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1. Objectives and Allotted Research Subjects

Studies on actinide nuclides with careful management
are being more important for reprocessing, disposal,
partitioning, and transmutation processes in the nuclear
fuel cycle. Hot laboratory of KURRI is one of core
facilities in Japan, in which actinides especially
transuranic elements (Pu, Am, Cm, and so on) can be
treated. In our series of past research projects, separation,
purification, and synthesis procedures were found to be
effective for other elements, for example, rare metal
refining. In this context, the actinide studies are
expanded for fundamental and application studies on
f-elements. Allotted research subjects are as the
followings.

ARS-1 Molecular dynamics simulation of molten salts
containing f-elements (N. Ohtori et al.)

ARS-2 Spectroelectrochemical analysis of actinide ions
in molten salts and hydrate melts (A. Uehara et
al.)

ARS-3 XAFS analysis on halogenides containing
actinides and FP elements (H. Matsuura et al.).

ARS-4 Study on chemical isotope effect of actinides
and fission product elements (T. Fujii et al.).

ARS-5 Systematic study on bonding characteristics of
trivalent actinides with ligands (A. Shinohara et
al.).

ARS-6 Study on neutron capture cross sections of
long-lived nuclides by activation method (S.
Nakamura et al.).

ARS-7 Fundamental and application studies on
effective use of f-elements (Y. Ikeda et al.).

ARS-8 Study on complexation of actinides in aqueous
solutions (T. Sasaki et al.).

ARS-9 Electrochemical study of uranium in
pyrochemical reprocessing system (Y. Sakamura
etal.).

ARS-10 Fundamental study on electrolytic
formation/dissolution of f-element compounds
in molten salts (T. Goto et al.).

ARS-11 Absorption  spectrophotometric  study  on
titanium in molten salts. (H. Sekimoto et al.)

ARS-12 Thermal and mechanical properties of actinides-

containing ceramics (S. Yamanaka et al.)

2. Main Results and Contents

ARS-1 and 7 studied the U chemistry in low temperature
or room temperature melts. ARS-1 studied MD
simulation for concentrated LiCl aqueous solutions
containing uranyl chloride, and evaluated the local
structure of U. In ARS-7, the electrochemical behavior of
(EMI),UO,CI, (EMI: 1-ethyl-3-methylimidazoliun), in
the mixture of EMICI and EMIBF, was studied and the
basic data were obtained. ARS-2, 3, 9, 10, and 11
studied the chemical behavior of actinides, lanthanides,
FP elements, and structural material elements in molten
salts, the results of which are to be dedicated to the
development of nuclear fuel cycle or general industrial
use. ARS-2 studied electrochemical characteristics of
Am in micro litter order volume of molten LiCI-RbCI
eutectic. This is a first trial for using visible amount of
Am in high temperature melt at KURRI. In ARS-3 and
ARS-11, the electron absorption spectra of Nd were
measured. Effects of adding fluoride or borate were
clarified. ARS-9 studied reduction behavior of UCI; on
Ni and Al electrodes in LiCI-KCI eutectic salt bath by
cyclic voltammetry. Separation of U from Al was
discussed. ARS-10 studied electrochemical behavior and
liquid structures of molten alkaline chlorides containing
Al. Raman spectra obtained were interpreted by using ab
initio method. ARS-4, 5, and 8 studied aqueous
chemistry of actinides and FP elements. ARS-4 studied
Pd complexation by ab initio method. Optimized
geometries of aqua- and chloro- Pd species were
calculated. ARS-5 studied solvent extraction of “Mo.
Carrier-free Mo obtained from a Kyoto University
Reactor (KUR) multitracer was used. ARS-8 studied the
temperature effect of Th solubility. The Th solublity at
363 K was clarified. Nuclear physical properties of
TRUs were investigated in the study, ARS-6. By
activation method using KUR, the thermal-neutron
capture cross section of “*Am was newly evaluated. In
ARS-9, polycrystalline samples of YgUO;, were
synthesized by solid state reactions. XRD, SEM, and
EDX data were successfully obtained.

3. Summaries of the achievements

In this research, by using various unique facilities of
KURRI for f-element research, new and characteristic
chemical and nuclear physical data were obtained. These
new information encompass solid chemistry, molten salt
and solution chemistry, as well as nuclear reactions of
f-elements. The results are useful either for scientific
purpose or for technological purpose for nuclear science

and general industry.
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INTRODUCTION: Electrochemical property of ura-
nyl ion in aqueous solution highly concentrated by LiCl
is significantly different from that in the dilute solutions,
and similar to that in the molten salt [1]. These highly
concentrated aqueous solutions are considered for the
electrolyte medium in the dry reprocessing of spent nu-
clear fuels, instead of high temperature molten salts. Re-
cent experimental works [2,3] reveal that the local struc-
ture around uranyl ion in the concentrated solutions is
intermediate between the dilute solutions and molten salts.
On the other hands, there is no report on the local struc-
ture in such concentrated solutions using simulation
techniques. In the present work, we have performed mo-
lecular dynamics (MD) simulation for LiCl agueous solu-
tions containing uranyl chloride, and evaluated the local
structure in the highly concentrated solution.

CALCULATIONS: All the MD calculations have
been carried out with NVE ensemble. The time step was
1.0 fs. The SPC/E model was used for water molecule,
and the other ion models were cited from ref [4,5]. The
water and uranyl molecules were treated as rigid bodies
with SHAKE method. The LiCl concentration was set at
0,1, 3,5, 8,14 M, and the concentration of uranyl chlo-
ride consistently at 0.05 M. After equilibrating the sys-
tems at 298 K, we evaluated the self-diffusion coefficient,
radial distribution function, angular distribution function,
and coordination number distribution in each solution. In
14M LiCl, the U L -edge extended X-ray absorption fine
structure (EXAFS) spectrum was theoretically calculated
using the FEFF code [6].
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Fig.1 Self-diffusion coefficients in LiCl
aqueous solutions.

