDELLINIZS WEINTWVD,

—%. ¥ Cd B Pu DEARRIZIINTE TRESN TR O T, FFRTIE, &E
CAdHA~DN, HANAT Y 72X % PuB{LBRBRB I U Cd OB & PunZE(bEZF—TE
TITORBRETV., BROLBRNZITo7,

2. EB

EBTit LiC1-KCl IAME S C PuCl, 2 BMTHZ LIT L D, ¥k Cd BBIEPIZ Pu &
¥ 12wt%EIN L7 b 0 2 RBRICHE L7 [3],

2.1 37 Y v 7 ERARR

N7 Y v S BRI LERE A Cd THARLEZL O (Pu: 1.57 wi%) ZAV. N3
BiX 15(ce’/min) . 7Y o ZREEX 773K THERE L7, BREIC 70 B, NIZ X 58
TY T & Tl BP. CAHOF U TY 7TV, #IK Cd D Pu K% ICP 3
KT L D 4347 L, U-Cd R (U:0. 52wt%) Z AV ERBR B S ETITo 72,
NRTY v TRBRIC L B ELRRITEE Cd 8P D Pu OBEE L OHEE LT,

2.2 REELRAR

—%. Cd DB & PuDELEF—ITRTIT ) RBR% 973K, AP GFHRFM 10h, N, T
BEOLGET CiTo. OV AFKEIX 15(cn’/min) & L, Bbhi=EmRM% X SEIT
L YVRIEB L, £, KB, BRHET T Ar FTO PuCd ZFRAE(Pu: 12wtkh)
PRAWEARERRLEDETITo7

3. RRLER

3.1 N7 Y T ERBR

RTY v ek AECRBRITHIT B PuDELREZRT (Fig. 1), I AT Y 71
FERLENORE PINIZHTEIYETHY ., MElIE ICP 2 X Y BIE S/ #kik Cd
WZHEET D PuORERTT, Z OREER.PuDZELRIIN, & 15 (cm®/min) DFMET 3000
BURFTTINGBRETHVIER TXIR/REABLN2 o, THITHE CdPTPu
ODEEBBENZEICIVEEBILLTWAREDTHD EEXDNS,
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Pu (ZH_RTHME Cd P TOFEEN
RKEWIDODNATY 72X BE(L
BT o TR 2R TRT (Fig. 2), &
NI XD & BLEBE I Pu il ~GE
<, 20, ERHE <, 2000 %K
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o7,

BREORISICEBAXTADHEA
TRNEF—EAGIZU & PuTiLIE
ER A, #kE Cd F 0 U D% RIR
IV Pu OFBBEREINNINED
[4]. U oFBRELINLTRB,
=L, BlRIZBITDAGIXPuicH
WTHATHD7H, PubZE(iTAl
RBIEEEXLNDN, AFRLERD
ORISEELZZERT 5 LBREN LT
Wz R,

3.2 AFEELHABR

AR L ELE2FRRFICIT SRR T,

Cd iIFERICABE S, HRSEIN X
N, ZOBERIZXBREITICE D &
RRIED BT PN THB Z &
BANZAR o7 (Fig. 3),

7=, AURAB % Ar ZEKP. F
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Principles of the RIAR Oxide Pyroprocess

(INC) Serguei Vavilov, Tuguyuki Kobayashi, Munetaka Myochin

Principles and operation experience of the Oxide Pyroprocess developed at RIAR (Russia) for MOX fuel cycle of
the FBR were considered. The largest attention was paid to the thermodynamic, electrochemical and kinetic

properties of elements, which are important for the MOX fuel reprocessing.

1. Introduction

Since the middle of 60, RIAR has been developing a concept of the MOX fuel cycle on the base of
“dry» technology for reprocessing and vipac technology for fuel manufacturing, because of their high
level of “inherent” safety.

The molten salt electrolysis was chosen to be the basis of the oxide pyroprocess. This method is
capable of producing the UO, or MOX granulates, which can form the fuel column by the vibropac
method.

Objective of this report objective is to review and analyze of the theoretical basis of Oxide
PyroProcess (OPP) and RIAR’s hands-on experience of the process with spent MOX fuel.

2. Principles of the Oxide Pyro-Process

Selection of alt electrolyte

Mixture molten chlorides of alkaline metals were selected as electrolyte for OPP. This choice was
made by their high capability forming strong complexes, and by information accessibility related with
nuclear materials, minor actinides, and fission products. Dissolution rate of initial MOX fuel, stability of
the plutonyl ions, crystal growth rates of UO, and PuO; at the electrolysis and some other factors have
been taken into account the selection of electrolyte. It was found that the NaCl-2CsCl and NaCl-KCl-
CsCl melts fully satisfy OPP requirements.

Properties of Spent fuel components

The U, Np and Pu have the same oxidation states in chloride melts. In penta- and hexavalent states,
they exist as compounds MeO,Cl and MeO,Cl,, whose stability differs very much. This gives possibility
of preparing of individual dioxides or their mixtures separated from majority of the impurities.

In general, the U, Pu and Np behaviour in OPP can be described by the following chemical and

electrode reactions:

in melt: at cathode: at anode:

MeCl, + 1/2Cly(gas) = MeCls; MeO,** + ¢ = MeO,"; MeO," - & = MeO,™;
MeCl, + Os(gas) = MeO,Cl,, + (/m)2Clygas);, MeO,”* +2¢ =MeO,;  MeO, - 2¢" = MeO,**
MeO,Cl, = MeO,Cl +1/2Cl(gas), MeO," + € = MeOx; MeO; - ¢ = MeO,";
MeO,Cl1 = MeOxysolid) +1/2Cly(gas) Pu* +¢ =Pu’"; Pu’* - e =Pu"
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The chemical beheviour of Am and Cm is close to that of the rare earth elements.

The basic parameters for OPP, are as follows:

Formal standard and oxidative potentials of U, Pu, other actinides and fission products;

- Thermodynamic and kinatic data of the redox reaction of U, Pu and Np in chloride melts;

- Affinity for oxygen;

- Transport proprties, especialy of the U, Pu, in chloride melts;

- Interaction of the U and Pu oxichlode compounds with structural materials, and others.

Accessible information on above parameters was collected, analyzed, and summarized in this
presentation. Some data on formal standard and oxidative potentials, as well as, diffusion coeffitients
were reevaluated or recalculated by general equations. There are enough data for the OPP modeling and

preliminary calculations of the main thechnological stages.

Main processes of OPP

The flow sheet was developed for OPP tests in hot cell with irradiated fuel (See Fig. 1). It includes
stages, which can be useful for spent fuel recovering on the following schemes: “UO,—»UO;”, “MOX—
Pu0,” or “MOX— MOX".

The purpose of the fuel SPENT MOX FUEL
chlorination is the fuel dissolution !,
into the melts. U forms uranyl ions Cl,—>{ FUEL CHLORINATION Salt electrolyte
UO;*", Pu, MA and all FP form o o |
oxygen-free ions of type Me™. _—’IELECTROLYSIS OF REDUCED MELTl_, V0,1
The purpose of the clectrolysis 0,+ChL+N, L
in the reduced melt is the ___’iPuoz VOLUME PRECIPITATION]__, PuO,
preliminary extraction of NM and  0,+cClL+N, t
elements of Zr group from melt. It __-)&LECTRULYSIS OIiOXIDIZED MEd_' V0,2
can be used for the UO; or MOX 1521’04_,| T ORI ATION l—> P
fuel recycling. ‘ l

The volume precipitation has

Spent electrolyte (SE) Mey(PO,), (PhP.)

the purpose of the granulated PuO,

production suitable for the vipac Fig. 1. Principal flow sheet for the lab tests of the OPP
manufacture of fuel pins with the in hot cell conditions with real irradiated fuel
mechanic mixture of UO, and

PuO,.

The electrolysis in the oxidized melt can have the following two purposes:

- The MOX granulated production;

- Extraction of residual nuclear material from the melts after the accumulation impurities.

OPP needs periodical melt purification to remove fission products. It can be practised by the

following method:
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- Impurities precipitation with Na;PO, to make the impurities in phosphate form, which is considered
as a stable matrix for the radioactive waste disposal.
- Precipitation with Na,COs to make fractional precipitation of Am and Cm to separate them from

the majority of rare earth elements.

3. Test Experience of the Oxide Pyro-Process

Since 1991 up to now, demonstrative experiments of OPP had been conducted at RIAR. In 1991 and
1995, the scheme “MOX-PuO,” was tested for twice. In 2000-2001, the schemes “UQ,-UO,” and
“MOX-UO,” were studied. In the %ol

g = BU91 BU9s
test of 1995, the MOX fuel o b : MPuol BPu.95
irradiated up to 24.4 % and cooled 6 §
for two years was used. s

40 SHRY | e
Some results of 1991 and 1995 [ z
tests are presented on Fig. 2 and 200 g N S
Fig. 3, where distribution of the U 0 - —1
UO2-1 PuO2 UO2-2 PhP SE ES Sbl Smp

and Pu, as well as MA and FP

distribution among the experiment

Products

. ) Fig. 2. U and Pu distribution among the products
products is shown. Besides inthe 1991 and 1995 OPP tests

products in main flow sheet, salts
obtained after evaporation of washing water solutions (ES), and salt sample (Smp.) were taken into

account at the material balance calculation of the demonstration experiments.

% [ )
A : : DNp-95 BCm-95
80 [ ] : SAm-91 BAm-95 |-
ol 10 e DRu9! BRu-9S
60 H- (17— . -
H 1p B BCs91 BCs-95
3 1 U e
40 H 87| D Y N @Ce-91 BCe95 |
: N VR BEuS1 SEu-95
: 3 VIR
20 E E . :E «, ¥R 7. o R N NSRRI SUUPORTRS
i \ N B )
0 H 3 M1t rrevrme B
U02-1 PuO2 PhP - SE ES Sbl Smp

Products

Fig. 3. MA and FP distribution among the products in the 1991 and 1995 OPP tests

Both Figures allow the estimation of the fuel reprocessing possibility of OPP in the “MOX-Pu0Q,”
variant.

Conclusion

Principles of the RIAR Oxide Pyroprocess and RIAR’s hands-on experience of the process with spent
MOX fuel were reviewed and analyzed. It was established, that there are enough data for process
modeling and preliminary calculations of the main technological stages.
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Electrochemical Analyses on Chmical Species in Molten Chloride Baths

T. Yamamura, Tohoku University, Sendai Japan

'"Tohoku University; Aoba-ku, Sendai 980-8579, apan
Abstract

The electrolytic reduction mechanism of rare-earth chlorides such as LaCls, CeCls, NdCls,
SmCl; and DyCl; in alkali chloride baths has been investigated in NaCl, KCI and eutectic
LiCI-KCl by means of electrochemical transient methods. The thermodynamic behaviors of
rare-earth containing species have been discussed in the frame of Electrode potential — p°*
diagram. Low current efficiency found in the case of Nd electro-winning has been attributed to
the dissolution of Nd into the bath. The analyses of electrochemical measurement required the
elucidation of the effects of the factors such as under-potential deposition, metal dissolution,
moisture and oxygen partial pressure.

Introduction

Recently, there has been a wide interest in the development of a process for producing and
recycling rare-earths, because rare-earths are utilized as important elements for high
performance magnets[1], and are bringing difficulties in dry processes of spent nuclear fuel
which are recently drawing attention. Electrowinning of rare-earths can be done by the use of
molten alkali halide bath. However, it is known that the current efficiency of the electro-
winning of some rare-earths such as neodymium or samarium is very low[2]~[6] for the
electrolysis in alkali or alkaline-earth chloride melts. For the development of a process to
produce pure rare-earth metals with high current efficiency, it is important to understand the
electrochemical behavior of rare-earth metal ions when electrowinning was put in practice in
molten salts. The reaction process on the surface of electrode can be characterized by
electrochemical analysis such as cyclic voltammetry and chronopotentiometry. The electron
number of the electrode reaction, the kind of electrode reaction, diffusion coefficient and rate
constant of comparatively slow reaction can be obtained by these techniques.. In the current
study, the mechanism of the electrolytic reduction and other phenomena affecting the
electrolytic reduction process have been studied by means of cyclic voltammetry and
chronopotentiometry. Molten KCI and 58.5LiCl-41.5KCl were chosen as the electrolytic baths
at the temperature ranges of 1070 and 1260K, and 620-900K respectively. As the rare-earth
sources to be studied, LaCls, SmCl;, CeCls, NdCl; and DyCls have been chosen.

Experimental

All of the chemicals used were dehydrated by heating in argon up to the melting temperatures
of the salts. After the salts being melted, dried HCI was bubbled into the melts, and argon was
bubbled into the melts to remove the residual HCI in the melts.

The experimental equipment of the cyclic voltammetry consists of a potentiostat, a function
generator, an X-Y recorder, an intelligent recorder and a personal computer. Flag type
electrodes made of platinum and gold with 1 cm? surface were used as the working electrode. A
graphite rod with about 15 cm? surface area was used as the counter electrode, and a silver wire
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immersed in LiCl-KCl-5mol%AgCl was used as the reference electrode The concentrations of
rare-earth chlorides were changed from about 3x107 to 8x10”° mol cm™. The sweep rates were
varied from 50 to 1000 mVs™,

Results and Discussion

Mechanism of electroreduction in molten KCl

To clarrfy the electrochemical window range of the electrode materials cyclic voltammetry was
done in molten KCl without doping. Plutinum and gold worked as electrochemically stable
electrodes at the window ranges of 0.4 and 1.2v and 0 and 1.2V, respectively. At the potential
within the window range no peak due to impurities in the bath was observed. As will be
discussed later, platinum easily forms compound with deposited rare-earth, and the compounds
formed on the electrode surface seemed to stay, but, contrary to this case, the gold electrode
absorbs and transfer the deposits deep inside of it.

| | | |
e 500A°m 2
©
O
Z
o
€ o _
<L
= o
©
O
=
©
O
] | | ]

0.5 0 -05 -1.0 -1.5 -2.0
E/V vs Ag/AgCl

Fig.1a Cyclic voltammogram of LaCl3 in molten KCl at 1087K with Pt working
electrode at swwep rate 0.2Vs-1.

