VIII-II-1. Project Research

Project 1



PR1

H. Yamana

Research Reactor Institute, Kyoto University

1. Objectives and Allotted Research Subjects

Studies on actinide nuclides with careful management are
being more important for reprocessing, disposal, parti-
tioning, and transmutation processes in the nuclear fuel
cycle. Hot laboratory of KURRI is one of core facilities
in Japan, in which actinides especially transuranic ele-
ments can be treated. The actinide studies are expanded
for fundamental and application studies on f-elements.
Allotted research subjects are as the followings.

ARS-1 Dissolution and precipitation behavior of acti-
nides and radio nuclides.

ARS-2 Study on complexation of actinides in aqueous
solutions (T. Sasaki et al.).

ARS-3 Dissolution behavior of actinides and FPs from
irradiated nuclear materials (N. Sato et al.).

ARS-4 Systematic study on extraction characteristics of
actinides (A. Shinohara et al.).

ARS-5 Fundamental and application studies on effec-
tive use of f-elements (Y. lkeda et al.).

ARS-6 Study on chemical isotope effect of actinides
and fission product elements (T. Fujii et al.).

ARS-7 Isotope separation by using microreactor (R.
Hazama et al.).

ARS-8 Analysis of trace f-elements in volcanic samples
(T. Shibata et al.).

ARS-9 Electrochemical study of uranium in pyrochem-
ical reprocessing system (Y. Sakamura et al.).

ARS-10 XAFS analysis on halogenides containing acti-
nides and FP elements (H. Matsuura et al.).

ARS-11 Spectroelectrochemical analysis of actinide ions
in molten salts and hydrate melts (A. Uehara et
al.)

ARS-12 Molecular dynamics simulation of molten salts
containing f-elements (N. Ohtori et al.)

ARS-13 Fundamental study on electrolytic for-
mation/dissolution of f-element compounds in
molten salts (T. Goto et al.).

ARS-14 Absorption spectrophotometric study on metal
ions in molten salts. (H. Sekimoto et al.)
ARS-15 Thermal and mechanical properties of actinides-
containing ceramics (S. Yamanaka et al.).
ARS-16 Study on neutron capture cross sections of
long-lived nuclides by activation method (S.

Nakamura et al.).

Application Studies on Effective Use of F-Elements

2. Main Results and Contents

ARS-1 and 3 clarified dissolution behavior of actinides,
FPs, and C, which are generated by neutron irradiation
of target materials, in aqueous solution. ARS-2 and 4
studied aqueous chemistry of actinides and FP elements.
ARS-2 pointed out the important feature of the potential
correlated with the behavior of agglomeration/ polymer-
ization of Th. ARS-5 studied solvent extraction of *MTc
and **Mo. An effective separation of *™Tc was proposed.
ARS-5, 9, and 12 studied the U chemistry in low temper-
ature or room temperature melts. In ARS-7, coodination
circumstance of [EMI]2[UO2(NQs)4] in ionic liquids was
studied by absorption spectrophotometry. In ARS-9, re-
dox behavior of U at silicon electrode in LiCI-KCI melt
was clarified by cyclic voltammetry. ARS-12 studied MD
simulation for concentrated LiCl aqueous solutions con-
taining uranyl chloride, and evaluated the local structure
of U. ARS-6, 7, and 8 studied isotopic differences in Ca,
Sr, and U in aqueous systems. ARS-6 studied intramo-
lecular vibrations, which is important factor for isotope
fractionation, of uranyl complexes. A correlation between
the vibrational frequencies with ligand exchange at the
equatorial plane was found. ARS-7 studied isotope frac-
tionation of Ca. A possible fractionation of 4Ca/*°Ca was
found. ARS-8 studied precise isotopic analysis of Sr.
Isotope dilution technique was demonstrated. ARS-10,
11, 13, and 14 studied the chemical behavior of FP ele-
ments (Nd and Zr), and structural material elements in
molten salts, the results of which are to be dedicated to
the development of nuclear fuel cycle or general indus-
trial use. In ARS-10 and 14, electronic absorption spectra
of Nd were measured. Effects of adding fluoride or bo-
rate were clarified. In ARS-11, redox behavior of Zr in
LiCI-KCI eutectic salt bath was clarified by cyclic volt-
ammetry. ARS-13 studied electrochemical behavior and
liquid structures of molten alkaline chlorides containing
Al. Raman spectra obtained were interpreted by using ab
initio method. In ARS-15, thermal conductivity of
YsUO12 was successfully obtained. In ARS-16, the ther-
mal-neutron capture cross section of 2Am was newly
evaluated.