Local Structure around Uranyl lon in Concentrated LiCl Aqueous Solutions

RESULTS: Figure 1 shows the self-diffusion coeffi-
cients in each solution. The calculated results are in good
agreements with the experimental result [7] for a whole
range of concentration. However, as shown in table.1, the
U-ClI distance and coordination numbers in 14M LiCl are
underestimated compared with the experimental results
[3]. Figure 2 shows the Fourier transforms of experi-
mental[3] and calculated EXAFS spectra. The calculated
U-CI correlation shows very lower and more distance
than the experimental result [3]. These disagreements of
the local structure should be traceable to the insufficient
interatomic potential between uranyl ion and Cl ion.

Table.1 Coordination distances and numbers for
uranyl ion in 14 M LiCl.

U-OH, U-Cl
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Fig.2 Fourier transforms of experimental

and calculated U Lj-edge EXAFS spectra

in 14M LiCl.
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INTRODUCTION:

In currently proposed aqueous separation systems, in
which dedicated extractants are used to extract trivalent
actinides from High Active Waste (HAW), co-recovery of
Am and Cm is possible. However, a large separation
process, which is necessary for the removal of lantha-
nides from trivalent MAs, spoils the cost efficiency, and
it is practically impossible to separate Am from Cm.
Even in a pyrochemical reprocessing system, which is
based upon an electro-refining technique using molten
salt, Am/Cm separation is very difficult, because their
standard redox potentials are very close. In this context,
this paper focuses attention to the possibility of Am isola-
tion utilizing the divalency of Am, which can exist in
molten chloride melt. In the present report, we studied
electrochemical characteristics of Am in micro litter order
volume of molten LiCI-RbClI eutectic
EXPERIMENTAL.:

Solid Am oxide was dissolved into nitric acid and heated.
The solid Am(NO3); after drying up was dissolved into
LiCI-RbCI (55:45) eutectic melt at 773 K. Am(NO3); was
converted to AmClI; by purging Cl, gas into the melt. In
the electrochemical measurements, about 0.015 mol%
AmClI; solutions of molten LiCI-RbCI was used. PYREX
glass membrane tube of 3 mm inner diameter was used
for the measurement. A 0.6 mm¢ tungsten wire was used
for working and counter electrode, both covered with
alumina sheath (Fig. 1).

Fig.1 Working and counter electrodes (0.6 mm¢ tungsten
wire).

An Ag|Ag” reference electrode composed with an Ag
wire|l mol% AgCl in a bulk meltPYREX glass mem-
brane tube was used. Those two glass membrane elec-
trodes were inserted into bulk LiCI-RbCI melt. Electro-
chemical measurement system HZ-5000 (Hokuto-Denko
Co. Ltd.) was used for the voltammetry measurements.
All the experiments were carried out in a glove box filled

with dry argon whose humidity and oxygen impurity was
continuously kept less than 1 ppm.

RESULTS:

100 pl of sample solution ([Am] = 0.14 mol%) was used
for electrochemical measurements. Open circuit potential
(Eocp) Was monitored to estimate dissolving ions deter-
mining the equilibrium potential in the solution. Here, the
equilibrium potential is depended on concentration and
oxidation state of ions dissolving in the melt. Egcp
showed -1.08 V vs. CL/Cl, which was positive enough to
the redox potential of Am. It has been reported that the
electrochemical of Am ion is similar to that of Nd as fol-
lows[1];

AN+ e 5  Am* 1)
Furthermore, generated Am®" disproportionates to form
Am** and metallic Am,

3AM* 2 2Am*  +  Am@ (2

In order to study electrochemical behaviour of Am in
molten LiCI-RbClI eutectic, differential pulse voltammo-
gram was measured. Three reduction peaks at -1.78, -2.12
and -2.90 V were observed. The peak at -2.90 V seems to
be close to the reduction potential of the Am**|Am© cou-
ple, which is calculated based on the redox potential of
the Am*'|Am© couple in LiCI-KCI eutectic[2] and aver-
aged polarizing power of the LiCI-RbCl eutectic [3].
Here, the redox potential was assumed to show linear
dependence on the averaged polarizing power of compo-
nent cations of solvent melt consisted of the mole fraction,
the valence and the ionic radius of the solvent cations, Li*
and Rb" in this case[3]. On the other hand, peaks at -1.78
and -2.12 V would be the reduction of iron and chromium
ion which would be impurity coming from the dissolution
of the sample tube.

1/x 104 (A)

635 -3 2.5 2 -1.5 -1
E (V vs. CI/Cl,)
Fig.2 Differential pulse voltammogram of Am in
LiCI-RbCl eutectic at 673 K.
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INTRODUCTION: Neodymium is one of the rare
earths and it is widely used mainly as a neodymium
magnet. The neodymium magnet has the strongest mag-
netism among the permanent magnets and it has been
used as voice coil motors of hard disk drives and motors
in hybrid vehicles, electric vehicles, hybrid electric vehi-
cles, wind farms and medical instruments which requires
of strong magnetism. The demand of neodymium in-
creases along with increasing the demand of neodymium
magnets. However, over 90 % of the first resources of
rare earths including neodymium are now in China [1].
Although the price of neodymium tends to decrease re-
cently, the lack of rare earths resources is a concern de-
pending on the strategy of China. Therefore, we have
focused on used nickel misch metal hydride batteries as
the secondary resource of rare earths, and investigated
applicability of molten salt electrolysis to extract neo-
dymium. For the fundamental study, the electron absorp-
tion spectra of LiCI-KCI-NdCls-LiF and
NaCl-2CsCI-NdCl;-NaF has been measured to investi-
gate the correlation between the structure and the elec-
trochemical behavior by the addition of fluorides.