The Mechanism of electrochemical reduction of LaCl; has been investigated by the cyclic
voltammetry at 1067K. Figure 1(a) shows the cyclic voltammogram observed with a flag type
electrode. As shown in Fig.1(a), at the cathodic sweep, there found three peaks at -0.95, -1.18
and -1.4V, and anodic peaks are at -1.21, -1.1, -0.55 and —0.2V. The reverse potentials

were changed to confirm the correspondence between cathodic and anodic peaks. It was found
that the anodic peaks at -0.2V, -0.55, and -1.1and -1.21V correspond, respectively, to cathodic
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Fig.1b Cyclic voltammogram of LaCls in molten KCl at 1087K with Au working electrode at
sweep rate 0.2Vs™.
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Fig.2 Cyclic voltammogram of Ce’‘in molten KCl at 1298K with Pt working electrode.
(Sweep rate:0.2Vs™) «

peaks at -1.18,-0.95, and -1.4V. Thus, the cyclic voltammogram observed with platinum
electrode indicates rather complex reduction-oxidation mechanism. On the contrary, the cyclic



JAERI-Conf 2004-008

voltammograms observed with gold electrode had rather simple shape. As shown in Fig.1(b),
only one cathodic peak at -1.2v and one anodic peak at -1.0V were observed. The number of

the electrons involved in the cathodic peaks was calculated from the difference of the potential
giving peak current E, and the potential giving half of the peak current E,, according to

Eq.(1) ,where  represents the extent of the irreversibility and was found to be about 2.
E, — E;p = RT/(nF) (1).
Therefore, the electrode reaction for the reduction of LaCl; can be expressed by Eq.(2),

La*+3e—>La Q).

1.6

-EIV

0.8

4 6 8
t /10%s

Fig.3 Chronopotentiogram of Ce’* in molten KCI at 1174K and 0.92 kAm™ with Pt working
electrode.

The peak at -1.4V observed in the cathodic branch in Fig.1(a) corresponds to the deposition of
La from La3+ . The-0.95 and -1.18V cathodic peaks were considered to correspond to the
under-potential deposition forming intermetallic compounds between La and Pt.

The cyclic voltammetry was done by the use of the Au and Pt electrodes for CeCl; in KCl at
1298K. The cyclic voltammogram observed with Pt electrode is shown in Fig.2. The vlotam-
mogram for Au electrode was similar to that of platinum electrode. The voltammogram
contains two cathodic peaks at -0.6 and -0.95V, and two anodic peaks at-0.47 and -0.83V.
When the potential was reversed at -0.76V, an anodic peak was found at -0.47V. The reverse
potential -1.1V yielded five anode peaks at -0.47, -0.54, -0.56, -0.79 and 0.83V. These fact
indicate that the broad peak observed at 0.95V consists of more than 3 peaks. Figure 2 which is
the case for reverse potential -1.3V contains only two anode peaks. The chronopotentiogram
for Ce’* at 1068K as shown in Fig. 3, has a potential hesitating region at about 0.52V, but the
potential does not rise sharply after this hesitating region. Therefore, it seems that the reduction
process consists of more than steps. The electron number could not be determined precisely
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from voltammogram, because the peaks of voltammogram could not be resolved. The potential-
time plots for the chronpotentiogram fitted best for the case where deposit is soluble, and
yielded electron number from 1 to 2. Based on the results obtained, it can be concluded that the
reduction process of Ce3+ consists of more than two steps.
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0.5 0 -0.5 -1.0 -1.5 -2.0

E/V vs Ag/AgCl

Fig4 Cyclic voltammogram of DyCl; in molten KClI at 1146K with Au working
electrode(sweep rate v= 0.2V s7)
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Fig.5 Cyclic voltammogram of SmCl; in molten KClI at 1039K with working electrode.
(Sweep rate:0.1Vs™)

The cyclic voltammogram of DyCls in molten KCI at 1146K with the Au working electrode
shown in Fig 4 has one cathode peak at -1.16V and one anode peak at -1.03V. The reversibility

_ 59 —
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of the voltammogram was confirmed. The electron number of the electrode reaction was 2.2.
The electrode reaction can be expressed by Eq.(3),

Dy**+2e —>Dy Q3).

The cyclic voltammogram of SmCl; at 1090K with Au working electrode is shown in Fig.5. At
the cathode branch the current starts to rise at -0.7V and reaches maximum limit current at -
0.95V. The second cathode peak occurs at -1.32V. The first cathodic voltammogram yields
electron number one, and the second peak, two. The chronopotentiogram indicated that the first
cathode reaction fitted well with the curve derived on the basis of soluble product. Therefore, it
is concluded that Sm3+ is reduced to Sm according to Eqs.(4) and (5) for the case of Au
working electrode.

Sm**+e —>Sm* 4

Sm**+2e¢ —>Sm (5)

However, Tang[7] et al 'reported that SmCl; could be reduced toSmCl; in KCI. This difference
may be attributed to the underpotential deposition on Au electrode used in the current study.

Mechanism of the reduction of LaCl;, NdCl;, SmCl; and DyCls in molten LiCl-KCl

0_15 ¥ ¥ ¥ 1 4 T L] L) Ll T L] T L) T L] 1 1 ¥ T

{7 P
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-0.2
-3 -2 -1 0 1 2
E /V vs. Ag/AgCl

Fig.6 Cyclic voltammogram of LaCl; in LiCI-KCl with W working electrode at 723K
(Sweep rate 0.1V s)

To clarify the reduction mechanism of the rare earth chlorides in 58.5LiCl-41.5KCl eutectic
melts, cyclic voltammetry has been carried out over the temperature range of 630-900K. In case
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Fig.7 Cyclic voltammogram of NdCl; in LiCI-KCl with W electrode at 723K
(Sweep rate:0.1Vs™)

that the overlapping of the CV peaks was signicant, a differential pulse voltammetry which has
higher resolution in the spectrum, was examined to extract electrochemical parameters which
would be indispensible for the determination of the mechanism of the electroreduction.

The cyclic voltam-mograms obtained for LaCl;, NdCls;, SmCl; and DyCls; in molten LiCI-KCl
are shown in Figs.6, 7, 8 and 9,respectively. As shown in Figs 7 and 9, two partially
overlapped peaks are observed for NdCl; and DyCls. Therefore, DPV method was applied to
gain higher resolution in the spectra, and shown in Fig.10 for the case of NdCl,. As clearly
shown in Fig.10, two peaks are resolved enough for the electrochemical analyses. The electrode
reaction for the reduction of each chloride are sammarized as follows. It was found that SmCls
could not be reduced to Sm as far as LiCI-KC] was used as the bath.

Nd** + e = Nd* (6)
Nd** +3e > Nd (7)
Dy'"+ e - Dy ©
Sm** + e > Sm%* (10)

The current efficiency of the electrodeposition of Nd from LiCl-KCl bath was low according to
the previous study(8). This fact can be attributed to the coexistence of Nd2+ and Nd ** ions
which would cause the shuttle reaction , and decrease the current efficiency. The same behavior

can be expected for the case of electroreduction of DyCl; based on the mechanism determined
in the current study.
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Fig.8 Cyclic voltammogram of SmCl; in LiC1-KCl containing KF with W electrode at 723K.
(Sweep rate:0.25V s)
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Fig.9 Cyclic voltammogram of DyCl; in LiCl-KCl with W electrode at 723K
(Sweep rate: 0.1Vs™).
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Fig.10 Differential pulse voltammogram of NdCl; in LiCI-KCI at 723K with W elctrode.
(Pulse height:20mV, pulse width:50ms, pulse period:0.5s)
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Conclusions

Electrochemical behaviors of LaCls, CeCls, DyCl; and SmCl; have been studied in molten KCl
bath by means of the cyclic voltammetry and chronopotentiometry. The cyclic voltammograms
depend on the material used for the working electrodes. This is because the deposits of the
electrochemical reduction reacted easily with platinum and gold at high temperatures. The
former forms rather stable intermetallic compounds on the surface, and the compounds are
stripped anodically at the characteristic potentials. On the one hand, gold often absorbs the
deposit and give simple voltammogram.

The mechanism of the electrochemical reduction have been discussed. Lanthanum chloride and
dysprosium chloride can be reduced to metallic state in molten KCI. Samarium chloride was
also reduced to metallic state with two step electrode reactions on the gold working electrode.
However, dissolution of deposited metal must be taken into consideration for the case of
massive deposition.

For the case of 58.5LiCl-41.5KCl bath, mechanisms of the electroreduction of the LaCl,, Nd,
Sm and Dy chlorides have been investigated. In case of NdCls, the reason for the low current
efficiency described in the previous report was attributed to the shuttle reaction between Nd**
and Nd** ions. Similar behavior could be expected for the case of the reduction of the DyCls
because Dy** and Dy** coexist in the LiC1-KCl bath.
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KBTS, Z0ks, Ustl: UsHEFELESEE, REEND UHBELXRINTIHZ &
EREEE Z2 55, £ UOMIRICTRT & 5 (2 395nm (CFHEA 2RI/ RBTFFFEL .,
620nm & 775nm 12 b/ X RRINATEET 5, U0 1EK 8 IR T & 9 12<350nm (T K& 72
ERBEIRINAH Y. 450nm fHEIZZE ORGP BETE D,

% 21C NaCl-2CsCl M PICH T 3 EVBRMAEEEZ TS, I b ORI,
NaC1-2CsCl H T, Us+, U+, UOg', UOZ DEEZ in—situ BIET S DICHAHTE 5,

NaCl-2CsCl NaCl-2CsCl
923K 923K
0.00163 moV/L U**

U“RE
(mol/L)

™ 0.1153 "
Y 0.0622 S

Boal T 0.0237 o3

02 04

0 0

0.2 0.4

350 450 550 650 750 850 35 450 550 650 750 850
F& (nm) K& (nm)
6. U#ZARI FIL H7. USHART ML
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038

0.00099 moVL UO,™ (EMRAN)
NaCl-2CsCl

06 923K

04 F

BB

ERBR5 T U,
0.2

AR STAT (UO,™

-0.2

300 400 SO0 600 700 800
B (nm)

B8, BR/BTHEDUORARY ML

2. NaCl-2CsC| BRIBPI—H 1T EILRRFEK
AA 0 BE om) BAFEE (mol/L-cm™)

455 8.87
U+ 605 4.88
670 ‘ 6.47
U 480 1,259
570 963
0 < 350 > 1,000
U0: 450 - 57.2
395 832
UOg* 620 12.5
775 15.9

BE R
(1) kIez HBRE EHEIT. UL  TT. JAERI-Conf 2003-005, pp. 43-48 (2003).

(2) Yu.A. Barbanel’ , V.V. Kolin, V.P. Kotlin, A.A. Lumpov, J. Radioanal. Nucl.
Chem., 143, 167 (1990).

(3) T. Fujii, H. Moriyama, H. Yamana, J. Alloys Compounds, 351, L6-9 (2003).
(4) C.V. Banks et al., Anal. Chem. , 33, 1235 (1961).
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WRE(E P OF LA 4 DZEE)

(ARFEFAHRET) + M, =HEL. B F4t

BRALOREOEABLE Y 0t ARNO 72D DEBRMET — & & LT, BRUERH T
RELHFETIEAREIMRV . BY 7 o TR BULFEORE, HLFED
RALBRTEBNOBRET — S REPVEL STV, BY 7 VROV TOERE
TTOMBRRE S LT, HE|ITRITOVTERMMET — F 2 BRLFENFETIEL, B
NETF—F 28N TDE LB, BLLBLYA AV BEOCBK TRERLEREERT
HEETRT,

1. LI

B LR OERFLE Y o ABBICBWV T, BRER T CORLRERDPLY 5
VBYZURROEBEMD I EBLETHD, ELRIC OV THB P TEERILE
BORIE., FCEROBRILEITENMCEME, A 42 OILRFRE 2 & ORERITTOILD
25Bb, £, BEINIZBANET—F 2 AV TEMRUCBRILYA 4 (0D)BE L EE
IRALFEEOBRE R T ENM-pO RIL, BB OBEH -THEREZHET 5720 0%
WF—2 L LTEETHS (I T, pOTIX[O* | 2B A A BE(EAL) E LIz E
FIZ, -log[O* ] CEHSINIBILHA A HBETHD), LoL, BYTUERIZONT
DZNGDABT— 5 BEEITHOR, T, BABERY THHH LERROT—F
OWTRBEEEET AT —FHEOBEERLT L L IV EIIS LR,

AR TIIEY 7V RRICOVWTOEREZIT IR L LT, (DFLELHRIOV
TEBRYET — 2 2 BRILFOFETRE L, BHET— 728 HT 5, Q) B{LHA
FUDILERT e VRO MMOBAET —F LHEABEOEDZ LIZE o TEME
i1 4 REOCEBCREERLFEEERTEM-pPO*REERT S, 2Tk, &
g L TR ERDOZ L LICIKC] £AEF3HRE L, BEREE L OERIZLEE
RN FHROZYUMEORER BT,

2. F—¥ORERUMHT
2.1 BIEMEZEERVHR
BREBRPICZECHFET HLERIT. H#EBEERRUCHLEA AL THD, ZC
TRET27— /LB A L OBAFNT — 2 THLHBLRTEM E EERDT
— 2 THHIULHEETH B,
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(1) &F1EA A OBRLBTEN

F 84 AL OBR{LB T EMN 2 RET 5 7= D12, RERE3,LICI-KCI|| LiC-KC1 ,Agt|Ag
TRINIBHOEBEHEZRE L, ZZTHIEA A ORE (T4 IX 1.0X10™
MnH 2.4X10° L LTz,