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:

Hull (Zircaloy) and end-piece (stainless steel) wastes
categorized as Group 2 of TRU wastes contain an acti-
vated isotope C-14, which is mainly generated by the
14N(n,p)**C reaction in light water reactor. These wastes
are planned to be disposed of in a deep underground re-
pository. Special attention in the long-term safety as-
sessment of the TRU waste is to be given for the behavior
and speciation of C-14 released from neutron-activated
materials to the repository conditions; the near-field,
far-field and biosphere. However, the dissolution and
reaction mechanism of C-14 at the surface of corroded
metal is not sufficiently known yet [1,2]. One of reasons
is due to few number of real samples, which could be
prepared in commercial light water reactor.

The purpose of the present study is i) the preparation
of simulated wastes of zirconium metal species contain-
ing C-14 by research reactor, and ii) the speciation of
dissolved carbon compounds by using sequential separa-
tion method and high-performance liquid chromatog-
raphy (HPLC).

EXPERIMENTS:

i) Production of C-14 in metal sample

The powder samples of zircaloy-4 and stainless steel
SUS316L were heated at nitrogen gas atmosphere to ab-
sorb the nitrogen atoms into the samples. For the treat-
ment of the surface oxidation, some samples were heated
at ambient condition. About one gram of powder sample
was sealed into a quartz tube in vacuo. The tube was in-
serted into the aluminum capsule and neutron-irradiated
(5MWx3h) at the Kyoto University Reactor (KUR).

ii) Leaching test of materials

The sample was left for a few weeks to reduce the high
radioactivity from short-lived nuclides. The powder sam-
ple was then suspended in 10 ml of NaOH solution (pH
12.5). After the aging time in the anaerobic condition at
room temperature, a gaseous species of C-14 in the vessel
was transferred to the ionization chamber by air-purging,
and the radioactivity was measured (Fig. 1). To separately
determine the fractions of inorganic and organic C-14
compounds, the nitric acid was added to collect inorganic
species of C-14 from the aqueous phase to the alkaline
trap, followed by adding K.S;Os/AgNQO3 to oxidize or-
ganic species of C-14 in the same manner. The radioac-
tivity of leached fractions after the above chemical treat-
ment was measured by liquid scintillation counting
(LSC).

Behaviour of C-14 Compounds Dissolved from Irradiated Metallic Materials

Samples leached
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Fig. 1.
Analytical flow sheet of C-14 in the gaseous and liquid
phases after leaching of irradiated samples.

RESULTS:

The dissolution amount of C-14 from the Zry-4 after 1
month was shown in Fig. 2. The quite low component of
gaseous C-14 was not detected by ionization chamber.
The apparent dissolution rate of aqueous species reached
a plateau after 4 months. The rate of the surface-oxidized
samples was found to be lower than that of non-oxidized
ones, and the considerably lower organic component was
dissolved. It is probably due to the difference of oxygen
potential at the surface of oxidized and non-oxidized
samples. By HPLC analysis, the major organic compo-
nent was found to be lower carboxylic acid, such as for-
mic and acetic acids.
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Fig. 2 Comparison of leached species from Zry-4 to
NaOH solution, after 1 month at 25 °C.
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INTRODUCTION:

The reaction of humic substances (HSs) with tetravalent
actinide ions is competitive with the hydrolysis reaction
in which the tetravalent ions form polynuclear, colloidal
species and hydroxide precipitates. Hence the resulting
soluble species and solid phase compositions are deter-
mined by the balance of the hydrolysis and lig-
and-complexation reactions. The apparent solubility of
thorium in the presence of organic ligand after filtration
has been investigated as a function of the proton concen-
tration (pHc). In the presence of artificial simple carbox-
ylic ligand, few Th colloidal species larger than 2 nm
were observed, and the solubility appeared to be con-
trolled by thorium-OH-carboxylate solid phases [1]. Th
solubility in the presence of fumaric acid was similar to
that in the presence of succinic acid, whereas no solid
phase was observed in the presence of maleic acid under
pH 4. Thus, organic ligand having strong interaction with
Th(IV) is thought to play an important role in the migra-
tion and a dicarboxylic acid which coordinates with a
chelate configuration, can be considered as a model sub-
stance of humic substances in groundwater.