EXPERIMENTS: UV-vis spectroscopy of molten salts
containing neodymium cation has been carried out by
using the spectrophotometer (JASCO V-500) at the hot
labo in KURRI [2]. The solvent salts of LiCI-KCI or
NaCl-2CsCl was initially molten in a quartz cell (light
path: 1cm) installed in the argon circulated glove box and
the background absorption spectrum was measured. Then,
anhydrous neodymium chloride was added and electronic
absorption spectrum of neodymium was obtained by the
extraction of the background from the spectrum. In order
to look at the effect of fluoride in absorption spectra, LiF
(upto 35 times of the molar concentration of neodymium)
or NaF (upto 10 times of the molar concentration of neo-
dymium) was added stepwisely to molten LiCI-KCI or
NaCl-2CsCIl melts, respectively. Before the measure-
ment, the molten salts containing fluoride were well con-
firmed that the mixtures were homogeneously mixed
without any bubbles in the light path.

RESULTS and DISCUSSION: It is well known that
the evolution of hypersensitive transition in the electronic
absorption of neodymium is related to the indication of
the symmetric characteristics of 6 anions octahedral co-
ordinated species around neodymium cation [3]. The
electronic absorption spectra of neodymium in molten
LiCI-KCI-LiF (Fig.1a) shows that with increasing the

concentration of LiF, the main absorption peak is slowly
shifted to the lower wavelength and new absorption
shoulder appears at ca 575 nm. Contrary to the case of
LiCI-KCI-LiF, the electronic absorption spectra in molten
NaCl-2CsCl-NaF (Fig.1b) shows much drastic effect de-
pending on fluoride concentration, i.e. molar absoptivity
rapidly decreases until the concentration of 6 times to the
neodymium and it seems saturated over this concentra-
tion. It can be clearly identified that the peak at ca. 575
nm is related the fluoride coodinated species. The rea-
son of the difference of the tendency would be the syn-
metric characteristics of neodymium species and/or the
effect of the coulombic interaction between the cation
existing in 2" coordination sphere (in this case Li* or
Na®) from neodymium. EXAFS and Raman spectroscopy
should be carried out to elucidate the complicated behav-
iour of fluoride addition effect before performing numer-
ical calculation study.
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Fig.1 electronic absorption spectra of neodymium in

molten (a) LiCI-KCI-LiF and (b) NaCI-2CsCI-NaF.
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INTRODUCTION: Palladium 107 (*Pd) is known as
one of long lived fission products. In order to know the
nuclear properties of Pd isotopes, Nakamura and
co-workers [1] have studied on neutron capture cross
section of 'Pd. The isotopic analytical technique is
helpful to understand the fractionation mechanism of Pd
isotopes in environmental samples and so on. In parallel
with the analytical studies, quantum chemical calcula-
tions are performed to check the validity of analytical
results. The equilibrium constant of the isotope exchange
reaction can be theoretically obtained as the reduced par-
tition function ratio (RPFR) of isotopologues. The RPFR
value is usually calculated through harmonic vibration
analysis. In this study, we report some ab initio calcula-
tions of hydrated Pd”* complexes.

COMPUTATIONAL DATAILS: The orbital geometries
and vibrational frequencies of aqueous Pd(Il) species
were calculated by using the density functional theory
(DFT) as implemented by the Gaussian03 code. The DFT
method employed here is a hybrid density functional
consisting of Becke’s three-parameter non-local hybrid
exchange potential (B3) with Lee-Yang-and Parr (LYP)
non-local functionals. Similar to an ab initio study on
aqueous Pd(Il) chlorides, we selected the basis sets. The
6-311+G** basis set (all-electron basis set) was chosen
for H, O, and CIl. An effective-core potential (ECP) basis
set, CEP-121G, was chosen for Pd. The detailed proce-
dure can be seen elsewhere [2].

RESULTS: In order to evaluate the respective strength of
mass-dependent effects, we performed some quantum
chemical analysis calculations of the vibrational energies
of the aqueous Pd(Il) species. It is well known that the
core structure of Pd(Il) complex has the square-planar
structure via the hybrid orbital dsp? The hydrated Pd**
with the first coordination sphere is generally expressed
as Pd(H,0).*. For this equatorial plane, two water mol-
ecules are arranged at the axial orientation. The shell in-
cluding the first coordination sphere and the two water
molecules called "meso-shell." The Pd-O bond length for
water molecules at the axial positions is longer than that
at the equatorial positions. The two waters at the axial
position are stabilized by water molecules in second co-
ordination sphere.

Calculation of the aqua complex was examined. We
performed structural analysis of Pd(H,0),** and
Pd(H,0).4**. Our calculation results are consistent with
other calculation methods (see [2]). Isotope fractionation

Chemical Isotope Effect of Actinides and Fission Product Elements

of Pd has been found in a chloride system [2]. The acidity
dependence of the fractionation [2] should be due to the
difference in the vibrational energy of Pd aqua- and
chloro- complexes.
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Fig. 1. Structure of Pd(H,0)..>".