AHETIE. HLTEEBL LTH FY =y a2 AV, BEOSBRELRREEDH
BoEMc, SERECEENERITWERBLICEBREITH IR I HEZHVIS
BRI IR/ LR T (10wt. WE{LBE ST LICIKCl Z ANTZHLE LT A FEIC
SRR (A2 1mm, BIEE 99. 9%) ZHA L2 b 0) Z AV, ZEREE TIIERBR USRHBIZIX
BRI D¥ L TAFUBERWN, A7) v 7RVEES T LORERREYD. Y
FULSEBOWHEM L EENADOREZTTEMOB (BB IV F) =T A
DY - B — 7 DLBR O, BREMEFTHE -7 B LY bbThicAflE
LT, SERITI0MBEMRLI-L 25, 100 25 300 PRERELREMIHFLNI,

INHDERIZL o TH LN EEEN (ERH R BBENE) ¥R 1 17T, FHEEA
i34 BB T, E=E%“RT/3F InX(GdCl)THT Z &N TE /=, ZI T, E"IXEENM, R
HEEER. TIEHRE, Fid7 7 77—, X(GICL)ix GdCl; DI EE (£/VH) T
H5, 123K CBITAREEME ZNETCOREME HDOETRIITT, FFETHDL
Nz ZhEcoREMEN-3] L X<—&HLE,

T ox 1 Gd*/Gd DR BB E°(723K)

AT13K
723K

{67 AHE -3.036V

| Yang & Hudson(1959)  -3.039V[1]
EPUEE T57(1998)  -3.027V[2]
Fusselman et al (1999)  -3.0559VI[3]

E(V) vs Cl,/CI’

100 107 10° 10%_ 10T 10°
GdCI, IR EE(E VL)
M1 Gd&**/Gd DFMHEN & GdClL, BE DGR

ARBEM L FHLEECHEERORNFET — O
B vk, BRIETOWEA 4L ORELTTE 1
Wz RN X —28HTHZENTED, T2
T, RBEMLBEA AV DILERT ¥V
DAL, E*=p%GdCL)3F TH D, WEHDLF -
RF % ML, BRHEERBOEDHOLE 1000
R E TR X—[4] L BT XX — DR '
TRIhD,

p(GdCly)= AG{GdCl;) + RTIny (GdCl;)
T YRIBRBEOBRRPCOERKE THE, N2 HIBAALOAFHE
K212k, #FEEA AL DA A EREBER  LEER- XX —ORK

=50

RTIny (kJ/mol)

" M 1 " 1 "
0.07 0.b8 0.09 0.1 0.11

Tonic radius of M** (nm)
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TANKE—ORBRER L, 4 4 EEINPSWVIEETERFRITNEL 20 | BT
LALREABRIDZ LBRb»3[4],

(2) FLIEA A OHERE

AFRTIE, R RBRBETOIa ) RTF UV F A ML > TEEA 4 OILEE
¥EPE L7, B 3IZ GACL-LiCI-KCI(X(GdCL)=4.41 X 10 R DREHI 273, EHRE
L BB (1) DBIE 2T Sand D (I=nFAD1271/2C/2 v-1/2) p & S8R B 2 341 L

oo WERRIEBEREZERE LTRERIToBABIL K< —&KLE (K4),
T(K)

900 800 700

2 10— . : .
-2.2—;\ ]
- Q T
> ~
& \ €109 .
24k = 3
2.6 - 1

N L L L L \ \ L \ - . ) . L . L . L .
0 1 2 3 4 5 PoorT 00012 0.0013 0.0014 0.0015 0.0016

time(s) ITK™

K3 GdCL-LiCI-KKCIZD I a ) RF v X 4 G&* A A > DHEIR I DB E KT
VA A Y RES

2.2 Bt EESATER :
EREDICBIEYMESATER T BRETICEET LR L L TRt %
ZRICANIVERD S,

(1) BeMA (O )YDILERT %L

BAEA F 2 (ON)DILERT v VT RETICHLBEINTWA[6, 7148, #BE
PHREEROENRKEVWDERMBMBETH D, -2 T, BRERTOR HERL
Y& TEBBCYROLEFEORERR R BB CREFET 2BEILDE
XL OBBEROBEM L BHET — 7 2HABDET, LA 2 (0M)D{k
FRTF UV HBT B8],
BECEVRMOCETHE 2R~ 572D, BILWEAK RE,0,(RE=La, Nd, Gd)2wt%)
ZIRIWP T 24 BEEMNBVRR: LR ICHEBY 2B L, X REFIZ L > THBEHORE
BiTol, TORBRTHEONILEDIZ. THEh LaOCl, Nd,0; & NdOCl DEEY.
Gd,0; Tdh -7z, # 2iTid RE,0,+2CI'= 2REOC] +O*DRIEE(C), FHREOBILH A 2
VBE XONEEEBLAEMOLERBBETZ XN ¥ —[9, I0JRUYTRANLHEH L 04
L DILERT V¥ ¥ VERT,

AGH(RE,0,) = 2 AGHREOCI) + p0(0”) +RTIn X(0")
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F2 BEHERICHOLETET —F RUOBIHA AL ORERT Vv
(C iX RE,0,+2Cl'= 2REOCI +O* DRI E, X(OM)id FHRF DRI A 2 RED)

Free energy of formation (kJ/mol)

RE C X(0%) AGH(RE,0;) AGKREOCI)  p%0%)
La 1 0.015 -1584.35 -877.37 196
Nd 0.1-0.9 0.0015 - 0.0135 -1600.90 -864.75 1617
Gd <0.03  <0.00045 -1617.04 -846.00  121<

¥, BELYE 3B ORREROBEM(11-13] & FEHOLERL A BT R
V=B A DILERT oy VEZEH L, 2T, BRHIZONT
AT DORMEE Y LD,

REOCI + 2CI' =RECI; + O*(RE=La, Ce, Pr, Nd)

AGKREOC]I) = AG(RECL;)+RTInX(REC);) +1%(0%) +RTIn X(0%)
2 ZC, k= X(RECL) X(0" )i, BUELBOBRERTHS, £, BiLf v U U ALK
DWTIHU T ORI Y 3L,

Y,0;+6CI'=2YCl; +30%

AGHY;03) =2AG(YCl;)+2RTInX(YCls) +31%(0%) +3RTIn X(0%)
2T, k=X(YCLY X(O*) RBM L DBEMERE T T, K3, R4 CBELLHRURIL
MOBRMERLERBBTRILVX—DT —F RUBHA A OILERT ¥ VIE
BRY, 2 THELNu(OM)EDFEHMEL 159%kI/mol TH YV, ER{b# & BRIE(LH DR
DAL H DM U7 fE (161(£kd/mol) & L < —& L7,

%3 BEIHOBHRERLAERBATRINY—T—FRUEH L
BR(LMA A DILERT Vo %L

ks RTlnks AG.(REOCI) p%RECI) u’(0%)

(mol ratio)®  (kJ/mol) (kJ/mol) (kJ/mol) (kJ/mol)

LaOCl  10°*"  -131.56  -877.370 -909.320 164
CeOCl  10°%  -137.79  -874 -895.713 160
PrOCl  10°% -137.79  -883 -891.081 146
NdOCl  107%®  .140.83  -864.750 -893.108 169
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K4 BIEYHOBERERLEERBEC IV —FT —FZ ROEH L7
B A A DILERT % v

ks RTlnks AG.°(RE;05) p%RECL)  p%0%)
(mol ratio)®  (kI/mol) (kl/mol) (kI/mol) (kI/mol)

Y,0; 1021  _361.90 -1692.93 -899.187 156

(2) Bfr-pO* ™

T LICKCl @ CEEBICHFET 2HF L ERR 2 2L FEEL B L BL
WA A REOCBEE TRTEM-pO*HOFZRT, I THRERBNET—F IIBEH
H1H[2,9,14] L ATE TH LN BLHA 4o DILERT /v\v/b{E(l60kJ/mol)>5:‘}5ﬁb\ 2L
TOERERVCESLERGZERIC AN, O R O
1) RE,O,+ 2CI = 2REOCI + O* _l adoct
2) REOCI + 2CT =REC], + 0™
3) RE,O, + 6¢ = 2RE + 30"
4)REOCI +3¢ =RE + O™+ CT 4l 5 ]
5)RECI, +3e =RE +3CI' i - Yot

HRY =7 LARIZHOWVT DEM-pO* X (Gd* L,
A BB X=0.01 RTr0.001)%H 5277, po™
INRXVBIEHA A BEBRHRY/PIVEE K5 HFY =0 LAR0OEBEM-pO*X
EC. BN BEECHETDERTREIND,  (ERX(GE)=0.01. B X(Gd*)=0.001)
ZHUTANR L7 R P TR S BB EE
THLNWIERBERL —FT B, £72, G A DBEN/NEVIZEBEHOLE
BRA/PE 2D, X=0.001 BELLTCRIEATEZ EMBbhotz, ZHiXGICL 25
ATERIBX=0.0)IZB{EMA AV 2 B2 Mz T2 HA . EROITIX GIOC1 BB LN,
#EH1Z1X GAOCI & G0, DEEMBFE LN L W O BEN0]E L —FKT 3,

FROFETHONEZTIV =T LARKR BT A Y Y AOBMM-pO*REH 6, K 712
RY. TAV VD ARO—EOT —ZIZHOVTiE, EREIRE SN TWRW-DHTE
fEZAWz, ZhE b, PV =0 LR TP BED X=0.01 BEUTOHSIZITERM
B T PuOCl Tid72 < TPu,Os BEEBIFEETDH L WO Z e Nbhd, £i-, BIR
B (k)i pke=-33.5 L 720, ERICEZHREME -32.813[15]1& K< —&K Lk, —F. 7
AU Y ARTE, BRED CRBEMIEEICHET S L FRENS,

Gd, 05 Ll Gdcl

-2 .
nf; 12

E(V) vs Cl,/CI

3. E&»

HTBEAROBCEAEMBAIE R UBNET —F OMMHE|, FHEA 4 OImBRE
TF—FREFET LIz, BILYA F o (ONDILERT v V2 EH L, BREPICE
o SLRIZOVT, BRERMEFERRUBNET—F % EpO"HIC L > TRLT,



JAERI-Conf 2004-008

0 o lfou/ml IX(AnCI,FO.O‘I T=723K
Q Q
g 2
5 5
3] m
15
6 Fibh=0LrROEM-pO*H M7 7AUSYAROEMN-pO K
(E#H: X(Pu*)=0.01. REH: X(Pu*")=0.05) (X(Am™)+ X(Am?)=0.01)
4. BEIRK

[1] L. Yang and R. G. Hudson, Trans. Metall. Soc. AIME 215, 589 (1959).

[2] AP RBFZEFRE T57 (1998).

[3] S. P. Fusselman et. al. J. Electrochem. Soc., 146, 2573 (1999).

[4] T. Ogawa, Y. Okamoto, and R. J. M. Konings, in ‘Innovative Materials in Advanced Energy
Technologies’ pp.381 (1999).

[5] M. Tizuka, J. Electrochem. Soc., 145, 84 (1998).
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AR I 21— a v ORRESEDOER. #FimD=HIC
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arEa—-YDOEERANOALIZERE LL, B2, BRIV Ea—F1 L)
OFAICEL D, BICMFEINZ2RBELTH S,

SEREERNCLD, IENICEBFHFICREDSEEF. BEF. FFL 5 E
KESIAL—>a TamELIaL—2alyaiErikadrEIoNE, Z0%E
CHAIRAEDEFREY T2 —rarvid, ERGEOREZEL LTORMAZTV. EBIX
MEBZX2 I LBV EDOOEEL RS, BRI BELEZ7O0V7 S A0BNAEZKX
D, 12 —Ya aXAMOEBMEEI TV L LLETH S,

ChSICRBERERT Y DERERICLANEIVEL I 21— 3 VY RKOEE
BELIZODFHWD Z EDHEBETH Do £/, VI 2L —Y a L AIDERE R > TERSE
EEZ TN LT, 9k, NMEDERENER L BICEARKREZRVETEHD
e LCHOEMCKEET D EE X 5,

1. FLeic

2002 FIZHAMBIES N RS T2 L —F1F 1970 FROX——a0 a2 —
FIZHA, 10 FEOEBHRENZE LTV, B Er—F 1 L 7D
RICEVEBRNORA EIMESND LEZI OGNS, KBTI, 2O L5 RTE B
2. EABUESBTHRETDODNTWAEE I 2L —a oM ERLUEEIC,
SERERENEANATRE R 2R BLUZOAEHICH AIRAEICHIT 25HEY
22Lb—23r0bhh, FRENEZIDREBERITOVTHRET L=,

2. ABUEERI2L—Y3a Y
REEBIN TV AEAFUEBROGES I 2L —2a ilonT, Z08E -
FERGIZ LA TICRT
D BREESMENE MOX BB IaL—>ay
FRLYIRR 2 ARE T TR, U,PuMA OO H 2 &5t
- BXUEFRIGEHEI— FEEFERGEGTEI— K 2EAEDE TER,
- MTHHLRCREL S5 5BERLBH. ERERE OB 2T,
- Sk, EERABRORBEEREICBITZABR Y IAARCEFES FE
© BRAXEI—F
RS ERE I B 2 EBEEIC OV TRET,
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EDIWEEM /RO N,
BEAMIAEI-RICLY, BRRETERIE~NOEFREOMHGH+2
RINHZI MWDo,
5%, EMRETORELICKMFE.
® “ABEWHEE TFLUOREX) ICBIFTH 7 vitfFr IaL—|
- AL U EREREE 7 vk T3 7 L —LFD 7 v LR G EIRET.
FRORKZBRRIIH F L REZANIETMELEFBRFET IV, 7
bR PR E  RARIGEEEZEZR LI N Y FEF b,
- PuFs EEENERBERET B @mRL A7V —LFRTIR, 7v&K
DORISEIEMLTWBE DD L HEE,
L%, EERERPEDAH, 7L —LFERICE U S RRERICKBTFE,
@ #Rﬁbﬁiﬁi’*ﬂﬁé%LLj’ab‘éﬁﬁﬁiﬁ/ al—vay
- RBRERHEEICRVT, BEEN-RBEICLERNDT A —F 2R
- BERERFRICLD. BROEEEER, ‘
S3al—YarBRIZED, FTE/ITA—YHBRDOR D IAHDATEE,
cheyIal—yari@IAc, ERROEBHEMRE. #ER - R RHFAORRE
By LTWBZ EBbr b,