The present study focuses on the relationship between
apparent solubility of Th-HA (purified Aldrich humic
acid) species determined by sequential filtration with
different pore-sized filters, and zeta-potential of superna-
tant with some colloids. The potential could be correlated
with the behavior of agglomeration/polymerization of
thorium in the presence of HA and matrix ions, and with
the temperature effect.

EXPERIMENTS:
Solubility batch samples with Th in the presence of HA
were prepared in an argon glove box by oversaturation
approach. Shortly, sample solutions were obtained by
diluting the Th stock solution with perchloric acid, di-
vided into 10 mL aliquots in polypropylene tubes, and the
pH conditions were adjusted by adding aliquots of HCIO4
or NaOH solution. Initial Th concentrations were around
10 M, and the ionic strength was fixed at | = 0.1 and 1
M by adding appropriate amounts of NaClO4. The sam-
ples were aged for given periods of time. Then, the su-
pernatants filtered with different pore-sized membranes
(Microcon NMWL 3 kDa (2 nm), and Dismic 0.45 um).
The Th concentration in the filtrates was determined by
ICP-MS (HP4500, Hewlett Packard).

The zeta potential of samples was determined by us-
ing a Malvern Instruments Zetasizernano ZS used laser
Doppler velocimetry to determine the electrophoretic

Zeta Potential and Apparent Solubility of Thorium-Humic Substance Complex

mobility of suspended matter including colloid.

RESULTS:

In the initial concentration of [HA]=5x10"3 eg/L and
[Th]= 5x10“ M at | = 1, over 90% Th species could be
filtered out by 0.45 um filter at the neutral pH region, and
the apparent solubility after filtration through 3 kDa
membrane was much lower than that through 0.45 um
filter, indicating the coagulation and size distribution of
HS complexes (Fig. 1). At | = 0.1, on the other hand, the
smaller species between 3 kDa and 0.45 um filters was
considered to be dominant species. The growth of Th-HS
complex in size at | = 1 might be caused by the higher
concentration of Na* ion.
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Fig. 1.

Apparent solubility of Th in the presence/absence of HA
under different | at 25C aft 2 months.

Figure 2 shows an example of zeta potential of
Th-HA complex. Higher and constant potential values
around -20mV were observed at | = 1 due to the charge
neutralization of Th-HA complex by Na* ion.
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Fig. 2. Zeta potential of Th-HA complex in the excess
amount of humic acid to Th.
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INTRODUCTION:

After the station black out of Tokyo Electric Power
Company (TEPCO) Fukushima Daiichi Nuclear
Power Station, thousands of tons of seawater for
cooling the high temperature reactor cores was in-
jected. Under high temperature condition in the
pressure vessel, several kinds of FPs and TRU were
possibly released into the cooling water mixed with
seawater and the air from the melted core and its
fine debris which might be reacted with a certain
amount of zirconium alloy of the cladding of the
fuel and/or its oxide. Simulating the radionuclide
behavior in the surface seawater will be helpful to
analyze the forthcoming analysis data about the
contents of minor FPs and TRU in contaminated
water, and to manage associated secondary wastes.
First, the possible fuel debris composed of uranium
and zirconium oxides as main constituents in the
reactor was prepared by heat treatment in reductive
or oxidative conditions. Then the dissolution be-
havior of typical gamma-ray fission products and
neutron activated nuclides as well as uranium in
solid solutions was investigated by neutron irradia-
tion and following leaching in the non-filtrated
seawater. Dissolution behavior of MA was also
studied by the used of MA doped simulated fuel
debris.

EXPERIMENTAL:

Three types of UO,-ZrO, solid solution samples with
Zr concentration of 10, 50 and 90 mol% were pre-
pared by mechanochemical and heat treatments un-
der reductive or oxidative atmosphere. The sample
was vacuum-sealed in quartz tube and irradiated for
20 min using the pneumatic transferring system
(Pn-2) at KUR. For reducing the high radioactivity
of short-lived nuclides, the sample was left in glove
box, and then suspended in 30 ml of fresh seawater
from Minamisoma city, Fukushima. After the aging
time in the atmospheric condition at R.T., a 10 mL
of supernatant was transferred to new sample tube
after filtration with 0.45 um (Advantec) or 3 kDa
(Microcon, Millipore) membranes, followed by

Dissolution Behavior of Actinides and FPs in Spent Nuclear Fuel

evaporation of the seawater at 363 K in order to
prepare a solidified point-like source. For MA
doped sample, similar preparation techniques were
applied by using UsOg powder doped with Np-237,
Am-243. Gamma- and alpha ray spectrometry were
performed using a Ge detector (GMX15P4, Ortec)
and Si-detector (7401, Camberra) to determine the
nuclides leached.