The  structures  of  PdCl,(H,0).n®"  and
PdCl,(H,0)14,°" (n = 0, 1, 2, 3, or 4) were optimized and
then intramolecular frequencies of these species were
calculated. The isotope enrichment factor due to the in-
tramolecular vibrations can be evaluated from the re-
duced partition function ratio (RPFR) [3]. It was found
that the complexation of Pd*" with CI" depress the RPFR
value.
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Fig. 2. Reduced partition function ratio (RPFR) of
PdCl,(H,0)4n2" (@) and PACl,(H;0)1s.>" (m). N means
number of CI" in first coordination sphere of Pd*".
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INTRODUCTION: Chemistry researches on heavy-
actinide and transactinide elements at the uppermost end
of the periodic table are very important in inorganic
chemistry. Chemical properties of these elements are ex-
pected to be characteristic due to strong relativistic ef-
fects on their electronic shells. Chemical experiments
of these elements must be carried out on single atom
scale, because of their short half-lives and low production
rates in the nuclear reactions. It is, therefore, very diffi-
cult to perform chemical experiments of these elements.
The chemical experiments of the transactinide elements
have been performed mainly by simple partition method
and detection method is limited to an alpha-particle
measurement. In the chemical studies, the complex for-
mation and chemical species of the transactinides were
investigated based on the comparison of its chemical be-
havior with those of lighter homologous elements.

In our previous study, we carried out solvent extraction of
molybdenum (Mo) and tungsten (W), which were pro-
duced in nuclear reactions and transported by He/KCI
gas-jet system, in Aliquat 336/HCI system for chemistry
of element 106, seaborgium (Sg) [1]. In this work, we
carried out solvent extraction of carrier-free Mo using
*Mo obtained from a Kyoto University Reactor (KUR)
multitracer [2].

EXPERIMENTS: The **Mo was separated from the
KUR multitracer by anion-exchange chromatography.
Solvent extraction of *Mo was performed by mixing 1
mL of 2-11 M HCI solution containing *Mo with 1 mL
of 0.011-0.23 M Aliquat 336 chloroform solution in a
polypropylene (PP) tube. The mixture was mechanically
shaken for 30 min. After centrifuging the solution, the
same volumes of both the phases were pipetted in sepa-
rate PP tubes and then were subjected to y-ray spectrom-
etry with a Ge semiconductor detector. Distribution ratio
(D) was determined from the radioactivity of *Mo. The
D values were determined using the equation:
D= Aorgvaq/ AaqVorg 1)

where A represents the radioactivity and V represents the
volume of the solution. The subscripts “aq” and “org”
denote the aqueous and organic phases, respectively.

RESULTS: The variations of the D values of Mo as a
function of HCI concentration at 0.05 M of Aliquat 336
are shown in Fig. 1. The D values are good agreement

Solvent Extraction of Molybdenum from Hydrochloric Acid with Aliquat 336

with those in Ref. [1] at 8 and 11 M HCI solutions.
However, the D values were higher than those in Ref [1]
at 2 and 5 M HCI solutions. In the previous experiment
with the shaking time of 3 min, chemical reactions in the
extraction would not be in equilibrium in lower than 5 M
of HCI.

We investigated the relationship between the D value and
Aliquat 336 concentration at 11 M of HCI to determine
the net charge of the extracted Mo complex. The result is
shown in Fig. 2. The linear relationship between logD
and log[Aliquat 336] is observed. The slope value of the
linear line is 1.0 £ 0.1. The present data indicate that an-
ionic complex of Mo with net charge of —1 would be ex-
tracted into Aliquat 336 chloroform solution from 11 M
HCI solution. The [M0oO,Cls]” complex can be suggested
based on Ref. [3].
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Fig. 1. Variation of the D value of **Mo as a function of
HCI concentration at 0.05 M of Aliquat 336.
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Fig. 2. Variation of the D value of **Mo as a function of
Aliquat 336 concentration at 11 M of HCI.
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INTRODUCTION: A series of experiments with
the activation method has been performed to measure
thermal-neutron capture cross-sections and resonance
integrals of Minor Actinides (MAs), ex. ®’Np, *Cm
#1Am and so on. Americium-243 is one of the important
MAs, because it has long half-life (7370yr) and products
higher Cm isotopes via neutron capture reaction, i.e.
24Ccm, 2Cm, and ***Cm. However, there still exist large
discrepancies among reported data of the thermal-neutron
capture cross-section (op) as shown in Fig.1. This situa-
tion might affect the prediction of the amount of product
nuclides. This work reports the situation of the measure-
ments and analysis for the neutron capture cross-section

of the **Am(n,y) reaction.
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Fig.1 Situation of the reported data for o

EXPERIMENTS: Adequate amount of a high-purity
23Am standardized solution (999Bq) was prepared for an
irradiation sample. Its amount was measured with an
alpha spectrometer, EG&G ORTEC SOLOIST alpha
spectrometer. The irradiation for the **Am sample was
performed for 1 hour at the Pn-2 of the KUR. Pieces of
Au/Al and Co/Al alloy wires were irradiated together
with the Am sample to monitor neutron flux components
at the irradiation position. A high-purity Ge detector was
used to measure the y rays emitted from the Am sample
and wires to obtain their induced activities. Figure 2
shows an example of y-ray spectrum of ?*Am sample.
Decay v rays emitted from 2**Am (10.1h) were observed
at the energies of 154, 744 and 898 keV.