3. ¥YIalL—varola
FEICBWC EXEUEAB CREEBINA TV IHE Y I2 V- a v Oflz
BiF, gD & 310, B - FE~NORMEERE LD TH S REIZB
Tt BE RO I 2L —va s ilonTRET 5008k LT, ¥Ial
—2arOBMSEBELEZVWEE X D,
D yialL—varnBH
- fERREES RERORE
o 7 O 1
B R E A
® vial—yaroORE
- EYTRTERVWILEEDDIDLDTEITTE %0
NEIEDIR, REDBBERHICEETE D,
RRIZT— NV ZEHRICEETEZ %,
- RFREZARCEOREEMBIIMBE I ENTE D,
22T, BRICOWTIE, EFEITNEL. BRERARVLB D, HITFEEICKE
. AT —NVTIRBESELWESREI, 2FE28EIFRELTYI2
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CLARBEOHDTH HHEL. RKEDRED X 5 RBUIBFERBICE=N50
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HEHICEE Y Iz —Yyarbio, 7ralEe JiEh s EEEE{FE S -
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DNWTC, UFIZRT
7o vk
D RT7—)VEF)V, BIREER. BYER. Prklxe
>R LES e THrGE, K&x, RKREEZEHE LT IaLb—}
2) BHEETI
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MBS 25 L, BREIEETS IV —}
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b FE> BT, ¥ oV EBERT (RISEY 2LV —bT 27
BITid. BEDBEMEERESN D 100 HIEREPLE)
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- RENFES>HRAREBRA N XLE (R MIVEOERHGEKILE)

- BETH-SEEFERICEOS, ZLO0BLOMEEAZEE (O X MEH
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. EtEMOEEGEAOREEZNICEDERINSY I 2L —v 3y

FE@IIBWT, BB TEILN TV SEREEI IaL—Yare, KRN
DEMEMEEMEEIC OV CREB L, 22T, StEMERENR LD I E TORER
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BEATHRE L. ZA T —BA, BAREAN oo mta®
o MVEIOMEEER & B, R
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HELENE RS L. Cray-1 D¥E MegaFlops R I
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k ~Z MUV RIEREmEERICERRE ST DR Y B2 RH
% RABI5—8 Aoty ESEATICES
% Flops: 17RICT &% E8/NBUREEDEE
@ Aarar—F127
DL - DEHALEFHROVEDE LT, BEABIAL Ea—F 4 VI
BB D LI DDDOH B, JOHIMNE. TROL>REZHZEIILT

W ZMOPCER VT —I THER

ZOFEORELLTUI FTE (EEEEOAA—FRIR)
—IEKIRXPTHDBZEDBETS -

h3, & PCIZAAHDH DTHEH. >
HRA7OLy Y ERETILED | 185DEEDIXELELE BLVERRED
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#8  #1 #19  ref[1] ref[2]* ref[3] ref.[4]
(753K) (753K) (783K) (773K) (773K) (773K) (723K)

U 1.90E+0 2.43E+02.04E+0 1.90E+0 1.88E+0 1.90E+0 1.82E+0
Np - - 9.49E-1 - 8.87E-1 1.05E+0 -
Pu 1.00E+0 1.00E+0 1.00E+0 1.00E+0 1.00E+0 1.00E+0 1.00E+0
Am 6.97E-1 6.59E-1 5.97E-1 6.44E-1 6.10E-1 - -
Cm - - 5.34E-1 - 5.34E-1 - -
Zr 6.52E-1 8.90E-1 2.96E+0 - - -
Ce 3.67E-2 6.12E-2 3.93E-2 3.88E-2 4.18E-2 3.88E-2 -

Nd - 4.62E-2 6.31E-2 4.32E-2 4.82E-2 4.22E-2 4.00E-2

La - 1.40E-2 2.51E-2 1.46E-2 - 1.46E-2 -
Separation factor, SF, *[2] LiCi-KCli eutectic with NaCl up to 7wt.%
SF(M) = D(M) / D(Pu) and CaCl, and BaCl, up to a totalof 5
Distribution coefficient, D, wt.%
D(M) = X{M) / Y(M) [1] J.P.Ackerman, et al. [2] T.Koyama, et al.
X(M) : mole fraction of Min Cd {3] M.Kurata, et al. [4] J.J.Roy, et al.

Y (M) : mole fraction of M in salt
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Introduction

RIAR at the support of Japan power companies and JNC develops a concept of
the FR MOX FC on the base of “dry” technology for fuel reprocessing (OPP) and
vibropac technology for the fuel elements manufacture.

Attractive advantages of OPP are the following:

- Neither water nor organic reactants are used;
- Moderators do not exist.

Molten salts electrolysis is base of the OPP due to the following:

- Unique chemical, electrochemical and physical properties of U and Pu;
- Production of UO, or MOX fuel granulates suitable for vibropac technology.

Scientific studies for the MOX fuel production were completed.

Technological equipment has been developed and subjected to experimental and
industrial test in “hot” cell conditions with remote control.

Scientific studies for the OPP were completed in the main.

The demonstration tests with real irradiated fuel have confirm the possibility of
practical implementation of OPP.

Objectives of this presentation are to review and analyze:

The theoretical basis of the OPP;
The hands-on experience of process with spent MOX fuel.

Selection of salt electrolyte:

Chlorides of alkali metals were selected as electrolyte for OPP:
- Capability to form strong complexes
- Ability of U and Pu to exist in oxychloride form

Molten salt electrolytes tested:

- NaCl-KCl (Operating temperature is 700-720°C)
(It was used for UO, production by electrolysis, and PuO, production by volume
precipitation.)
- NaCl-2CsCl (550-650°C)
(This melt took the place of previous melt, when it was established that high
quality MOX deposits can be obtained at 600 — 650°C.)
- NaCl-KCl-CsCl (550-650°C)
(ts characteristics are close to that of NaCl-2CsCl melt, and it is not so
expensive);
- 3LiC)-2KCl (400-500°C; very hygroscopic)
(It was used in studies only at RIAR.)
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Selection of salt electrolyte:

Thermodynamic and electrochemical properties of elements depend
on complexing properties of the melt-solvent:

alkali metal ions are competing with other elements in complexing.

Complexing properties of melts with common anion depend on the
cation specific charge “e/r *”:

€ and r;,;* are the electric charge and the ionic radius of cations.

The ¢ value equals to +1 for alkali metal ions; the thermodynamic
properties of dissolved elements depend on value of 1/r*.

Ion Li*, which has the smallest radius and the largest value 1rg’,
forms strong auto-complexes with chloride anions CI, decreasing the
stability of complex compounds of other elements.

Stability of complex compounds of elements dissolved in alkali
metal chlorides increases in the order of: LiCl-NaCl-KCI-CsCl.

Selection of salt electrolyte:

Characteristics of the chloride melts

Melting “Melt density, g/cm? Effecti

Salt-solvent point, d=a+b-t . ef“l{e
°C a bx103 Me 2
3LiCI-2KCl 359 1.622 0.300 0.95
NaCl-KCl 662 1.976 0.568 1.15
NaCl-KCI-CsCl 485 3.478 1.065 1.24
NaCl-2CsCl 495 3.115 0.997 1.42

*The temperature is expressed in °C.
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Selection of salt electrolyte:

The following factors have been taken into attention at the
electrolyte selection for OPP:

- Dissolution rate of initial MOX fuel,

- Stability of plutonyl ions,

- Crystal growth rates of UO, and PuO, at the electrolysis,
- Crystal growth rates of PuO, at the volume precipitation.

Th 1-2 1 and NaCl-KCl- 1 melts full isfy th
requirements.

Spent fuel components properties:

There is much information, concerning the chemical and
electrochemical properties of spent fuel components in molten
chlorides of alkali metals.

Extensive investigations have been carried out within the RIAR’s
programs at the OPP development.

Accessible information was collected, summarized, checked, and, in
some cases, corrected.

Data important for explanation of the OPP principles will be
considered below.
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Main Base of OPP:

The OPP is based on the following properties of uranium:

1. Uranium exists as uranylchloride (UO,Cl,) in molten chlorides of
alkali metals.

2. Uranyl ions (UO,?*) take part in electrode processes with reducing
up to uranium dioxide on the cathode.

3. Uranium dioxide has high electroconductivity at >400°C.

4. Uranium dioxide behaves like a metal in electrode processes.

There are no any elements with same property set.

Actinides oxidation states:

U, Np and Pu can exist in the same oxidation states.

MeCl,: MeCl>

Ocxidation states of actinides
MeCl,: MeCl >

in chloride melts

MeO,Cl: MeO,CL> Actinid Oxidation states
MeO,Cl,: MeO,Cl> e T3 1 4 [ s 6
Pu only _can change the oxidation U - + + 1 +(0) | +(0)
states easily. Np i + + |+(0)] +(0)
Stability of complex ions MeO,Cl>* Pu _ + |+ |+0)]| +(0)
and MeO,CL? of U, Np and Pu differs
very much. . _Am_[+M)| + - ' -
r . - sy ope = + = = -
There is unique possibility for: Cm T Bavic ot
- basic states;
- Preparation of individual dioxides; M - in equilibrium with Me;
- Preparation of oxides mixtures; O - in oxygen presence.

- Separation of nuclear materials from impurities.

Am and Cm show valency 3 like REs.

10
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The main reactions of actinides for OPP:

The most important chemical and electrode reactions of actinides

for OPP are the following:
MeCl gmeiy + 1/2Cl,gas) = MeCl (meit
MeCl, (meity + O, gas) = MeO,Cl me) + Cl,gas)
MeO,CL ety = MeO,Clanely +1/2Clgas)
MeO,Clmetty = Me O, gmeity +1/2CL,(ess)

Cathode Anode
MeO** + ¢ = MeO,* MeO," - e = Me0,?*
MeO,* + e =MeO, MeO, - e = MeO,*
MeO,?* + 2¢ = MeO, MeO, - 2¢ = Me0,**
Pu* + ¢ =Pu* For Pu only Pud* - ¢ =Pu#

11

Formal standard and oxidative potentials of actinides:

E'=—a+b/rg" +(c—d/irg)-104T,V

System | a b ¢ d System a b c d
U/U | 350|052 | 858|199 | UO2/UO," | 2.07 | 1.10 | 7.93 | 4.69
Pu**/Pu | 4.07 | 0.44 | 123 | 220 | PuQ,>*/Pu0,*| 1.33 | 1.12 | 4.42 | 4.84
Np**Np | 435 | 0.79 | 149 | 5.60 [NpO,**/NpO,*| 1.25 | 1.11 | 9.19 | 3.81
U4#/U* [ 174 ] 020 | 174 | 071 | UO,"/UO, | 121 | 053 | 4.95 | -0.50
Pu#/Pu*| 1.13 | 0.65 | 9.77 | 3.70 | PuQ,*/PuQ, | 0.68 | 0.54 | 7.71 | 0.49
U4/U | 3.06 | 0.44 | 6.87 | 1.67 | NpO,*/NpO, | 0.006 | 0.58 | 3.90 | 0.12
Pu#/Pu | 390 | 127 | 165 | 9.17 | UO2*/UOQ, | 1.65 | 0.82 | 6.48 | 2.14

Pu0,>*/PuQ, | 1.01 | 0.83 | 8.07 | 2.17

AG’ =-nFE’; InK* = nFE'/RT

12
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Equilibrium content of elements in NaCI-KCl at 1000 K:

T

T AT S U NERUI I 1L S T
) T Metal system ‘l

0,5 0,0 -0,5 -1,0 -1,5 -2,0 -2,5 -3,0 -3,5 -4,0
Potential, V
—— D/Be = el AU/ Th “THi h hY —=UOIgDUozZ T e Np(r *
------- I%;((l) %Np()i —Igu(ﬁﬂ))rfl’u P|;(312 I)/PILOZ M(%}I{SUIMO Mo(il/Mo e ZIP((KII r
I/Nb i) /HE <o HEEVY/HE RuII)/Ru"*
Rh(1ID)/Rh PAIDPd e Ag(DD/Ag La lIl%/La' e Ce(IIN/Ce* oo NIID/Nd*
e SR e /Eut¢ o f/l»e — Fet 1; 3 B 111 Cod%lxj)/oo
—— Ni@D/Ni — CY(N/Cr e D/Cr —— TiID/Ti TIQHYTi smemem Fe(UI)/Fe(IT)
- P Pudll) e Cr(llyCrQry R 11)/Ce(1l) —— NpO2(I[)/Np02Q)*
13

Affinity of elements for oxygen:

Oxides and oxychlorides formation energy by reactions:
MeCl, + n/40, — Me,0, + n/2Cl,
MeCl, + m/40, »MeO,Cl, ,,, + m/2Cl,

- AG", kJ/g-atom - AG", kl/g-atom
Reactions 3Li-2K| Na-K [Na-2Cs Reactions 3Li-2K | Na-K | Na-2Cs
723K | 1000 K | 785K 723K |1000K | 785K
NbCl,—Nb,0; | 656 767 - UClL,—UO0, 283 372 -
NbCl,—NbO, | - 636 - FeCl,—Fe,0, | 270 | 372 | 272

ZrCl,—Zr02 | 493 | 628 | 465 | PrCL,—PrOCl | 266 - -
MoCl,—MoO, | 496 | 527 | 423 | NdCL—NdOCl | 242 - -

NpCl,—NpO, | 457 - - LaCL,—LaOCl | 240 - -
SmClL,—SmOCI| 378 | 445 | 376 | PrCL—PrO, ., | 216 - -