RESULTS:

After the separation of filtrates from the irradiated
sample through the 0.45um membrane, the gam-
ma-ray spectrum of the filtrate was measured. Fig-
ure 1 shows the gamma-ray spectrum of the filtrate
obtained at 160 days later after the irradiation. The
gamma-rays from Th-234, the daughter of U-238
were observed as well as that of U-235 suggesting
the dissolution of fuel material. Gamma-rays from
FP nuclides such as Cs-137 at 662, Ru-103 at 497,
and Zr-95 at 757 keV were also observed in the
spectrum. This indicates the dissolution of FP ele-
ments in the seawater even at room temperature.
Dissolution ratios of FP elements in the oxidative
samples seem to be high compared with those in the
reductive ones. In the case of MA doped samples,
dissolution ratios of MA elements were very low as
well as uranium, though some of them slightly in-
creased with increasing leaching time.
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7 Th-234 [ Ru-103
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Nb-95
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Fig.1 Gamma ray spectrum of the filtrate.
(160 davs after irradiation)

SUMMARY:

In this study, dissolution behavior of FP and MA in
the spent fuel into seawater was found to be affected
by the oxidative or reductive condition of uranium
and zirconium oxides. For the further study of fuel
debris treatment, dissolution behavior of FP and MA
in fuel debris shold aslo be discussed with different
types of simulated debris containing other
components such as metals and concrete.
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INTRODUCTION: We applied chemical studies on
Tc and Mo, homologues of superheavy elements, to nu-
clear medicine research. A radioisotope of *™Tc is one of
the most important radioisotopes used for diagnostic
radiopharmaceuticals today. Most of *™Tc are produced
by the several nuclear reactors in the world. However, all
those reactors using highly enriched 2%U fuel are aged
more than 50 years, and thus their deteriorations are an-
ticipated. Many alternative methods were developed for
the production of *™Tc, as the ®Mo(p, 2n)*®"Tc and
10Mo(p, d)**Mo reactions™ 1, In our previous work, we
tested to produce Mo which is parent nuclide of *™Tc
with spallation neutron reaction of °Mo(n, 2n)*Mo that

has larger cross section than the proton induced reactions.

The produced radioactivity of **Mo was 3 MBg/(uA h g)
and this result suggested that enough radioactivities of
%Mo for the medical use are able to be obtained with this
method. However, the present specific radioactivity of
%Mo produced by the 1®Mo(n, 2n)**Mo reaction is very
low, and it is difficult for such a sample to purify *™Tc
by the conventional alumina and PZC columns. In this
work, we separated **™Tc from neutron-irradiated "*Mo
sample by the solvent extraction with methyl ethyl ke-
tone (MEK) and further purified ®™Tc with the alumina
column.

EXPERIMENTS: The chemical scheme applied to the
present work is shown in Fig. 1. The low specific activity
%Mo was prepared by mixing 40 g of "*MoO; with 40
mg of thermal-neutron-irradiated MoOgz. The irradiation
was performed by Pn-2 of Kyoto University Research
Reactor (1 MW) in 20 min. The mixture was dissolved
with 120 mL of 4 M sodium hydroxide solution, and a
few drops of H.0, (36 wt%) was added to equalize the
valence of molybdenum ion. The %®™Tc nuclide was ex-
tracted with 15 mL of MEK from the solution sample.
After the evaporation of the MEK solution under reduced
pressure, the sample was dissolved with a 2 mL of saline.
The solution was passed through the neutral alumina
column to remove the Mo species by adsorbing them on
the column. Amount of impurities in the ®™Tc solution
were measured with ICP-MS and the yield of %°™Tc was
determined by gamma-ray measurement using a germa-
nium semiconductor detector. Furthermore, the purified
9mTc was labeled into methylene diphosphonate (MDP).

RESULTS: As the results of measurement with
ICP-MS, we found that only less than 10 ppb of Mo and

Counts

Preparation of **™Tc from **Mo of Low Specific Activity

Al coexist in the purified *™Tc solution. .No other impu-
rities were also observed in gamma-ray spectrum (Fig.2),
and this solution was satisfied with the demand of the
United States Pharmacopeia (USP). The present yield of
9mTc was 75-90%, which is high comparably with that in
Ref. [3]. It was found that sufficiently pure ®™Tc for
medical use was obtained by the present method using
MEK and alumina column from the sample containing
macro amount of "*Mo.

