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Abstract

For the development of reductive extraction process, the rate of extraction of actinide and lanthanide elements was measured in a two-phase
system of molten LiCI-KCI eutectic salt and liquid cadmium at 723—-873 K. The mass transfer coefficient of the elements was evaluated
by applying a film theory. The obtained mass transfer coefficients were found to be as high as expected in the present system. In some
cases, however, it was found that the rate of reductive extraction was affected possibly by the solubility of the solute elements in the metal
phase.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction Because of the high radiation resistance of the solvents, it is
expected to reduce the quantity of the radioactive secondary
In recent years, there has been a renewed interest for newwvaste and to downscale the size of requisite processing equip-
nuclear fuel cycles or new nuclear waste management stratesment. In spite of the importance from a practical point of
gies. This is mainly for efficient transmutation of long-lived view, however, little is still known on the kinetics of the
radionuclides such as transuranic elements (TRUS) in orderprocess.
to minimize the radiological toxicity of nuclear wastes. A In the case of molten salt breeder reactor (MSBR), for
number of the studies on the partitioning and transmuta- example, a mechanically agitated two-phase extractor system
tion of nuclear wastes are thus being performed in severalwas suggested in which the intermediate product of Pa-233
countries. and the neutron poisons of rare earth fission products were
Reductive extraction process which has originally been removed from the fuel salt into liquid bismuf8,4]. How-
developed for reprocessing molten salt reactor fuels is ever, a critical problem was recognized for the kinetics in
expected to be much useful for the separation and recovery ofwhich the overall mass transfer coefficients were much lower
TRUSs, as seen in a proposed pyrometallurgical partitioning than would be expected and any meaningful correlations were
method[1,2]. In this method, which uses molten salt and hardly observed between the overall mass transfer coefficient
liquid metal as solvents, a reductive extraction process isand the agitation speg®]. In our previous study on this
combined with an electrochemical process for the recovery problem[6], the rate of reductive extraction of actinide and
of U and TRUs from high level radioactive waste (HLW). lanthanide elementswas measured in the two-phase system of
molten fluoride salt and liquid bismuth. Following the addi-
* Corresponding author. tion of the reductant, it was observed that the rate of transfer
E-mail address: moriyama@nucleng.kyoto-u.ac.jp (H. Moriyama). of solute elements into the bismuth phase was much slower
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than the rate of stripping from the salt phase. The formation of 3. Results and discussion
bismuthides of solute elements at the interface was inferred

fromthe observationinthis case. Itis, thus, importanttoknow 3.1. Mass balance

its consequence on the performance of the extractor system.

Similarly to the previous ongs], the present study deals According to our previous study], the mechanism of the
with the kinetic aspects of reductive extraction in another equilibrium distributions in the molten LiCI-KCl eutectic salt
system. The rate of reductive extraction of actinide and and liquid cadmium system is generally expressed as:
lanthanide elements was measured in a two-phase system ) ]
of molten LiCI-KCI eutectic salt and liquid cadmium at Lim-nMCly 4-nLi +iCd = MCd; + mLiCl (1)
723-873K. The mass transfer coefficients are obtained and, ;e Li,_,MCl,,

. ST is the complex compound of the solute
the extraction kinetics is discussed.

element M formed in the salt phase, M@sithe intermetallic
compound in the cadmium phase. As shown in reaqtion
the solute element M in the form of }.i,MCl,, is reduced

2. Experimental by the reductant Li and transferred from the salt phase into
the cadmium phase.
The systems studied are showrTable 1 The LiCI-KClI Fig. 1(a and b) show typical results of the measurements,

eutectic (Li:K=59:41 in mole) and Cdg€were purchased in which the amounts of radioactive tracers in the two-phases

from Anderson Physics Laboratory, rare earth metals andare plotted as afunction of time after the addition of the reduc-
zirconium metal were from Furuuchi Chemical Co., thorium tant. In some of the measurements, it has been observed that
metal from Reactor Experiments Inc., and all other reagentsthe rate of transfer of solutes into the cadmium phase is not
were from Nacalai Tesque. The radioactive tracers were pro-€dual to the rate of stripping from the salt phase, and that the
duced by neutron irradiation of metallic specimens. Using Mass balance in both phases is broken for several minutes
h|gh_pur|ty reagentsy all experiments were performed in a after the addition of reductant. ThUS, the formation of some