CeCL—Ce0, | 339 - - LaCL,—La,0, | 182 - -
EuCL—FEuOCl | - - 315 | NdCL—Nd4,0, | 157 - -

PuCl,—Pu0, 318 388 264 PdCl,—PdO 127 203 137

14
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Diffusion coefficients of uranium ions:

a)log, oDMe™ =a + b/T

Melt o' |_log, Dud* | log, . Du* |log,Duo,? | ®log, Duo,*
nm | -a b | -a -b -a -b -a -b

NaCl 0.098 | 2.66 | 1690 | 2.42 | 2040 | 2.84" |1680"| 2.544 " | 1680 "
KCl 0.133 | 2.61 | 1940 | 2.51 | 2200 | 2.79 | 1815 |2.512"| 1814°
RbCl 0.149 | 2.69 | 1970 | 2.18 | 2700 | 2.79 | 1855 |2.503 " | 1854 "
CsCl 0.165] 2.73 | 2010 | 1.80 | 3190 | 2.84 | 1870 | 2.495" | 1886 "
3LiCI-2KCl | 0.095 | 2.57 “ {1740 °12.33 “| 2104 * | 2.88 | 1640 | 2.548 " | 1664 °
NaCl-KCl |0.115| 248 | 1920 | 2.02 | 2580 | 2.79 | 1790 | 2.526 " | 1755 "
NaCl-2CsCl1 | 0.142 | 2.66 * 11946 “12.24 "| 2564 " | 2.81 * | 1835 | 2.507 * | 1837 "

Log,,DU** = — 2.8448 +0.0269/r, * — (2462.4 — TL.1/r, H/T

Log,,Du** = — 1.4560 — 0.0932/

The -

+—

(4265.5 — 220.1/r, /T

Log,,DU0,** = -2.7255 - 0.0117/r, * — (2186.5 — 49.6/r,, ")/ T

Log,,DU0O,?*

—2.4245 - 0.0117/r,

+-—

Me

(2186.5 — 49.6/r,, *)/T

) The temperature is in Kelvin degrees

B) 1t was taken that Duo,” = 2Duo,*
‘) Data calculated

15

Diffusion coefficients of other actinides:

LogieD vs. n/r in NaCI-KCl melt at 1000 K

4.8 v
N
E 4.6 : BT R O SN~ i L L
0703 (A A ) i .
q.'; 44 : y = 0.011x + 4.122
"§0 4.2 : g~ U OO Rz=0.‘705
40 . i i R i
0 10 20 30 40 50 60
n'r (r, nm)

Data for ions of
the following
elements:

1+: Ag;

2+: Mg, Zn, Ca,
Pb, Zr;

3+: Mo, U, Pu;

4+: Zr, HE, W,
U, Th

This plot indicates that the D of other actinides are not so different from that of U as their
n/r are close to that of U.
(U*: o/r=29.1; Am**: n/r = 30.6; Cm**: n/r = 30.9).
It will be appropriate to use the D of U for other actinides when there is no other reliable

data.

16
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Kinetics of the U and Pu redox reactions:

MeCl, mett) + O,(gas) = MeO,Cl_mett) + Cly(gas)

I n+] K 'P
{ l\:i: =2"({ 7@ '(l‘:m )2~ K,.q"Pcy* [PuO,™]) , mole/(hr-m?)
2" (Pey

Log,ok, = 0.155 - 3676/T% 0.04; log, ke, = - 0.080 —1500/T = 0.06;
log, k.., = 0.269 — 7642/T =+ 0.08,

1) Oy + Climely == 0, meit) + 1/2CL(gas)

2) 02'(melt) + Cl'(melt) po— 022'(melt) + 1/2C12(gas)

3) 022'(melt) + 2Cl'(melt) :202'(melt) + Clz(gas)

0, + U# + 2CIF—UO0,* + Cl, (Irreversible)
022' +Pu™ + (n-m)Cl' — Pqu"“‘ + (n-m)/ZCIz (Reversible)

17

Heating element; Spectrophotometry cell; U4 spectrum:

3
Q:
2
Y
Z L
G aNStel N

b

4 e

Heating element for the §i9 o N 20 Jym
double-beam infra-red Absorption spectrum of U(IV)
spectrophotometer in NaCl-2CsCI melt at 550°C.
_ 447 =1 15. 3
(750 — 2500 nm) Spectrophotometric cell [U%1=1.15-104 mole/cm

18
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Absorption spectra of Pu®*; Pu*; PuO,* and PuO,:

A en!
T=823K 35 T =823
{Pu} = 0.13-103 | : [Pu} = 0.19-10"
: :molelcm’ 2% mole/cm?
] P, =10.1 kPa;
. Pq, =101 kP3|
it |

&

w ] o 7 [] 5 ?
Absorption spectra of Pu(fII) and Pu(IV) Absorption spectra of Pu(V) and Pu(VD) in
in NaCl-2CsCl melt. NaCl-2CsCl melt
19

U#: Example of kinetic curve and its transformation:

SO0 moleem® o

4 4.0 oo g - -
. NN . *
Ky
&0 32 P b
] £
tgA=K"
2 1 ATl
3 1.6 A
h) d
': \ k‘
1 o -4 0.8 k- L JUUUS TUUU NUURS RURRRUTUREUS SOV SRR
L TR ; 5 it i
o L—i- N o0 b——i A i o i
. 0.00 0.08 0.16 0.24 0.32 0.40
0 20 40 60 80 Time,mn [UAV)}*10°, mole/em’

Kinetic curve of U(IV) oxidation Oxidation reaction rate dependence of U(IV) by
by O, in NaCl-2CsCl melt 0, from [U(IV)] in NaCl-2CsCl melt at 550°C.
at 550°C. (2’ = 0.475 cm?) (@ =0.475 cm?)

20
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U#: Influence of gas reagent composition:

30

N
W

N
o

R,-10-¢ (mole/min-cm’)
o ol
© W

W

00 02 04 06 08 buiesp. |

Dependence of R, for U(IV) oxidation by O, from the gas reagent composition.
1, 2,3 - gas is O,-He mixture; 1°, 2°, 3’ — gas is O,-Cl, mixture.
1,17 - 550°C, 2’ =0.475 ecm™; 2,2° — 650°C, a” = 0457 em’; 3,3’ — 750°C, 2’ = 0.439 cm!.

21
Pu: Examples of kinetic curves of redox reactions:
030 ‘ ‘
Gas reagent, vol.%:|: 2.00
0,~-80; Cl,~ 20/
025 T=550°Cy
a’ —0.475 cm’
" H
§ o020 ' en
3 5
o
0.15 s
”c‘ 0.50
e £
§ oao o
a.25
0.05
0.00 PR B B TR A Y38
0 50 100 150
Kinetic curves for the oxidation of Kinetic curves of PuO,™ reduction by Cl,
(1) Pu*, (2) Pu™, (3) Pu’* and Pu*" equal. mix. in NaCl-2CsCl melt at: 1 — 600; 2 — 650;,
(4) — change of [Pu™] at the (1), (2) and (3). 3-750°C. Pai, = 101 kPa., a’ = 0.475 cm!
(5) — kinetics curve for the U** oxidation.
22
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Pyrographite behaviour:

1. Pyrographite is structural material in OPP for the electrolyzer bath,
cathode and auxiliary devices:

Use of pyrographite bath simplifies an electrolyzer design,
»  Use of pyrographite cathode facilitates a deposits removal.

(3]

. Uranyl and plutonyl ions interact with pyrographite:
It decreases the service ability of equipment made from pyrographite;

It leads to use necessity of additional oxygen for melt oxidation.

Pyrographite behaviour was studied in oxygen atmosphere and in
NaCl-2CsCl melt containing oxygen, uranyl and plutonium dissolved.

23

The main reactions, the main equations for NaCl-2CsCl:

Dimension of R,
is mole/(hr-m?)
0,+C=C0,:
R, = 15.2-Po, - ¢'119000RT (gas atmosphere)
R, =2.75-105-Po,!25.¢ S1490RT (NaCl -2CsCl melt)
U0,Cl, + C+Cl, =UCl + CO,:
R,=2,6"10°-Pc,*[UO,CL] (at 650°C)
Limiting stage is “uranyl — pyrographite” interaction.

PuQ,Cl _ + C + (n-m)/2Cl, = PuCl, + CO,:
__ 16°10%-Po,
(3.5:10+Pc1, 12 +1)

Limiting stages are the following:
a) Plutony] ions diffusion to the pyrographite surface;
b) Process of Pu™ oxidation by oxygen: (It is typical for OPP).

24
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Oxygen atmosphere and pure NaCl-CsCl melt:

38

he
I

log10Pco; (Pa)
W
(]

I Oxygen atmosphereulfﬂ,/w-h—*—'—é—’

o3

f Foom [ NaC1-2CsCl melt |
73} (o7 |
26 973} i i i N 2 973
— /] o\l =
Ke o Hon—tes
22 /] I 1
0 1 2 3 4 5 6 7 8
Ti hr

Temperature depending log,,Pco, change at the “pyrographite - O,” interaction in
oxygen atmosphere and NaCl-2CsCl melt Po, = 101 kPa and w = 1.2+ 10°m’/hr.
Oxygen atmosphere: S = 9.0+10m?2.

NaCl-2CsCl melt [V, ., = (29%+1)-10%m*]: S =19.6-10*m?.

25

NaCl-2CsCl + UO,Cl, melt:

0s e
h’:\ L .. o~ ~
B 04 po T B
& // .
£,/ 2
T S N - .
g o2 .g
o 01 B o
00 HE . ; :
00 10 20 30 40 0 02 04 0.6 08 pos10%,pa
[UG,CHI*10”, moke/nt
o4 e — 12
RSN OO SR C N =0 A2 s
fepl 1.0 } T
Ll S e S e : o
% ____________________ L
gl = S s e e g
PO A OPP operationarea .~ Fred
S '
- TN
+ 4-#—-""7“”"
00 :
00 02 ] 0§ 0 03 06 09 12 15 Tmehr
Pa,*10°,Pa
26
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NaCl-2CsCl + PuO,Cl, melt:

2.4

- 1.8
g
K H
€12 S .
pé 06 g iChlorine. Po,=10 kPaJ"

0 i

0.E+00 3E+04 . 6 E+04 P, Pa

Specific rate of pyrographite interaction with NaCl-2CsCl melt containing 5 wt.%
of Pu at 650°C depending on oxygen and chlorine partial pressure

27

Main processes of OPP, their purpose and application:

Ne Process Purpose Application

MO

ements | . MOX—PuO,
o | MOX—MOX

£ Preliminary extraction of NM and el
it | of Zr group from melt. S

28
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Flow sheet for tests of OPP:
 Spent MOX Fuel |— | Decladdin%_, Grinding |

Salt electrolyte
—’I CHLORINATION
t

ELECTROLYSIS OIF REDUCED MELT |
| Check chlorination |
0,+ ClL,+ N ¥ U0,-1
PuO, VOLUME PRECIPITATION |
I Check chlorination I PuO.
!

| ELECTROLYSIS OF OXIDIZED MELT
[ Check chlorination ]

[Na,PO; (Na,CO) | ] 10,2
MELT PURIFICATION |
£ b
Spent electrolyte (SE) L ISublim te (Sbl. |

’ Impurities concentrate (PhP) l

29

Chlorinator-Electrolyzer is the main apparatus of OPP:

Chlorination and Electrolysis
precipitation stages

‘ Chlorinator-Electrolyzer

Electrolyte volume is 6-7 liters.
Fuel load is 6 kg (2 FA of BOR-60).

Maximum current load is 350 A.

30
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U and Pu distribution among tests products:

MOX"’PQQ: tests
100 [ I I
o I = NU-91 ©mU-95
° [ = mPu-91 8Pu9s
s [ = | — —
o I -
60 | I
! =\
40 Nt =N
20 NG = Y
N
=7
0 = [ Nm | I o,
UO2-1 PuO2 UO2-2 PhP SE ES Sbl Smp
Products
31
MA and FP distribution among tests products:
MOX—PuO, tests

a Np-9é 8 Cm-95
S Am-91 O Am-95
..... B Ru-91 B Ru-95
B Cs-91 B Cs-95
® Ce-91 @ Ce-95
...{@Eu-91 BEu95

AATULTUTITRTRTRARRNTRRANRL LR

GO AO GG E I T TILTT S

3 H : H

ES Sbl Smp

32
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Conclusion:

1. Principles and hands-on experience with spent
MOX fuel of the Oxide Pyroprocess were reviewed
and analyzed.

2. It was established that there are enough data for
process modeling and preliminary calculations of

the main technological stages.

33
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1. BERIEORE
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2. BmETILEMICRE
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F—4% 76:07:18 PM 02.2.25

280 59.2LiCl1-40.2KCEQ.65NdC 3(mnl%)
873K
[o]
240 S S ]
d
™ /
o 200
5 /
La-LaCl51183K) ]
b3
= x/
8
120 p—~— 0
s *
A o) ]
80 Nd NdCI} 1128K)
0 1 2 4
mol% Nd
Fig The effect of Nd addition on conductivity of
Li(‘]-KCl-O.G:‘mo]%Nd(‘}]
) = -
EEERESILFAER
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-HR/RTUL AN —(BRER)
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——
Pt ——b Ag glass
A . cli
« rﬂ
; astic_tubd
Air —y— H P T
glass |
L
— — alumi\na.
quartz glass
T
mullite\‘
ZrO -$Y203 (W %AGCI
i NaCl-2CsC)
Pt mesh R /
Pt porous film \IL
~ /
(a) 02-E=%— (BBE ()RR A B
(L3 ) i : ce' ]
3, L___
Ll ""]" "“"""""}‘""
CeO,
a5 2 - / B
- e
e // E
H (4]
s a5 | - ce*
. 28 4
r CeOCH
25 | 23 n 4
@
ETRS “ Ld p
L]
Ce
s . . s . N
L ] 2 4 L] . L 1?7
po?
(1 Co0CKs) = Co* 4 0" o1 PO = .05 « nggCe’ |
0% -1y

Fig. 5: Pourbaix diagram of cerium in NaCl-2CsCl melt at 650°C (for

Co,0, I8 + 2Cf+ 2Ce0Cs) + O™
Ce” ¢3¢~ Ce
(4)Co0CKs) + 38 v Ca ¢ O* o0’
(s)cn.o..sn’-m'n‘

(&) 2ce0, z.‘-c.,o,.v'
e s O ee > CeOCts 0"
#1Co0, ¢ ' = Ca™ » 20"

[Ce™*] = 1).