I Irradiated MoO, 40 mg + "*Mo0, 40 g |

4120 mL of 4M NaOH
+ few drops of H,0, (36 wt%)

[ m=tMo + %Mo, %™ Tc in 4 M NaOH 120 mL |

+15 mL of MEK

NaOH Shake for 3 min MEK

! l

[ ™Mo +Moin4M NaOH 120 mL | |5 ppm of ™Mo, *™Tc in MEK 15 mL |

+ 2 mL of saline

Take to dryness
3mL oi saline

| Alumina column 5 mm @ x 46 mm |

l—l

99mTc in saline 5 mL |

| Recovery of Mo | |

Fig. 1. Scheme for the separation of *™Tc from ™Mo
and ®Mo matrix.
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Fig. 2. Gamma-ray spectrum of purified *™Tc sample
(3600 s).
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INTRODUCTION: Uranyl trinitrato complex in
non-aqueous solvents and in solid state has been known
to exist as [UO2(NO3)s]” with Dsn symmetry [1-3]. Uranyl
nitrato complexes in ionic liquids (ILs) have also been
examined using spectroscopic methods such as
UV-visible, EXAFS, and so on [4-7]. Such studies have
clarified that the uranyl nitrato complexes in ILs exist as
[UO2(NO3)s]” with Dsn symmetry. However, recently it
was reported that [DMI];[UO2(NQO3s)s] (DMI
=1,3-dimethylimidazolium) is obtained as a single crystal
and that uranyl species exist as [UO2(NOs)4]* in
[BMI][NOz] (BMI = 1-butyl-3-methylimidazolium). In
these complexes, the equatorial plane of uranyl moiety is
coordinated by two bidentate and two unidentate nitrates
[8, 9]. In the present study, to get more detail information
on the structure of uranyl nitrato complexes, we have
examined the structures of uranyl species in CH3CN and
[EMI][NOs] dissolving [EMI]2[UO2(NO3)sJ(EMI =
1-ethyl-3-methylimidazolium).

EXPERIMENTS: The [EMI]z[UO2(NO3)4] complex
was synthesized by adding four equivalent of AgNO; to
[EMI]2[UO2CIl4] in CH3CN, followed by filtration for
removing AgCl and evaporation of CH3CN. Sample solu-
tions were prepared by dissolving [EMI]2[UO2(NOs)4]
complex into CH3CN or [EMI]J[NOs]. The UV-visible
absorption spectra of solutions were measured by Shi-
madzu UV-3150 spectrophotometer. EXAFS measure-
ments were carried out using PF BL27B at High Energy
Accelerator Organization.

RESULTS: UV-visible absorption spectrum of sam-
ple solution prepared by dissolving [EMI]2[UO2(NOs)4]
complex(0.024 M, M = mol dm?) into CH:CN was
measured and found to be consistent with that of the
[UO2(NOs)s] species with Dz, symmetry. We also meas-
ured the absorption spectral changes with the addition of
[EMI][NO3] (0.050, 0.10, 0.20, 0.50, 1.5 M) to the above

CH3CN solution dissolved [EMI]2[UO2(NO3)4] (0.024 M).

The results are shown in Fig. 1.The absorbance in the
range of 420 to 440 nm is found to increase with appear-
ance of isosbestic points at 465 and 469 nm. This phe-
nomenon is similar to that reported by Ryan [2], i.e., the
absorption spectra of CH3NO; solutions dissolved
(C2Hs)sUO2(NO3); and (C2Hs)aNNO3 showed the isos-
bestic points at 465.5 and 470.0 nm. From these results, it
is proposed that the following equilibrium reaction exists

in the present system.

[UOz(NOs)?,]' + NO;3 = [UOz(N03)4]2",

Structural Studies of Uranyl Species in 1-Ethyl-3-Methylimidazolium Nitrate

Based on the absorption spectral changes, the equilib-
rium constant (K) was evaluated as 3.85 M, which is in
agreement with the data reported by Ryan, 4.74 M [2].

Furthermore, we measured UV-visible absorption and
EXAFS spectra of [EMI][NOs] solution dissolved
[EMI]2[UO2(NQs)4] at 50 °C. The UV-visible absorption
spectrum (Fig. 1) was found to be consistent with that of
[EMI][NOg3] dissolved UO2(NO3),'6H20. From the EX-
AFS data, it was supported that the uranyl species in
[EMI][NO3] are present as [UO2(NOs)4]* and its equato-
rial plane is coordinated by two bidentate and two uni-
dentate nitrates. From these results, it is proposed that in
media containing a large excess of NOjs the
[UO2(NO3),4]? species is formed.