Measurements of Neutron Capture Cross Sections for Radioactive Nuclei
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Fig.2 An example of y-ray spectrum of **Am sample

ANALYSES: When analyzing the spectral data, there
was the problem that the y-ray emission probabilities
have about 30% errors [1]. The ?**Am ground state de-
cays to the 6" state of **Cm by the probability of 100%
via B~ decay[2]. There is no transition from the isomer to
ground states of **Am. Using this scheme, emission
probabilities could be derived straightforward form the
ratios of y-ray yields for 154, 744 and 898 keV as fol-
lows:

100% L, +1,+L;=100 ... @
vV 5-41-/1
Lyl (e =77 L @
Y2 ‘9721;2
Y1 yflz g,ﬂ]:/l @
Y2 Yo &l
RE] 1
I = E V, £,V
) 14 EnY2 | Ends
&MV &30

With this idea, we found the possibility that the emission
probabilities of gamma rays would be improved greatly
from 30% error to a few %. In this preliminary experiment
preliminary, the decay gamma-rays were not followed. In
the future experiment, we schedule that the irradiation time
is lengthened, and the decay gamma rays are measured
enough. It is expected to be able to improve the accuracy
of the cross section of ***Am by re-measuring the gam-
ma-ray emission probabilities.

REFERENCES:
[1] R.W.Hoff et al., Phys. Rev. C.29,618 (1984).
[2] S.E.Vandenbosch et al., Nucl. Phys., 30,177 (1962).
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PR2-7 Elecrochemical Properties of Uranyl Species in 1-Ethyl-3-Methylimidazolium Nitrate

K. Sasaki, M. Harada, T. Suzuki and Y. Ikeda

Research Laboratory for Nuclear Reactors, Tokyo Insti-
tute of Technology

INTRODUCTION: Room temperature ionic liquids
(ILs) are expected to be useful media for recovering ura-
nium from spent nuclear fuels and solid wastes contami-
nated with uranium [1]. Hence, the extraction behavior of
uranyl species from aqueous to IL phase, the electro-
chemical behavior of uranyl species in ILs, and so on
have been studied [2-8]. In the present study, we have
examined the structure and electrochemical behavior of

uranyl(VI) species in EMINO; (EMI = 1-ethyl-
3-methylimidazoliun).
EXPERIMENTS: EMINO; and [EMI],[{UO,-

(NOs3),}2(24-C,04)] were synthesized based on the re-
ported method [9]. The syntheses of these compounds
were confirmed by using NMR and single crystal X-ray
analytical methods. Cyclic voltammetry were carried out
using BAS ALS model 660B. A three-electrode system
was used for preventing the ohmic drop, i.e., a working
electrode: glassy carbon, a counter electrode: Pt, a refer-
ence electrode: Ag/AgCI (a liquid junction filled with
EMINO,).

RESULTS: UV-visible absorption spectrum of EMI-
NO; solution dissolved [EMI],[{UO5(NO3),}(14-Co04)].
The absorption spectrum was found to be similar to that
of DMINO; solution dissolved [DMI],[UO»(NOs),]
(DMI = 1.3-dimethylimidazolium). This suggests that the
uranyl species in  EMINO; solution dissolved
[EMIT,[{UO,(NO3).}2(1s-C204)] exist as [UO,(NOs),]*.

Figure 1 shows the cyclic voltammograms of EMINO;
solution  dissolving [EMI],[{UO2(NO3),}2(14-C,04)]
measured at various scan rates (v). As seen from Fig. 1,
one reduction and two oxidation peaks are observed at
around -0.5 (Epc), -0.3 (Epar), and 0.03 V (Epa2), respec-
tively, and the peak at around 0.03 V disappear with in-
creasing the scan rate. Furthermore, it was found that the
Epc - Epa1 Values increase with an increase in the scan rate
and that the plot of peak currents of E vs. v'*? gives a
linear relationship. From these results, it seems likely that
the present reaction proceeds through following mecha-
nism.

[UY'02(NO3),]” + & — [UY0,(NO3)]*  (Epo).

2[UY0,(NO3)]* — [UY'05(NOs),]* + [U"Y(NO3), ™"

[UYO,(NO3)]* — [UY'05(NO3)” + € (Epa)

[UNO,(NO3),] ™ — [UY'0,(NO3),)* + 26" (Epa)

However, the chemical form of uranyl species in EMI-
NO; must be examined in more detail.

20 I I I I I I I
0 -
<-20F .
3
3-40f .
—60F -
80 | _
| | | | | | |
40 08 06 04 02 00 02 04 06
Potential E/V vs. Ag/AgCI
Fig. 1. Cyclic voltammograms of the solution pre-

pared by dissolving [EMI];[{UO2(NOs3),}2(14-C,04)]
(1.01 x 10 M) into EMINO; measured at different scan
rates (v = 0.05 ~ 0.3V/s). Initial scan direction: cathod-
ic. Temp. = 65 °C.
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PR2-8 Temperature Effect on the Solubility and Solid Phase Stability of Thorium Hydroxide

T. Kobayashi, T. Sasaki and H. Moriyama®

Graduate School of Engineering, Kyoto University
'Research Reactor Institute, Kyoto University

INTRODUCTION: Safety assessment of geological
disposal requires a prediction of solubility limit of tetra-
valent actinide (An(IV)) over a considerable time-span
more than 100 thousands of years. An(lV) is easily hy-
drolyzed to form amorphous hydroxide (An(OH)4(am))
which controls the solubility limit. However, meta-stable
An(OH)4(am) is potentially stabilized to more thermo-
dynamically stable crystalline oxide (AnO,(cr)) during
extremely long period of disposal or under relevant ele-
vated temperature condition in the disposal site. In the
present study, we focused on the solubility and solid
phase stability of thorium (Th(IV)) hydroxide after heat-
ing at 90°C. Th solubility was measured and the solubili-
ty product correlated to the particle size of solid phase.