glove box with argon atmosphere containing <0.5 ppmpf O intermetallic compounds may be inferred as observed in the

and <0.2 ppm of HO. LiF-BeF, and Bi systen{6]. In the previous case, the forma-
performed in the same manner as for the LiF—Bafd Bi the interface between both phases and the following reaction

systeni6]. Together with radioactive tracers, cadmium metal, Mechanism has been suggested:
which were purified by the eutectic melt, and another eutec- | . s -
tic salt were loaded in an alumina crucible, and were melted Lim—nMFy(salt)+ nLi(BI) + yBI(Bi)

at a given temperature. The contact area of the two-phases — MBi (interface+ mLiF(salt) (2)
was around 10 cf In order to assure a complete dissolu-
tion of every solute in the salt phase, Cd@las added to MBi ,(interfaceH (x — y)Bi(Bi) — MBi (Bi) 3)

the system prior to reductive extraction. Then the extrac-

tion of the solutes from the salt phase into the metal phaseA similar reaction mechanism is thus considered to hold in
was started by the addition of the reductant lithium in the the present system. According to the solubility di@ in

form of a Li—Cd alloy. In some measurements, the inert fact, some of solute elements such as zirconium seem not to
gas was used for stirring the system with a rate of a few be so highly soluble in the cadmium phase.

cm?/s during the extraction. A small amount of the samples

was taken out from each phase at fixed time intervals and 3 2. Extraction kinetics

subjected to the analysis. The concentration of the radioac-

tive solutes was measured by diregray spectroscopy, By considering the above observation, two components
and that of the reductant lithium by atomic absorption are taken into account in the analysis of the present results,
spectrophotometry. of which one is of a rapid transfer with no formation of any
Table 1
Experimental conditions
Run number Temperature (K) Stirring flow rate @s) Solvent weight (g) Solute weight (mg)
LiCl-KCl cd zr La Ce Th
1 773 - 50.2 100 56 11 16 10
2 773 - 48.5 93 Same as above
3 873 3 49.9 om 100 10 10 10
4 723 3 46.8 931 Same as above
5 773 3 50.4 105 98 11 12 9
6 823 3 49.6 93 Same as above
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Fig. 1. Rate of reductive extraction from molten LiCI-KCI into liquid Cd
with stirring: (a) cerium at 723 K and (b) zirconium at 823 K. Curves denote

the best fits of the experimental data to €43 and(5).

intermetallic compounds and the other of a slow transfer with
the formation of some intermetallic compounds. Taking a film
theory and following our previous stud], the equations of

extraction kinetics are given by

= AKmsal
Cwm(salty = Cm(salt) {1 —exp (mt)] 4)
Vsailt
= AKwm(cd
Cm(cd) = Cm(ca) [l - exp(()t)]
Ved
AKyca) .

+ E;\A(Cd) |f|. — exp (

whereKysalt), Kmcd) andk| I/\/I(Cd) are the mass transfer coef-
ficients of the element M in each phag&(sar) andCwcad)
the bulk concentration§;m(sai), Cm(cd) andCyycq) the equi-
librium concentrationsA the contact area, antsy;:andVeg

=

(6)