=
[=)
I

o
©
|

Absorbance
o
(o))
]

o
~
]

0.2 —

0.0 ] ]
375 410 445 480 515

Wavelength/nm

Fig. 1. Changes in UV-vis absorption spectra with the ad-
dition of [EMI][NOs] (a: 0, b: 0.050, ¢: 0.10, d: 0.20, e: 0.50, f:
1.5 M) to CHsCN dissolved [EMI]2[UO2(NOs)s] (24 mM).
Temp. = 50 °C.
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T. Fujii, S. Fukutani and H. Yamana,
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INTRODUCTION: Isotope fractionation is originated
from isotopic differences in nuclear mass, volume, and
spin [1]. The equilibrium constant of the isotope ex-
change reaction can be theoretically obtained as the re-
duced partition function ratio (RPFR) of isotopologues
[2]. The RPFR value due to the vibrational isotope effect
is calculated through vibrational frequency analysis. In
this study, we report some experimental and theoretical
results of intramolecular vibrations of uranyl UO,?* spe-
cies.

EXPERIMENTAL: Weighed amounts of chloride salt
and H>O were mixed for preparing highly concentrated
chloride solutions of alkali chlorides and alkakine earth
chlorides. A portion of the starting material (HCI con-
taining U(VI)) was once dried by heating and then the
chloride matrix solution prepared was added. The con-
centration of U was 0.01 mol dm= (M). Electronic ab-
sorption spectra of the samples were measured by using
an UV/Vis/INIR  spectrophotometer  (Shimadzu,
UV-3100PC).

COMPUTATIONAL DATAILS: The orbital geometries
and vibrational frequencies of aqueous U(VI) species
were calculated by using the density functional theory
(DFT) as implemented by the Gaussian09 code [3]. The
DFT method employed here is a hybrid density function-
al consisting of Becke’s three-parameter non-local hybrid
exchange potential (B3) with Lee-Yang-and Parr (LYP)
non-local functionals. The 6-31G(d) basis set was chosen
for H, O, and CI, and the Stuttgart/Dresden basis set
(SDD) for U.

RESULTS: Absorption spectra of chloride samples in-
cluding UO,?* species are shown in Fig. 1. Specific ab-
sorption bands can be seen in the wavelength range of
350-500 nm. For each system, several absorption peaks
due to intramolecular vibrations of UO,%** species were
found. The vibrational frequency of totally symmetric
vibrational mode (v1) has been reported to be 872 cm!
for hydrated UO,%* [4]. Hydrated uranyl ion of U(VI) in
aqueous solutions is known to be UO,(H,0)s%*, and water
molecules at the equatorial plane are substituted by CI-
ions in concentrated chloride systems [5].

Orbital geometries and vibrational frequencies of ura-
nyl species were computed by using DFT. The vibrational
frequency calculated for uranyl species are shown in Fig.
2. Use of a small cluster model with B3LYP resulted in
overestimation of the vi frequency. The v1 frequencies
were found to be in the order of UO2* > UOCI* >

Chemical Isotope Effect of Actinides and Fission Product Elements

UO.CI,°. This is consistent with the literature [6]. Ligand
exchange of water molecules by CI- ions at the equatorial
plane of UO2%* in concentrated chloride solutions de-
creases its vi1 frequency.

(a) Alkali (b) Alkaline earth

Absorbance [arb.]

LiCl

AWM HCI

350 400 450 500
Wavelength [nm]

MgCr,
1M HC
IIIIIIIIIIIIIIIII

350 400 450 500
Wavelength [nm]