EXPERIMENTS: A Th stock solution diluted to ob-
tain sample solutions, and pH value was adjusted by
HCIO,/NaOH. The sample solutions were placed into an
oven controlled at 90°C and kept for given periods. After
aging, the sample solutions cooled down to 25 °C and the
pH values measured. The supernatant was filtered (3k -
100k Da filter, Millipore) and Th concentration deter-
mined by ICP-MS (HP4500, Hewlett Packard). The de-
tection limit was about 10 ® M. The solid phase was ana-
lyzed by X-ray diffraction (XRD) measurement (RINT
2000, RIGAKU).

RESULTS: Fig. 1 shows the Th(lV) solubility after
heating at 90 °C at ionic strength (I) = 0.1, together with
the solubility of Th(OH),(am) kept at 90 and 25 °C [1,2].
The solubility after heating at 90 °C for 7days starts to
decrease compared to those at 25 °C, and the values after
41 days are approximately 3 orders of magnitude lower
than those of Th(OH),4(am) kept at 25 °C. Analyzing the
solubility data after heating, the solubility product values
were determined.

In the XRD spectra of the solid phases, broad peaks
corresponding to ThO,(cr) were observed, indicating the
crystallization of the initial Th(OH),(am). It is note that
several sharp peaks (26 = 30.0, 31.2, 37.2, 39.6, and 47.5
% at | = 2.0) attributed to NaClO,4, which was used as
back electrolyte. As the peaks 20 = 27.6, 45.9 and 54.4 °
attributed to ThO,(cr) and the particle size (D) of solid
phase was calculated using Scherrer equation:

D= K%cos@ @),

where K, 4, g, and @ represent Scherrer constant, X-ray
wavelength (Cu-Ka), the line broadening at the half

maximum intensity (FWHM) in radian, and the Bragg

angle.
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Heating at 90°C
) I=0.1(NaClOy) |7
20k M N A 7days ™
L v 21days .
S0l l;; A M 4 41 days
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— 40— M 76 days i
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Fig. 1 Th solubilty after heating at 90 °C (3kDa)
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1=0.5, pH=7.5, 39 days|
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Fig. 2 XRD spectra of Th solid phase after heating at 90

°C

Relative Intensity

The relationship between obtained solubility product
value and particle size of the solid phase after heating are
in agreement with the Schindler equation [3], where the
solubility product decreases with increasing particle size.
This work exemplifies the predicted transformation of
amorphous phase into a thermodynamically more stable
phase, and therefore less soluble solid of higher crystal-
linity. This finding adds highlight to understand an im-
portant mechanism relevant for predicting actinide solu-
bility at repository conditions.
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PR2-9

Reduction Behavior of UCI; on Ni and Al Electrodes in

LiCI-KCI Eutectic Melt at 773 K

Y. Sakamura, M. lizuka, K. Uozumi, T. Fujii*, A. Uehara®
and H. Yamana'

Central Research Institute of Electric Power Industry
'Research Reactor Institute, Kyoto University

INTRODUCTION: Electrorefining process using
molten chloride salt bath is under development world-
wide for nuclear fuel cycle. Actinides contained in spent
nuclear fuels are dissolved into the salt at the anode, and
then are collected at the cathode. Liquid Cd cathode is
employed to collect Pu together with U and minor acti-
nides (Np, Am and Cm). Because of chemical similarity,
some of rare earth fission products are also deposited in
the Cd cathode. Since Ni and Al form intermetallic com-
pounds with actinides, they are expected to be an alterna-
tive for the cathode material to enhance the separation
factor between the actinides and rare earths. The Ni
cathode has been studied to separate Dy from Nd con-
tained in used Nd magnets [1], and the Al cathode has
been studied for the electrorefining process of spent nu-
clear fuels [2]. In this study, reduction behavior of UCls
on Ni and Al electrodes in LiCI-KCI eutectic salt bath are
investigated by cyclic voltammetry.

EXPERIMENTS: LiCI-KCI eutectic melt was con-
tained by a high-purity alumina crucible at 773 K, where
a working electrode of Ni, Al or W wire (1 mm diameter),
a counter electrode of glassy carbon rod (3 mm diameter),
a Ag/AgCI reference electrode and a type-K thermocou-
ple were placed. The W wire was employed as the inert
electrode because W metal does not form any alloys with
U or Li metal. The Ag/AgCI electrode consisted of a Ag
wire immersed in a LiCI-KCI eutectic salt mixture with 1
wt% AgCl, which was contained in a closed-end Pyrex
tube. The potential used in this paper is relative to the
Ag/AgCI potential, unless otherwise stated. The potential
of the Ag/AgCI electrode was 2.407 V against a Li metal
electrodeposited on a Ni wire. The concentration of UCl;
was incrementally changed by adding a prepared
LiCI-KCI-UCl; salt whose U concentration was 11.4 wt%
determined by ICP-AES analysis. All the measurements
were conducted in a high-purity Ar atmosphere glove box
(H,0, O, < 1 ppm).

RESULTS: The blank test was conducted in a LiCl-
KCI eutectic alone. The cyclic voltammogram (CV) of Al
has a cathodic current peak rising at about -1.9 V, which
should correspond to the formation of Li-Al alloy. As for
the CVs of Ni and W, no cathodic current is observed in
the potential range more positive than -2.4 VV where Li
metal is deposited.

Figure 1 shows typical CVs of the Ni, Al and W elec-
trodes in a LiCI-KCI-UCI; (0.16 mol%) melt. The work-
ing electrode potential was first scanned from the rest
potential to -1.6 V and then was reversely scanned. The

CV of W indicates that reduction of U** to U metal oc-
curred by a one-step process for the reduction wave at
-1.45V, followed by reoxidation of the deposited U metal
at the electrode surface during the anodic sweep.