E, = 3056 ¢+ 181 hgiCa”)
s.-ana..un.o’

£, ® 3425+ 0016 0>

€, =221 s imsp0*

E - 25210103007

E, 34278 1831 bnghCe™ ) - 030600"
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po®

4.50 ; T T
4.00 - Initially added 7]
; CeCl: 0.0253 mol.Kg' |
3so | | -
I -
3.00 |- ]
[ NacCl-2CscCl ) b
L o ! ]
250 [ 650°C | | E
L I | :
¥ : ]
2.00 [ J -
- 1 ] E

B | I

1.50 [ ) L s 1 1

0.00 0.50 100 3,150
- ¥+
alpha {([€O "], /ICe" ] ...}

2.00

Fig. 1: Results of potentiometric titration of cerium chloride by sodium carbonate [2].

Equi librium readion controlling Ce-O-Cl system

CeOCl =Ce* + OF +CI' ...(1)

Ce,0; + 2CI'= 2CeOCI+ OF ..(2)

Ce*+3e=Ce ...(3)

CeOCl +3e =Ce + 0" +CI' 4

Ce,0; + 66 =2Ce +30*>  ...(5)

2Ce0, + 2e- = Ce,0;  ...(6)

CeO, + Cl' +e- =CeOCl + O ..(7)

CeO, +e- =Ce* +20%  ..(8)
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34 Equilibrium between CeOCl and Ce™
This reaction respon sible for this equilibrium is reaction (1).
CeOCl = Ce™* + 0¥ +CI ~.(1)
the free energy chang e for reaction (1) can be described as follows:
AG, = AG",+ RT In[Ce**][07] @)
The standa rd state:

Ce™ : 1 mole/lkg melt, Cl: X =1
O® 1 mole/lkg melt inone kilogram of melt: i.e.

When equilibrium is establishad, i.e., AG, =0, we can write as follows:
AG',= - RTIn[Ce*][0] =-RTInFCGOCI ...(b)
[Ce*][0°] =FCOCl ...(€)

FCeOCl measure ment :
potentio metric titration of CeCl, by Na,CO,
The data was analyzed for alpha < 1 by using equations (d-f)
assuming that no Ce,0, is formed
m(Ce* ;) = m(Ce™) + m(CeOQl) ....(d)
m(0% ) = m(CeOCl) + m(0*)  ...(e)
Alog(m(0*)=p0O* ..(f)
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35 Egquilibrium between Ce;05 and CeOCl

Since Ce,0, is also formed as shown in Fig 1, we need to inclde boh thq
readions (1) and (2) in order o malyze the data obtained m Fig 1 for the completq
range of alpha  For this, we can con struct following equ ation s

Assuming the conc entration of Ce™ and O is controlled by reaction (1
only.

m(Ce™ ) = m(Ce™) + m(CeOC) + 2m(Ce,0;) ... (i)

m(O% i) = 0333m (Ce,0;) +m(CeOCl) + m(O*) ... (j)

9.22 x 107 =m(Ce™). m(0*)  ...(K)

Precipiatated Ce*, mol.Kg

e ———————————————
0.04 - ce® + 0% + CI = CeOCI(s) ]
CeOCI(s) + 0.5 0 = 0.5 Ce, 0 (s) + cr’
0.03 | i
i po® ~ 3.3 1
!

. In CeOC! 1

0.02 | =
0.01 | —
0.00 L N R N ]
2.00 2.50 3.00 3.50 4.00 4.50

pO*

Fig. 3: The form of precipitated cerium (calculated
by using equations (i-k))
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Ce,0, starts forming at pO* ~ 3.3 (say pO? ) Hexce, hi
poin t describes the equilibrium of this reaction (12). Accordingl y, we can get
the factor F, for reaction for the reaction  (2)
Ce,0, + 2CI'= 2CeOClI+ O* ..Q2)

as follows:

F, = [0*]=107? (o) pO*=33 )

3.9 Chemical potential and energy of formation of CeOQl

We can consider the reaction (10) for determining this value: o

CeOCl = Ce +0.50, +0.5Cl,  ...(10)
By definition, chemical potemtial of pure elemerts in their standard states is zero
Hence,

ukCeOCl =—G*CeOCl = AG*,,  (s)
Here G*CeOCl is the energy of formation of CeOCL
By comparing equation equations (1) and (10), it may be concluded that:
CeOA =Ce™* +0” +Q  ...(1)
uxCeOCl = AG*,=AG* + u# Ce’ + pxQ” =
~PTIn(RCeOQ) + p* Ce* + uxO* (1)

In this way the thermodyna mic prope rty of CeOQ1 (at 6500C) has been calailated as:

uxCeOCl = —G,;*CeOCl = 822.2J. mol”!
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310 Eqilibrambetween CeOy andCe
Rection(5) dsarbes thisequilibrium.
G0, +66=2C+30" .5
Tte standid erergy changecan beexpressedin tems of chemical poentals
NG =G0, -3pw0° ()
This gives us the vdueof E* =- AG*/F =-3.42¥ Tte methodologyf exjressing
equilibrium poentil for reactionslike (5) ha been explaired in otfer repat [2,3
Acoadingly.

E, =3.4250.09160° (l)l

311 Equilibrium between CeQ, & Ce;0;, CeO, & CeOCl and
Ce0, & Ce™
Readions (6), (7) ad (8) define these equilbria respecively.
2Ce0, +2e-=Ce,0; ...(6)
CeO, + CI +e- = CeOCl + o* (7

CeO, +e-=Ce™ +20% (8
The chemicd patential of CeO, is as follows:
Wx Ce0, =896346kImol' ..[Bardetdl}

The chemical potentials of oher species have been determined in previous
sectins. Using these properties, we have determined the electroche mical potent als of
readions (6), (7) ad (8) as expressed in aqu ations (W), (x) and (y), respectiv ely.

E,=-2219 +0.0916 pO*  ...(W)

E,=-2521 +0.183 pO*  ..(X)

E, = -3.627 +0.366p0” - 0.183 log[Ce™] (¥)
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LRL I A A AN A S A BR SRR RS | ]
.04 |- Ce’ + 0+ CI" = CeOCl(s) ]
- CeOCl(s) + 0.5 0*' = 0.5 Ce,0 (s) + CI"' 1
e ] - 4
x po* ~3.3 ]
2 oo03f : §
& ce” + 150 =05 Ce0 (s) | ce™ + 0%+ CI = CeOCKs) |
@ | |
Q
In ceOCI
T o002 | i
B [ ‘
S
=3 [ ]
& 001} .
-
m =
0.00 PP B S S R n
2.00 2.50 3.00 3.50 4.00 4.50
nO?%
Fig. 4: Same as Fig. 3, except that equation (m) has
g g P q
been used instead of equation (k) for calculations at
pO2->3.3

3.6 Equilibrium between Ce’* and Ce

Readtion (3) defines equilibrium between Ge® and Ce. As described n aother

report [2]:
AG; =AG’,-RTIh[Ce™]  ...(n)
Smce AGg = -nFE for electrode mical readions we can re-write equatin (15) as
follows:
E, =E.+ RTAF) h[Ce*] ...(©0)

Under the cod it : [Ce™] = 1 mole.Kg”, we can write E' = -3.056 V at 650°C as
measured i ao ther report. Hace. we can express the electrode mical potenti al of Ce*

as follows:

E,4-3056 + 0.061log [Ce™] |...(p)
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3.7 Equilibrium between CeOCl and Ce
Readion (4) defines this equilb rium.
CeOCl+3e =Ce+0%+Cl (&)

The electroch emical potential for reaction (4) is given equa tion (q).

E, =-3424 - (23@R T3F)p0* ..(Qq)

38 (hemid poertid of O inthissystem

Thefundaental bas forddermmingthe chenial pdertal ha
beenexpainedinandha repat forionin NCEX3A [3] Usings mik
tednert forreation(9)provdesus

NG =0 2" -3 ()
TakingAG'y =-RUF @0, u+(&” =-FE?,
andu(5,0, =-G; G,0,=1533 Kol [Bardet al]
wehavefoundhevdueof uJ' forthis systmas giveninequéion(s):
WO =169 10l ..
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FCGOQ measurenens :
poentiaretrictitration of Ce(, by Na,(0,
Thedda wasandyzedfor alpha< 1 byusingequdions(d-f)
assuminghat noCe, 0O, is formed
M(Ge" ) =m(CE) +m(CeOQ) ...(d
MO 4)=mCe0) +mO”) ...(¢)
dogm(O)=p0” ...(H)

v T -
o, @ Fe*
000 |- mmmm e
cr I I
-
-
3
g ] Fo?* ]
a
1)
n 2 4 L) . 10 2
po*
() Fe® . 2¢ = Fe E, = 1522 + 0.0915 log [Fe™]
@ FoO=Fo™ o O p0” = 4.44 « lug |Fe’}
@) Fal ¢ 20'=Fo ¢ 07 €, - 1929 + 0.0916 p0*
) Fo0, +26 = 3Fa0 + 0¥ E, = 1.766 < 0.0916 p0”
6) 3Fe,0 +2¢ = 2Fe 0, « 0" E, = -1.390 + 0.0916 p0*
6) Fo,0, + 2¢ = 3Fe™ + 40" E, - 2.986 -0.275log [Fe") + 0.366 p0*
M Fo,0, +2¢ =2k + 30 E, = 2457 -0.1830g [Fe™) + 0274 pO*
) Fe” . 0 =Fe” E, = 0.128 + 0.18%0g (Fe’ YFe"D
6) Fe,0 = 2Fe™ . 307 pO* = 8.51 « 0.567I0g [Fe']

Fig. 1: Pourbaix diagram of iron in standard conditions (1
mol .Kg'! of Fe?* and Fe ) in NaCl-2CsCl melt at 650°C. The
equations describing the equilibria are also shown.
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Fig. 1: Voltammograms obtained on tungsten in NaCl-2CsCl melt

containing FeCl, at 550°C (a) and 595°C (b). (The voltammograms
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Fig Voltammograms obtained on tungsten in NaCl-2CsCl melt
containing FeCl, at 550°C (a) and 595°C (b). (The voltammograms
were obtained by anodic polarization followed by cathodic
polarization
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n
of Fe!t/Fe’t reaction and chlorination evolution. The
voltammograms were obtained by anodic polarization
followed by cathodic polarization. The cathodic peak
for reduction of Fei* to Fel* is not observed at 650:C
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Fig. Schematic representation of E-pN® diagram for metal
in molten LiCI-KCl at 450 °C.
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Fig. Surface images of Gd electrode after potentiostatic electrolysis at 0.4 V
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Electronic Absorption Spectra of Lanthanides
and Uranium in Molten Chlorides
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Victor V. Kolin
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Outline

A Apparatus for High Temperature Absorption Spectrophotometry
4 Experimental

A Absorption Spectra of Lanthanides in LiCl-KCl Eutectic

A Molar Absorptivity Measurement for Nd(III)

& Temperature Dependence of Nd(III) Spectrum

& Oscillator Strength of Nd(III) Hypersensitive Transition Bands
A Absorption Spectra of Pr(I1I)

A Absorption Spectra of U(V) and U(VI)

A Absorption Spectra of U(III) and U(IV)

A Summary
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UV/Vis

Apparatus for High Temperature
Absorption Spectrophotometry 1/2

Glovebox: MBRAUN

Double-beam

190~3200 nm

- ~830 nm (in this study)

/NIR Spectrophotometer: Shimadzu UV-3100PC
S e ;

Apparatus for High Temperature
Absorption Spectrophotometry 2/2

Light Paths of Double Beam Spectrophotometer

& Reference: Air

& Sample: Quartz Fiber, Quartz Window, Ar,
Quariz Cell, Molten Salt

SRR

10mmx10mm Quartz Cell &

'}* R s, 1 ites .

5U5316 Cell Holder ;e Kyoto University
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Experimental

Reagents

LiCI-KCl: APL (Li/K=59/41)

Anhydrous Lanthanide Trichloride:

Kojundo Chemical Laboratory, Co. Ltd. (99.9%

purity)

In order to treat small amount of LnCl; precisely, a
pellet of LnCl;-LiCl-KCl mixture was initially prepared
at 723 K. (Conc. of Ln was measured by ICP-AES.)

Electronic Absorption Spectra Measurement

1) Weighed LiClI-KCl was put into the quartz cell.

2) The cell was fixed in the cell holder.

3) Warm-up (>673 K)

4) Sparging by Ar for removing Ar bubbles on
the inner surface of the cell.

5) Absorbance measurement (blank spectrum).

6) Weighed pellet was put into the cell.

7) Agitating by Ar.