Fig. 1. Absorption spectra of chloride systems including

0.01 M U(VI).
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Fig. 2. v1 frequency computed for UO;Clm(H20)n?™.
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INTRODUCTION: The application of recent advances
in microchip technology to our liquid-gas extraction by
utilizing circulated liquid-gas multi phase flow in a mi-
crochannel chip without any stirring will be quite attrac-
tive. Now the widest variety of stable isotopes is mainly
separated at electromagnetic separators and gas centri-
fuges. Flexible highly efficient centrifugal technology is
only possible for those elements (about 20) which have
gaseous compounds at room temperature. Therefore,
these methods cannot meet the separation of calcium iso-
topes. The neutrino-less double beta decay is acquiring
great interest after the confirmation of neutrino oscilla-
tion which demonstrated nonzero neutrino mass. Meas-
urement of neutrino-less double beta decay provides a
test for the Majorana nature of neutrinos and gives an
absolute scale of the effective neutrino mass. Among
double beta decay nuclei, “Ca has an advantage of the
highest Q-value (4.27 MeV). The only drawback of “éCa
is a small natural abundance of 0.187 %. In order to do a
measurement with sensitivity to the mass region indicated
by neutrino oscillation measurements, we have to prepare
several tons of calcium. Thus, we proposed CANDLES
(Calcium fluoride for the study of Neutrinos and Dark
matters by Low Energy Spectrometer) system [3]. Cur-
rently we constructed the detector system CANDLES III
at the Kamioka underground laboratory (2700 m.w.e.),
which consists of 96 CaF,(pure) scintillators with total
mass of 305 kg and liquid scintillator with total volume
of 2 m3. At first, we found that calcium isotopes were
actually fluctuated by liquid-liquid extraction using dicy-
clohexano-18-crown-6 and the advantage of our chemical
exchange method is verified not only for an ion separa-
tion, but also for an isotope separation. We also evaluated
each contribution ratio of the field shift effect and the
hyperfine splitting shift effect to the mass effect of the
calcium isotopes and found the contribution of the field
shift effect is small [1]. Recently chromatography ex-
periments using benzo-18-crown-6 resin were also car-

Isotope Separation by Microreactor

ried out and calcium ion selectivity and isotope effects
was observed [2]. However, it was found that the absorp-
tion of calcium depends on the concentration of “addi-
tional” hydrochloric acid in solution and its observed
separation factor is about one order smaller than the di-
rect liquid-liquid extraction. These indications are prom-
ising towards the calcium separation by the liquid-liquid
phase transfer system with the help of a microchannel
chemistry.

EXPERIMENTS: Isotopic enrichment occurs according
to the following chemical exchange reaction:

4OCa2+(aq) +48C3-L2+(org)94gcaz+(aq) +4OCaL2+(org) (1)

where L represents macrocyclic polyether(18-crown-6).
As a result, “°Ca is enriched in the organic-phase (org)
crown solution and the heavy isotopes of “Ca tend to
concentrate in the aqueous (aq) phase. The fractionation
of “8Ca from the most abundant isotope *°Ca (96.9%) is
the key to realize the chemical separation method by lig-
uid-liquid extraction using a crown ether. Unfortunately
the most abundant 4°Ca cannot be measured even by high
resolution double-focusing sector field ICPMS, because
the coincidence of “°Ar* and “°Ca is the most annoying
example of an isobaric interference and its required reso-
lution (192498) is beyond ICP-MS's maximum resolution.
Thus, we developed a new “multicollector technique” for
the thermal ionization mass spectrometer (TIMS) meas-
urement of calcium isotope ratios for the mass range from
40-48 atomic mass unit (amu). Before the TIMS meas-
urement, residual organic substances and chlorine were
removed by using ion-exchange resin (Dowex 50WX8) ,
the resultant Ca solutions were evaporated to dryness in
PTFE teflon vials, and dissolved to 300 ppm (300 ng Ca/
w L) solutions with HNOa. It is noted that we used cal-
cium carbonate powders (NIST SRM915b) as a Ca
standard for the comparison with our samples and its feed
solution for normalization procedures. It is noted that we
succeeded to measure each Ca isotope as an accuracy of
about 1 % and its isotopic ratio of “8Ca/*°Ca with about
0.1 % for Ca standard solution.
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INTRODUCTION: The isotopic composition of Sr has
been used for a useful geochemical tool to discuss the
genesis and ages of terrestrial and exterritorial materials.
Sr has five, naturally occurring isotopes, those are 84Sr,
83r, &7Sr and 88Sr. Only &Sr is radiogenic, and the others
are stable isotope, respectively. Traditionally, ratios
among stable isotopes have been considered to be con-
stant values in order to correct instrumental mass frac-
tionation during measurement of the radiogenic strontium
ratio (87Sr/%Sr). Recently, however, variations of 8Sr/%Sr
are observed from sea water, river water and carbonates
from the results of inductively coupled plasma mass
spectrometry (MS) [1], and analytical methods employed
by thermal ionization MS (TIMS) with double spike are
developing to measure more precise 8Sr/®Sr ratios [1,2].
The double spike method can also be applied to the
measurements for short-lived isotopes, such as %Sr. We,
therefore, tried to establish the Sr double spike method,
and report the isotopic compositions of Sr double spike
and #Sr/%6Sr ratios of NIST SRM987.