On the Ni electrode, a small cathodic current corre-
sponding to the formation of U-Ni alloys rises from -1.25
V. In addition to the anodic peak for reoxidation of the
deposited U metal, there are several anodic peaks, which
indicates that U dissolves from the different U-Ni alloys.
Several alloys (UNigs, UNi,, UsNi;, U;Nig and UgNi) are
shown in the phase diagram of U-Ni system [3]. Besides,
two anodic currents located at around 0.2 V and 0.0 V
should correspond to the U**/U** and Ni/Ni** couples,
respectively. It is noted that the anodic peaks for oxida-
tion of the U-Ni alloys are much smaller than that of the
pure U metal. Hence, the formation reaction of U-Ni al-
loys is relatively slow compared with the rare earth-Ni
systems [1].

The rest potential of the Al electrode, around -1.03 V,
is more negative than those of the Ni and W. In the CV of
Al, the cathodic current rises from the rest potential,
which is attributed to the formation of U-Al alloys [2].
The cathodic current peak for pure U metal deposition is
also observed at -1.45 V. It is indicated that the formation
reaction of U-Al alloys is faster than that of U-Ni alloys.
The anodic current rising steeply from -1.03 V should be
due to the dissolution of U and Al from the U-Al alloys.
Therefore, it is suggested that U cannot be separated from
Al by the anodic dissolution of U-Al alloys.
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Fig.1 CVsof W (¢1 x5 mm), Al (¢1 x 7 mm), and Ni

(61 x 5 mm) wire electrodes in LiCI-KCI eutectic melt
containing 0.16 mol% of UCl; at 773K. Scan rate 0.1 V/s.
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PR2-10
T. Goto and K. Hachiya®

Department of Environmental Systems Science, Faculty
of Science and Engineering, Doshisha University
'Department of Fundamental Energy Science, Graduate
School of Energy Science, Kyoto University

INTRODUCTION: Molten salts are promising media
for separation and recovery of the spent nuclear fuel. To
realize the process, clarifying the physicochemical prop-
erties of FP elements in molten salts is required. Although
cesium is known as an important fission product, little
has been reported about its effect on the molten salts.
From the background, we have examined the influence
that the existence of the cesium ion gave to other multi
valence ions in molten LiCI-KCI. In this report, alumi-
num ion was selected as model of a multi valence cation
and electrochemical behavior and liquid structures of
molten alkaline chlorides containing Al were investigat-
ed.

EXPERIMENTS: The LiCI-KCI-CsCl eutectic
(LiCI-KCI-CsCI=57.5:13.3:29.2 mol %) was used as an
electrolyte for electrochemical measurement. AICI; was
directly added to the melt as an AI(IIl) source. All ex-
periments were conducted in an argon atmosphere with a
continuous gas refining instrument. A tungsten wire elec-
trode covered with a high purity alumina tube was used
as a working electrode for investigating electrochemical
behavior of aluminum ions. Diffusion coefficient of alu-
minum ions was determined by means of electrochemical
measurement. Raman scattering spectra were obtained
for AICI;, LIiCI-KCI eutectic melt +3mol% AICl;,
LiCI-KCI-CsCl eutectic melt + 3 mol% AlICl;,
NaCl-AICl; 1:1 melt. Simulated Raman spectra were also
attained through density-functional-theory calculations
with GAUSSIAN 009.

RESULTS: Diffusion coefficient of AI( Il ) in
LiCI-KCI-CsCl at 603 K was determined to be 4.0 X 107
cm? s, The diffusion coefficient was 3 orders lower than
that in LiCI-KCI. This implied the coordination of alu-
minum ion in the molten salts was affected by the exist-
ence of the cesium ion. Raman spectroscopy was carried
out to characterize the melt structures. Experimental and
calculated Raman spectra are given in Figs. 1 and 2. A

hybrid functional, B3LYP, was used for ex-
change-correlation functional, and 6-311G**,
6-311++G**, and aug-cc-pVTZ were used for basis

functions. Finite-temperature liquid structure was also
analyzed through atom-centered density matrix propaga-

Electrochemical Behavior of f-Elements Compound

tion (ADMP) simulation, a variant of ab-initio molecular
dynamics simulations, with split valence basis function
of m-def2-SVP and HSEh1PBE hybrid correla-
tion-exchange functional for 1:1 CsCI-AICl; mixture at
700 K. As have been reported and discussed [1], AICI,
cluster structure is expected for anion in basic and neutral
molten aluminum-alkaline-metal chloride mixtures. Our
calculation basically confirmed the dominance of AICI,
at neutral condition, but transient existence of Al,Cl;
was also observed as have been reported for other alu-
minum-alkaline-metal chloride melts [2].
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Fig. 1 Raman scattering spectra for molten AICI; at 573
K.
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Fig. 2 Simulated Raman scattering spectra for Al,Clg
cluster.
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PR2-11

Characterization of Neodymium lon in Molten CacCl,

in Equilibrium with Neodymium Triborate, NdB3Og

H. Sekimoto, A. Uehara’, T. Fujii* and H. Yamana®

Department of Materials Science and Engineering, Fac-
ulty of Engineering, lwate University
'Research Reactor Institute, Kyoto University

INTRODUCTION: Development of recycling tech-
nique for neodymium magnet is essentially important to
achieve sustainable society. Consequently, we propose
and are investigating a new recycling process of neo-
dymium magnet shown in Fig. 1. In the proposed process,
the neodymium magnet is melted together with sufficient
amount of B,Oj3 in graphite crucible to form molten iron
based alloy and Nd,0s-B,05 slag, which is recovered and
dissolved in molten salt. And then, Fe-Nd-B alloy is pro-
duced by molten salt electrolysis. In this study, as the first
stage of the research on the molten salt electrolysis in the
proposal, we investigated the dissolution behavior of ne-
odymium triborate, NdB3Og, which is the main compo-
nent of recovered Nd,0s-B,0; using absorption spec-
troscopy.