8) Absorbance measurement

S R, b R tor |

9) Subtracting the blank spectrum.
" s, Kyoto University

Electronic Absorption Spectra of Pr and Nd

1 .
LiCl-KCl eutectic ] LiCl-KCl eutectic
0.8 7 Pr 873 K Nd 873 K
8 x = 0.00356 g x = 0.00382
1 0.6 =
2 2 j
5 0.4 <]
2 3
L L 05
<02 <
0 -
e SN —.... . 0 "“‘“,A &d
300 400 500 600 700 800 900 300 400 SO0 600 700 800 900
0.05 0.05 -
] 14 M Lidl Nd 14 M LiCl
0.04 Pr Room temp. 0.04"] Room temp.
8 i 150 ppm Pr 3 150 ppm Nd
£ 0.03 g
5 2
§ 0.02] g
< B <
0.01
o i q
(e N, < — [ S ot
300 400 500 600 700 800 900 300 400 500 600 700 800 900
Wavelength [nm] Wavelength [nm]
* Standard solution of Ln(NO;), was added to 14 M LiCl. o o
* Large absorbance at UV region in Aq. system < NO,. G o Kyoto University
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Electronic Absorption Spectra of Ho and Gd

I e S 0.5 B
LiCl-KCl eutectic ] LiCl-KCl eutectic
Wl Ho 873K 0adf 6d 873K
g x = 0.00099 $ 034 x = 0.0109
%12 7 é 0.2
o [=3
b4 0, 'g
el
o 0
. MWM i
AR e e e 0.1 BT Lo s s S B HL
300 400 500 600 Te0 &00 900 250 300 350 4040
Wavelength [nm]
0.05
14 M Licl
0011 Ho T;gm *em’g- Hypersensitive Transition:
8 ase ppm o The electronic dipole transitions that
2 show abnormal variations in intensity are
0 () Iy as ea s
2 o classified as hypersensitive transitions.
< oot These variations are attributed to the
. action of an inhomogeneous
LA AR AR SRR electromagnetic field from medium.
300 400 son G600 700 800 900
Wavelength [nm]
Electronic Absorption Spectra of Ce, Sm, Eu, Er . , )
were also measured. Quantitative analysis is in progress. P Kyoto University
- el

Molar Absorptivity Measurement for Nd(III)
in LiCl-KCl Eutectic (1/2)

147

1.29 ; x=0.00382

E 0.00316

P 0.00252

g .4 0.00181

g 089 0.00137

5 06 0.00089

n 00 0.00040
a) i
< 0.47

——— - T T v
300 400 S00 600 700 800 900

Wavelength [nm]

The weighed pellets were sequentially added into the quartz cell.
l'—”Adding a pellet — Agitation (Ar)—> Absorbance measuremenf—‘i

Repeat

) BR sor }

% oo Kyoto University

- 177 —



JAERI-Conf 2004-008

Molar Absorptivity Measurement for Nd(III)

in

LiCl-KCl Eutectic (2/2)

Molar absorptivity of neodymium in LiCl-KCl eutectic at 873 K.

Absorbance at 589 nm

References

. 11672 0.22 M em” Wayelength A [nm], Molar abserptivity £, [M-! cm-]
This work Banks et al®
353 2.62x0.11 353 2.70
360 2.3420.10 360 1.89
518 1.1920.03 524 1.02
533 1.91£0.02 539 1.00
589 11.67x0.22 589 11.90
753.5 1.3420.04 751.5 230
¥ " PO PR P I o+ P
‘ o.:): 0.2)4 n.los 0.08 01.1 0.12 B0 1.9820.05 808 235
Concentration [M] M T=673K

T. Fujii, H. Moriyama, H. Yamana, J, Alloys Compounds, 351, L6-9 (2003).

C.V. Banks et al., Anal. Chem., 33, 1235 (1961).

B, Research Reactor Institute
_ v, Kyoto University

Temperature

Dependence of Nd(III) Specira
in LiCl-KC| Eutectic |

molar absorptivity (arbitrary)

2
57/ 2

4 4
Cxo L,

-4, lsas nm

580 nml 2Hore, Fse+ 4Ly

81

e = Ly 1’ 9 nm

_/'\“-—‘/\»/ M 1092 K
R 1047 K

400

T T T T T
500 600 700 800
wavelength (nm)

Hypersensitive transition s

< Research Reactor Institute
. Kyoto University
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Temperature Dependence of Nd(III) Spectra
in LiCI-KC| Eutectic (Hypersensitive Transitions)

molar absorptivity (arbitrary)
base-line normalized
1

L — T T T
560 570 580 590 600 610 620 630

wavelength (nm)

With the increase of temperature, the absorbance of the hypersensitive
transitions, 26, « 41, (580 nm) and 46,, « *I,,, (589 nm), increased.
This is considered to be the result of the change of the coordination

status. ? Kyoto University

Temperature Dependence of Oscillator Strength
for Absorption Bands at 562-625 nm (LiCl-KCl)

Oscillator strength can be defined:
fm? 431910 7793.49(562nm) On ) . E&[cm )lv

16000(6251m )

— 30 . . . $62-625 nm
Bl % H H T :
§ =
5 p
— o0
2 5
2 [
< @
2 5
@ ——
4
Q H H H : H
= 6 18 baitanl NN HAPE
$60 S70 580 590 600 610 620 630 600 700 800 900 1000 1100 1200
Wavelength [nm] Temperature [K]

Molar absorptivity at 892 K was set as
11.67 which have been determined in our

previous study (at 873 K). - Ressarch Reactor Institute
s . Kyoto University
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Electronic Absorption Spectra of Nd(III)

Molar absorptivity [M e

in Molten Salts at 1023-1086 K
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8
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1 1047 K 92 r
s B ¢
4 L a
[ 8
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) 1086 K Diagram of hypersensitive transitions.
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. . . YuA. Barbanel’, V.V. Kolin, V.P. Kotlin, A.A. Lumpov,

560 570 S80  S90 600 610 620 630 J. Radioanal, Nucl. Chem.,, 143, 167 (1990),

Wavelength [nm] -
 Research Reactor Institute

‘. v , Kyoto University

Oscillator Strength for Absorption Bands
at 562-625 nm (LiCl-KCI-NaCl-CsCl)

Molar absorptivity [M ™ cm‘l]

30

LiCl-KC eutectic and NaCl-CsCl
eutectic were mixed with a ratio,
[LiCI-KClI)/[NaCl-CsCl)=1. 1

11 Mole fractions are,

: 30.9%(LiCl), 21.7%(KCl),
15.8%(NaCl), 31.6%(CsCl).

— 30 ; . i 562-§25 nm
¥ r : : ; :
S e Lo ;
S [
28F LSRRG L
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Oscillator Strength for Absorption Bands
at 562-625 nm

562-625 nm
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AR @
15. ok s s s By s s Ko s aa Ko Lo
600 700 800 900 1000 1100 1200
Temperature [K S R

. v . Kyoto University

Oscillator Strength for Absorption Bands
at 562-625 nm or 500-560 nm

1 -

] CaCl
0.8 7 2

0.6

Absorbance

s

500 600

00

700
Wavelength [nm]

800 900

Li(60)Cs(40)
LiCl-KCl CaCl, CsCl Mixture  NaCl-2CsC|
1092 K 1086 K 972K 972 K 1023 K
562-625 nm 25.8 25.2 22.4 28.9 24.4
500-565 nm 4.75 4.61 3.69 4,22 3.35
54 55 6.1 6.9 7.3

Ratio

S R P

;e - Kyofo University
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Molar Absorptivities of Pr

0.5 0.5 7
CaCl, ot 1075 K — 0.028M NaCl-2CsCl at 923 K ... 0.0190M
0.4 - e.117M 0.4 0.0810M
o EEE ® .08
2 25 9 ggge
g 0.3 N “ g 0.3 écac
£ W £ 5888 ¢
2 02 3 2 024 2 ;
L T K I
% N ol ™ J
T s P ” - wﬁ
0 R e Moo vy —r e S
300 400 sS00 600 700 800 9200 300 400 500 600 700 800 900
Wavelength [nm] Wavelength [nm]
Molar Absorptivity, M-temt
Wavelength Licl CaCi, LiCI-KCI(APL)  NaCl-CsCi2
nm 973 K 1075 K 978 K 923 K
450,451 1.44 1.44 1.17 0.66
474,476 1.23 1.19 1.01 0.73
486,487 1.55 1.55 1.36 0.80
493 . 0.64
596,598 0.33 0.32 0.21 0.15
/. Kyoto University
Hypersensitive Transition Bands of Pr
et 3 3.
= P
B 253 2 i
e 3 s
Z . 3P1
N R In NaCl-2CsCl system, a
T 63 LiCkKCl shoulder could be seen on
273 78K the peak for the transition
.
5§ ] -\\\x band, Pge-3H,.
L O [ ) |
g 0-53 L2051 | The detailed transition
= B LI N ¢ schemes are now studying.
430 440 450 460 470 480 490 500 510
Wavelength [nm] 3p,
N % oost
§ 257 s
s ] 3
2 ] /ﬁ‘\_\’/‘/\f\l,l(}l((? g ooty 25,
> 1.5 1076 K g 3
Z 8 Fo
g 13 \/,f \\\ ;; 002 | o
L 1 g
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g 05 075K . ; " . /\’
st 3 400 450 500 550
L s e s s LR RN EAAAN AAARN LA Wavelength (nm)
430 44D 450 460 470 480 490 500 510 evelenst in
Wavelength [nm) Figure2.10  Electronic absorption peaks in the spectrum of aqueous PsCl;
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Temperature Dependence of Intensity of
Unknown Shoulder in NaCl-2CsCl System

NaCl-2CsCl LiCl-KCl

. 1'5 4 = 3 4
R = ] Temp.
5 E 254 673K
- ) ] 775K
Z 1] Z 2
2] 2 ]
& =154
I s 1
£ g
3 054 S 14
D o
« [ <4
] 5 05
R °
2 o3 Z 9 .

420 440 460 480 500 520 420 440 460 480 500 520

Wavelength {[nm]

With the increase of temperature,
molar absorptivity at 493 nm
increased.

No change in ¢'s at 450, 476, 486
nm cauld be seen.

Wavelength [nm]

Unknown shoulder at 493 nm may
exist in the system of LiCl-KCl
system.

b R 2,

j’;‘..

“.s , Kyoto University

Oscillator Strengths for Absorption Bands

—&— LiC-KCHKojunde; L] CaCl2
—@— LiCI-KCIAPL) /\  LiCLCsCl
& Lic ¥ LiCIKCI-CsCI
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Oscillator strength [x106]
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800 900
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1100 1200
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'+ Kyotfo University
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Apparatus for Redox Equilibrium Study

Thermocouple Sample cell

% 5 r—— botton of Glove box
Z ’_d L"— 7 o "~ =
E ‘7 3\ Coolant tube
\\ ’
N AN
N \\
\ g AN
\ ™ Furnace
N N
Sample N Py
AN
b
\\ | N
N Silica window

Coolant tube

AN Furnace

Light path

Experimental apparatus.

Working electrode
Counter clectrode | &4~ (ylassy carbon rod)
(graphite rod) Al :

L [nsulation tube
1 N
Ny 1]

Quartz tube
{13mm ¢ )~ I

Reference electrode

Pyrex glass tube —_| |
LI~ Silver wire

AgClin NaCl-2CsCl

Sitver wire coil \

H e 14 85mol%AgCt
G‘ in NaCl-2CsCl
Quartz cell -
(hght path . 0mm)

J
ncident light C:}

| T Pyrex plass tube

Sample
N (U0 Ch
in NaCl-2CsCh

b

Transmitted light

=@

|

|

}

4

i

]
L
Measurement cell

for absorption spectrometry
with electrolytic reduction.

Redox Equilibriurq of U(VI)/U(V)

1.2
0.00099 mol/L UO,™ (initial conc.) { I 0.00099 mot/L. UO,™ (initial conc.)
Teduction potentiat : -1.187 V vs. Cl,/C1° ‘ reduction potential : -1.187 V vs. C1,/CY
1 total electrolysis time : 8,500 s 1 total electrolysis time : 8,500 s
NaQ-2CsQ NaC1-2CsC1
923K 923K
0.8 08 4,000
completion of electrolysis
g 0.6 g 0.6 3,000
] ~
:o: g 2,000 s
204 completion of electrolysis 204 1,500 s
1,000s
500s
0.2 0.2
before electrolysis
0 0
before electrolysis
0.2 02 N S —
300 400 500 600 700 800 300 400 500 600 700 800
Wavelength (nm) Wavelength (nm)

Absorption spectra of uranyl ions
in molten NaCl-2CsCl at 923K
before starting electrolysis and

after the completion of electrolysis.

Absorption spectra of uranyl ion
in molten NaCl-2CsCl at 923 K
while reducing UO,%* to UO,".
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[F]

Standard Redox Potential of UO,%*/V0,*

NaQ1-2GsQ
923K
E“(UOy*/UD,’) = -0.903 V

electrolysis time : 500's

\ 3,000

o 2

5

= 1,000s

= /

a0 + +

S 4 09 0.8 K|
? 1,500s—7/" Rest-potential (V vs. ClyQl)

E=E"+(RT/nF) -In([UO,**)/[UO,"])

Slope of the line was 12.66,
which is in agreement with

the theoretical slope (= 12.57)
of Eq.(1)onn=1

E°(UO,/UO,")

Relation of concentration ratio of UO,* and UO,?,
I{[V0,2°}/[VO,*)). to the rest-potential of
glassy carbon electrode in molten NaCl-2CsCl at 923 K.