Table 2
Mass transfer coefficients

Solute M Km =A exp(—EIRT) Ky at 723K (cm/s)
logA (cm/s) E (kd/mol)
Salt-side
zr 0.21+0.36 303+5.5 1.0x 1072
La -1.15+0.17 118+2.6 9.9x 1073
Ce —0.79+0.34 169+5.1 9.7x 1073
Pa 002+ 0.31 277+4.7 1.0x 1072
Metal-side (fast)
zr —0.12+0.49 333+75 3.0x 1073
La —1.02+0.62 211+9.4 2.8x 1073
Ce —0.91+0.63 224495 3.0x 1073
Pa —0.20+0.77 313+11.7 3.4x 1073
Metal-side (slow)
zr —0.11+1.79 574+27.2 5.5x 10°°
La 292+1.06 1082+16.1 1.3x10°°
Ce 331+0.98 1110+ 14.9 1.9x 1075
Pa 066+ 1.03 663+15.1 7.4x 107

of eq. (5) represent the two components of rapid and slow
transfers into the Cd phase. In the present analysis, it has
been assumed that the reaction itself is much faster than the
mass transfer. Obtained results are summariz&ahie 2and

the curves irFig. 1represent the best fit of the experimental
data to eqs(4) and(5).

3.3. Mass transfer coefficients

In the measurements, it was found that the rate of reduc-
tive extraction is much sensitive to stirring by argon gas and
that the rate of extraction with stirring is much higher than
that with no stirring. With stirring (run number 3-6), the eval-
uated mass transfer coefficients are found to be in the order
of 10~2cm/s in the salt phase, as shownFiy. 2 These
values are much higher than those in the LiF—BaRd Bi
system[6]. This difference may be explained by considering
the difference in solvent viscosity.

By using the Stokes—Einstein equation for the diffusion
coefficient, the experimental data can be fitted to the follow-
ing equation:

n
K o« D" <T> (6)
"
whereD is the diffusion coefficient] the temperature and
is the solvent viscosity. By taking the literature valuesdor
[9,10], itis found that the salt-side mass transfer coefficientis
proportional to the diffusion coefficient with an exponent of
0.5-1.0, as suggested by Higbie’s molddl] and Whitman’s
model[12].

Some differences may be found in the mass transfer coef-
ficients of different solute elements. It can be seeRim 2
that the values of the mass transfer coefficients for tetravalent
Zr and Pa are rather larger than those for the others of lower
valence. This trend is well consistent with the observations in

the volumes. The first and second terms in the right hand sidethe electrolysis experiments, in which the mass transfer coef-
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Fig. 2. Arrhenius plots of mass transfer coefficients in molten LiCI-KCI
phase. Bold line denotes the viscosity of molten LiCI-KE&] and other
lines the best fits of the experimental data to Arrhenius type equations.

ficients increase with the increasing ionic charge of solute
elementg13]. However, a reverse trend has been reported in
the LiIF-Bek and Bi system in which the mass transfer coef-
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Fig. 3 shows the mass transfer coefficients of the two
components of rapid and slow mass transfers in the Cd
phase, together with the solubility dd&j. It may be found
that the mass transfer coefficients of rapid components are
much faster than those of slow components. In the case of
rapid components, the temperature dependence seems to be
described well by ed6), similarly to the case of the salt-side
mass transfer coefficients. Thus, no effect of any intermetal-
lic compounds is considered in this case. In the case of
slow components, on the other hand, the temperature depen-
dence may be compared with that of the solubility data as
shown inFig. 3. Very similar temperature dependences are
observed between the mass transfer coefficients and the sol-
ubility data, suggesting the effect of the formation of some
intermetallic compounds. It is, thus, important to study and
reduce this effect for further development of the extraction
system.

4. Conclusions

The rate of reductive extraction of actinide and lanthanide
elements was measured in a two-phase system of molten
LiCI-KCI eutectic salt and liquid cadmium at 723-873 K.
The mass transfer coefficient of the solute elements which
was evaluated by applying a film theory were found to be
as high as expected in the present system. In some cases,
however, it was found that the rate of reductive extraction
was affected possibly by such low soluble solute elements as

ficients increase with the decreasing ionic charge of solute zirconium in the metal phase. Further studies are needed to

elementd6]. It is interesting to understand different trends
in different salts, for example, by measuring and comparing
the diffusion coefficients of solute elements in both salts.
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Fig. 3. Arrhenius plots of mass transfer coefficients and solubility gta
in liquid Cd phase. Lines denote the best fits of the experimental data to
Arrhenius type equations.

understand the effect of low soluble elements and to improve
the mass balance.
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