EXPERIMENTS: The absorbance of CaCl, molten
containing a given amount of dissolved NdCl; at 800 °C
was measured to obtain the absorption spectrum of triva-
lent neodymium ion. And then, we measured the absorp-
tion spectrum of trivalent neodymium ion in CaCl, mol-
ten salt in equilibrium with the mixture of NdB3Og4 and
B,0;3 which is prepared by melting 5.7 g of Nd,O; and
4.3 g of B,O3 in graphite crucible at 1200 °C.

RESULTS: Figure 2 shows the absorption spectra of
trivalent neodymium ion in CaCl, molten salt at 800 °C.
The broken lines were obtained as the results of the
measurement of the absorbance of NdCI; dissolved in
CaCl, molten salt. The spectra are similar to the absorp-
tion spectra of neodymium chloro complex ion in
LiCI-KCI eutectic molten salt at 600 °C obtained by Fujii
et al. [1] On the other hand, the solid line corresponds
absorption spectrum of the neodymium ion in equilibrium
with the mixture of NdB3;Og and B,O; and NdCl;. The
shape of the spectrum is the same as the spectra of chloro
complex ion obtained by the measurement of the absorb-
ance of NdCl; dissolved in CaCl, molten salt. This result
indicates that the neodymium ion in NdB3Og dissolved in
CaCl, molten salt as chloro complex ion. Supposing that
NdB3Og is the mixture of Nd,O3; and B,0; (where the
molar ratio of Nd,O3 to B,03 is 1/3), the dissolution reac-
tion of neodymium ion in CaCl, from NdBsOg is consid-
ered to be represented by the following reaction,

Nd,0; in NdB3Og + 3CaCl, — 2NdCl; + 3Ca0 . (1)

We then estimated the concentration of neodymium ion in

equilibrium with NdB3;Og using the absorption spectra.
The calibration curve of the concentration of neodymium
ion was prepared using the absorbance at 590 nm. Using
the calibration curve, the concentration of neodymium
ion in equilibrium with the mixture of NdB3;Og and B,0;
at 800 °C was estimated to be 0.3 + 0.1 mol kg™* in molal-

ity.

Neodymium magnet

B,0,

N N
Melting in graphite crucible

\ v

Fe based alloy B,0,—
Nd,0.-B,0,

Molten salt electrolysis

v

Recycled Nd alloy

Fig. 1. Flowchart of the recycling process for neo-
dymium magnet proposed in this study.
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Fig. 2. Absorption spectra of trivalent neodymium
ion in CaCl, molten salt at 800 °C.
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PR2-12 Thermal and Mechanical Properties of Actinides-Containing Ceramics
- Synthesis of YgUOq; -

S. Yamanaka, Y. Ohishi, H. Muta and K. Kurosaki (1966).

Graduate School of Engineering, Osaka University

Y UO
INTRODUCTION: The ceramic nuclear waste form Present sty
has been considered as one of the methods to immobilize
actinide elements extracted from high-level radioactive
nuclear wastes. Among them, in recent years Y¢AnOy,
and YbgAnO;, where An represents actinide elements
have received attention as appropriate ceramics in which
actinide elements can be immobilized stably. When uti-
lizing such ceramics as the waste form, the physical and
chemical properties should be understood. However the
properties of Y¢AnQOy, and YbgAnO,, have been scarcely
reported. Previously, our group has investigated the
thermal properties of YsWO, and YbgWO;, [1] because J : '
YeWO3; and YbgWO,, take the same hexagonal crystal Y WO,
structure as that of Y¢AnO,and YbgAnO4, [2].In the pre- JCPDS [73-1474]
sent study, polycrystalline samples of Y¢UO;, were syn- |
thesized by solid state reactions.

Intensity (arb. unit)

20 30 40 50 60 70 80

EXPERIMENTS: YsUO,;, was prepared from the
mixtures of Y,03; and U;Og by standard solid-state reac-
tions. U3Og was prepared by heating UO, in flowing air
at 873 K for 6 h. Dried Y,03 powders (Kishida Chemical 1
Co., 99.99%) and U3Og powders were weighed in the ‘ Lol ] | o
appropriate molar ratio and mixed thoroughly in an agate U S e S S
mortar. These oxide mixtures were pressed into pellets at
150 MPa for 5 min at room temperature. The green pel-
lets were then heated in air on an alumina crucible for 24
h at 1673 K. The crystal structure of the samples was Fig.1 XRD pattern of YsUO,, sample, together with the
analyzed by powder X-ray diffraction (XRD) using peak positions reported in the literature.
Cu-Ka radiation. The microstructure and the element
distribution of the samples were analyzed by the scanning
electron microscopy (SEM) and the energy dispersive
X-ray (EDX) analysis at room temperature.

Intensity (arb. unit)

Diffraction angle, 26 (Cu-Kg, deg.)

RESULTS: Figure 1 shows the XRD pattern of the
Y¢UO;, sample, together with the peak positions reported
in the literature. In the XRD pattern, there were no peaks
derived from impurities. As shown in Fig. 2, the SEM
images revealed that the surface of the Y UOj, sample
was homogeneous with no secondary impurity phases.
The quantitative EDX analyses confirmed that the chem-
ical compositions did not deviate a lot from the starting
compositions. These results indicate that the single phase
material was synthesized in the present study.
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