@)

~0.903+0.008 V vs. CL/Cl-

Absorbance

0.00163 molAL U (initial conc.)
NaCl-2CsC1
923K

151

oxidation

0.5

11,000 s electrolysis in total

before oxidative electrolysis

clectrolysis condition|
2.000s at -1.737 V/
+2,000s at -1.637 V|
+1.000sat -1.537V
+1,000sat-1.487 V'
+500sat-1.437 V/
+500sat-1.387 V'
+500sat-1.362V
+500sat-1.337V
+500sat-1.312V
+500sat-1.287V
+500sat-1.262V
+500sat-1.237V
+500sat-1.237V
+5003ar.1.237V

Absorbance

0 B
550 650 750
Wavelength (nm)

350 450

850

Absorption spectra of uranium ion

in molten NaCl-2CsCl at 923K

while oxidizing U3+ to U4,

Redox Equilibrium of U(III)/U(IV)

NaQl-2CsCl
93K

(3}

(6,600 s electrolysis in total)

15 +800sat 1887V
g| +1000sat-1837V

g + 300sat-1787V

g +300s2t-1.737V

+300sa-1.637V

0.5

end of oxidative electrolysis

before oXidative electrolysis

completion of reductive electrolysis

eledrolysis condition
+3.600sat-1.937V

300sat-1.537V

4]
550 650 750

‘Wavelebgth (nm)

350 450

850

Absorption spectra of uranium ion

in molten NaCl-2CsCl at 923
while reducing U4+ to U3+,

K
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Standard Redox Potential of U4+/U3+

15
NaCl-2CsQ1
91K

E=E’+(RT/nF) 'ln([UOZZ*]/[UOz“'])
ESU"U™) = 1481V ¢))
Slope of the line was 12.06,
which is in agreement with

145 14 135 A3 the theoretical slope (= 12.57)
Rest-potential (V v C,/C1) of Eq()onn=1

b qUU1/[UD
(=

Oat oxida!fon E O(U4+/U 3+)
® it reduction =-1.481310.004 V vs. C]?_/Cl'

Relation of concentration ratio of U4 and U3+,
I([U+)/[U3+]), to the rest-potential of
glassy carbon electrode in molten NaCl-2CsCl at 923 K.

Conclusions

Electronic absorption spectra of lanthanides and
uranium in various molten salts were measured.

Molar absorptivities of Ln(III) and UTII,IV,V,VI) in
molten chlorides were precisely determined.

Absorption characteristics of Nd(III) and Pr(III) in

molten chlorides at varying temperatures were
reported.

‘ Research Reactor Institute
o' Kyoto University
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O# 1§#f. =AS8RL. & &
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> BRSSP TREICHFEIHILFROEE
KBHE: RALL. HE 5

oL RTBII(RR. ILEM)
oL EMDBMRE

------ BAOET—2DORE
HHYPTNERLATIL—E)
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BEXEFRIE

FADY IR B AN
BT
HOIRF LA AR -

RECI~(LiCI-KCI)

eut.

RFUSFARBINH I INI ZB YR
ELE

(PLIHER)

#ER A BES

RAF

FEE
Az

| 7asY
el

YA0)9ORILE AR

GdCL-LiCI-KC1Fk
X(GdCl,): 4.41 x 10+
REE: 723K
{RBIERE: 100mV/s

> {EFA4E(WE) Imm ¢ W
> S HRHE(RE)

9.73wt% (EJLEE0.0413) AgCl
> ®HB(CE) ImmoW

01 T T T T T T T
CI—1/2Cly+e |
< oF #,K ]
- Gd**+3e'=Gd
1.078V |
0.1 Li*+e=Li | ' | |
3 2 -1 0 1

AgCI-LiCI-KCVAg (LSAFER)

E(V) vs Ag/AgCH(X=0.0413) (En=-1078Y)
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THBLAE  (GdGd*,LiCI-KC]|| LiCl-KCl ,Ag'|Ag)
1.GdER%EA
2. BB ERICK>TEBLICGIERZHHE

—~ '0-5 — v T T T v T ~ T T T
o r 1@
I [ GCILICHKCl 1 & .2b 823K |
S [ X=4.41E-4,450C] 3 773K
? -1k 40 723K ]
o) [ ] § 5~ 67K
@ I 1 % -2.1}F i
< 1.5} 1<
! ] =
2 13
E 12 5, * GI@MOARD) |
& af 18% 5 S,
E’ [t " [ L . 1 m 1_4 1 1 1
0 100 200 300 400 107 10 107 107 10°
time(s) GdCLREE(E VL)
. 2 CRIEPL: RAPRIEFBETS7(1998)
723K 220V SHRREOBEREL SEREACREDEAEHE)

HE) = LOBRLETTER
=E9 + RT/3F InX(GdCly)

T T T T
823K

773K

3k

. gamee
g | °amEEm fo
‘; 3.k EY723K)tb D45 M & D LE &
E b 3734 -3.036 V
= - Yang & Hudson(1959) -3.039 V
- B hFHRETS7(1998) -3.027 V
. Fusselman et al (1999) -3.0559V

10° 107 107 107107 10°
GdCLIMBE(E VL)
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BEMIRIILY—DORE

E=pO(MCl,)/3F
nY(GdCL)= AG(GdCL(B5 & {AK)) + RTIny (GACl,)

ERBHIRILY— BRI RIILY—
T(K) E°(V) u"(MCl,) AG(MCL,) RTlny y(ERF%)
GRS RBY)

(kJ/mol) (kJ/mol) (kJ/mol)

673 -3.058 -88534 -829.08 -56.26 4.29X10-S
723 -3.036 -879.03 -820.33 -58.70 5.72X 10
773 -3.005 -869.83 -811.58 -5825 1.15X 104
823 2975 -861.30 -802.83 -58.47 1.94X 104

* RIS OB

(A R EBERAT 4L E— (723K DB

-50

-100

" ] N 1 i 1 M
0.07 0.08 0.09 0.1 0.11

Ionic radius of M>* (nm)
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HAJRTF AR KB ILEERERIE

-2 m- ! N i T T T T
GdCl; X=4.41E-4 450C
1=4,5,6,8,10 mA 1 — —— .
; '2 .2 N 10+ d
\‘ 4
& v : BB | 3
1 “l\ | \t\\- N -
2.6} — — . |
Li'/Li 05— 3 : -
— T an
0 1 2 3 4 5 T
time(s)

Sand equation: I=nFADV2g!2C/2 T -12

GdHAA > DR O REKREME

T(K)
800 700

O
(=4
(=]

—
[=-}
[N

T T T 1777

Lt 1 §itll

D(cmzls)
=)

] T 1T TTTTIT
L4 b1l

'6 N 1 i L 2 L i I3 1
](90011 0.0012 0.0013 0.0014 0.0015 0.0016
UTK™)

(lizuka: J. Electrochem. Soc. 145, 84(1998))
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A FF LR FZRE(723K) D EEF
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Qo7 008 009 01 ol
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TR (442 BLiEtYy BiEH
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0 1AV DIEERT UL IILWO0)DEE
L2 EHEHHILEHT S

1. BHHMOFELY
Ln,O, + 2Cl' = 2LnOCl +O%*
AG{Ln,0, ) = 2 AG{(LnOCl) + p(0>) +RTln X(0%)

2. (LEYDBRERT &Y
LnOCl + 2CI =LnCl, + O
AG(LnOCI) = AG(LnCL)}+RTInX(LnCl,) +u°(0%) +RTln X(0%)
BAREMW k= X(LnCl) X(0%)

Y,0,+6Cl=2YCl, +30*
AGY,0,) =2AG(YCL)*2RTInX(LnCl,) +3p%(0%) +3RTIn X(0%)
BRREHE k=X(YCL)? X0y

Relative stability between Ln,O, and LnOCl

( A G{Ln,05)-2 A G{LnOChHykImol '
T""""ll"l"anCIstaHe

200

100

I.lle; stable

_100 1 1 1 1 i i | 1 1 1 i 1 1 1 1 ]
Y La Ce Pr NdPmSm Eu Gd Tb Dy Ho Er Tm YbLu
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Chemical potential of oxide ion (0%)

T T T T T T 1 T T T T T 7 )
R - -————10,/O” (on Pt electrode)
potential measurement
200} . Kanzaki(1975)
5 _,..I_. . ? this study — 160kJ/mol
2 ]
) 1 solubility measurement
o~ B _| (metal oxide)
fé 100 1 Masuko(1963)
“a
1 | mamorsisy |
o | BkOBREMEY |
0 ! TN TR SN T TN TN TN T Sy S M R A N
Y La Ce Pr NdPmSm Eu Gd Tb Dy Ho Er Tm Yb Lu
E-pQ?* diagram of Gd-O-Cl system
LiCI-KCl eutectic melt at 723K (X(GdCl,)=0.01.0.001)
0 ®To construct the E-pO? diagrams,
' ' : ' we choose the chemical potential of
. GdOCl oxide ion as 160 kJ/mol representing
= .1} ' y our calculated results.
g q
5 : ®The following chemical and
Lg) 2 Gd;0, : GdCl; | electrochemical reactions are taken
E N 12 into account,
SR f | 1) Ln,0, + 2CI'= 2LnOCI + 02
5 ra 2) LnOCI + 2CI = LaCl, + 02
) Gd 3) Ln,O, + 6e"=2Ln + 30*
-4 1 ! N L 4) LnOCl +3e=Ln+ 0>+ CI
-3 0 5 10 15 5)LnCl, + 3¢"=Ln + 3CF
po*
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E-pO? diagram of Ln-O-Cl system
(T=723K, X=0.01)

(=]

0
» ) » n

‘5 -1+ [ B

R g

“:ﬂ 2 | La,O3 LaOCl LaCl; L;) ) N&;0; NdOCI NdCl,

§ 4 ‘ , § ; . ] _,Ndch

. 2 , L 3 Nd
45 0 5 10 is 43 o 5 10 15
po” pO*
® LaOCl MEEI=HFE ® Nd,0,&NJOCI NAFTD
BaHYy
E-pO? diagram of An-O-Cl system
(T=723K) )
[x=0.05 ]
0 o* IMD" i o O 160kt X(ANC1,)0.01 T=723K
v - T
/'l)

g -1 Pu02 DV/PIIOCI .g‘ Ak
(é -2/ E g 2
g, Puy0; N s

-3t ) 51 0l 3

3) Pu
L 3)
s 0 5 10 15 3 0 s 10 15
po” pO?
® Py, 0, is stable (X~0.01) ® AmOClI is stable
® pk,(Pu,03) = 33.5 ® pk (AmOCI) = 12
32.843(reported) close to pk (LnOCI)
(Martinot&Fuger(1986))
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o | 0 ] . 10 + n
& 5w |us | B9 B H N A
A U5 |~ w v| Hz s %  F i 5 107 74t f
val Za-tv| N m-kg/s? AU TR FO—L A 107 7 r a
E 5. oSy s B A S B Pa N/m’ N — 2 b )
TinE- (tH MR [Y 2 - | J | Nm < = | bar GE)
T, RSB &7 v b| W | Js » | Gal L& 543 BRG] W5 MK R
Ex R, EM8|7 — v v C A-s + a0y - Ci BERMG 1985FfTIck b, ff7L, 1eV
B/6I, EFE, BEH |K v bV W/A [P N R BLU 1 uditiis CODATA D 1986 4 #E42
% & B ®&|7 » 7 F| F c/v 5 K rad i & -7
E O E Wl - &l Q V/A v N remy i
av gy sy vA|lT-2 Al S A/V 2. RAWWEHBB, /o b, TN, ~2H
i Flw = — | Wb V.s 1 A=0.1nm=10"""m - WEEENTVANHEDORNILDTL
W O& % E|¥ 2 3| T | Wb/m? | b=100 fm?*=10-"* m? TTIREBEL 1o,
N N N N _ TR : =)
4 v 7 VA ; z ~ / ] °H Whb/A | bar=0.1 MPa=10°Pa 3. barid, JISTRHAEDENEZDLTIH
vy ZABRE |[wrey2FE]| C | Gale1 em/s’ =10~ m/s? ACROE2OHF 7Y — HEE AT L
¥ wlw — 4 V| Im cd- st 2
B 2 1 Ci=3.7x10"° B °
Biv 7 Ak Im/m y 4 4. ECPAMFAHEZIEN T bar, barnkdk
m &t |~ 2 v | B g 1 R=2.58x10"*C/kg i . )
& a ) U [MEOBA | mmHg % &2DH 5 37
® W @ BR[|/ v 4| Gy | Jke Irad=1cGy=10 "Gy —ARTVS
s B M #|vy-—~ab| Sy J/kg 1 rem=1cSv=10"Sv °
# B #
11| N(=10*dyn) kgf 1bf F [ MPa(=10 bar) kgf/cm’ atm mmHg(Torr)| 1bf/in’(psi)
1 0.101972 0.224809 1 10.1972 9.86923 7.50062 x 10° 145.038
9.80665 1 2.20462 A| 0.0980665 1 0.967841 735.559 14.2233
4.44822 0.453592 1 0.101325 1.03323 1 760 14.6959
# B 1Pa.s(N.s/m*)=10P(K7 %) (g/(cm-s)) 1.33322 x 107* | 1.35951 x 10~* | 1.31579 x 10~ 1 1.93368 x 107
M 1m?/s=10°St( 2 b = 7 2) (cm¥/s) 6.89476 x 107" | 7.03070 x 1072 | 6.80460 x 10~2 51.7149 1
| J(=10"erg) kgf*m kW-+h cal Gt&#) Btu ft « Ibf eV 1 cal = 4.18605 J (3t&H:)
i3
:; 1 0101972 | 277778 x 107" | 0238889 | 9.47813x 107 0.737562 | 6.24150 x 10'® =4.184F  (BML¥)
| 9.80665 1 272407 x 107° | 2.34270 9.29487 x 1073 7.23301 6.12082x 10" =4.1855J (15°C)
%— 36x10° | 3.67098 x 10° 1 8.59999 x 10° 3412.13 265522 x 10° | 2.24694 x 102 = 4.1868 J (EBRERR)
- 4.18605 0.426858 | 1.16279 x 10°° 1 3.96759 x 10 3.08747 261272x10°  fhdim | PS ({ALE/7)
[ 1055.06 107.586 2.93072 x 107* 252.042 1 778.172 6.58515 x 10?! — 75 kef-m/s
1.35582 0.138255 | 376616 x 1077 | 0323890 | 1.28506 x 107" 1 8.46233 x 10'* = 735.499 W
1.60218 x 107" | 1.63377 x 107%°| 4.45050 x 1072°| 3.82743 x 107%° | 1.51857x 1072?| 1.18171 x 10" 1
hivd Bq Ci l%lk Gy rad ;‘; C/kg R # Sv rem
19
& | 2.70270 x 10°"" ® 1 100 @ 1 3876 oy 1 100
i3 s ] i’
3.7 x 10% 1 0.01 1 2.58 x 107 1 0.01 1
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