Experiments: Samples to be analyzed are prepared as
follows; NIST SRM987 is diluted with nitric acid to be
obtained 100 ppm solution and the 8Sr and #enriched
spikes are mixed to be the 8Sr/3Sr ratio is closed to the
unity. Each solution is loaded onto Re-filament. Solutions
of NIST SRM987 and double spike are mixed on the
Re-filament. The loaded samples of double spike (n = 2),
NIST SRM987 (n = 6) and mixed sample (n = 1) are
measured to obtain 86Sr/®4Sr, 87Sr/84Sr, #Sr/84Sr and
8Sr/85Sr ratios. The TIMS of Triton TL at Research Re-
actor Institute, Kyoto University is used for the meas-
urements. The &Sr/%Sr ratios of NIST SRM987, which
are corrected the instrumental mass fractionation using a
factor of 88Sr/%Sr = 0.1194, show the reproducibility of
0.7102448 + 0.0000067 (1o, n = 6). The isotopic compo-
sitions of Sr double spike and #Sr/®Sr ratios of NIST
SRM987 are calculated using by the visual basic and
solver analyses of Microsoft Excel following the algo-
rism shown by [3].

RESULTS: The Sr isotopic compositions of double spike
are estimated as follows; 1) calculate #Sr/®Sr ratios of
NIST SRM987 from the measured ratios of NIST
SRM987 and mixed samples with those of double spike,
2) changing the factor of instrumental mass fractionation
during measurement for double spike, and find a frac-
tionation factor, which makes a deviation of calculated
85r/88Sr ratios of NIST SRM987 from recommended one

Sr Isotopic Compositions of Double Spike Enriched with 8Sr and &'Sr

to be minimum and 3) Sr isotopic compositions of double
spike are calculate using by the fractionation factor de-
termined by 2). The estimated Sr isotopic compositions
of double spike are shown in Table 1. The 3Sr/®Sr ratios
and §%¥/86Sr of NIST SRM987 analyzed by the double
spike method is shown in Table2 and Fig. 1.

88Gyr/86Sr  87Gr/84Gy  86Gy/84Sy

Double

. 0.118831 0.95331 0.016446
Spike

Table 1. Sr isotopic compositions of the double spike..

83gy/86Gy  §88/865y
NIST 987  8.37552  0.037
8.37526  0.006
8.37529  0.009
8.37483 -0.046
8.37495 -0.031
8.37541  0.024

Table 2. Sr/%Sr ratios and &%/%6Sr of NIST SRM987
analyzed by the double spike method. §%/®Sr is the devi-
ation from recommended value of 8%Sr/%Sr ratio
(8.375209) of NIST SRM987, expressed with part per
thousand  (%o).

02
088858 = 0.000 + 0.032 (5) %o
0.1
7
...... @ g
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Fig. 1. 5%/88Sr of NIST SRM987 analyzed by the double
spike method.
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INTRODUCTION: Electrorefining process using a
molten chloride salt bath has been developed for treating
spent nuclear fuels in the chemical forms of metal, nitride
and oxide. Uranium silicide fuels are used for research
reactors. The U-Si binary phase diagram and thermody-
namic properties of the U-Si compounds have been re-
ported [1, 2]. However, electrochemical behaviors of the
U-Si compounds in molten chloride systems have not yet
been investigated. In this study, redox behavior of ura-
nium at a silicon electrode was examined by cyclic volt-
ammetry in a LiCI-KCI eutectic melt containing UCls.

EXPERIMENTS: A LiCI-KCI eutectic melt with dis-
solved UCI; (0.23 mol%) was contained by an alumina
crucible at 773 K. The Ag/AgCI reference electrode con-
sisted of a silver wire immersed in a LiCI-KCI eutectic
salt mixture with 1 wt% AgCI, which was contained in a
closed-end Pyrex tube. A glassy carbon rod (3 mm diam-
eter) was used as the counter electrode. A tungsten wire
(1 mm diameter) and a silicon chip (99.9999% purity)
shown in Fig. 1 were used as the working electrode. The
tungsten metal was employed as the inert electrode be-
cause it does not form any alloys with uranium or lithium
metal. All the measurements were conducted in a
high-purity Ar atmosphere glove box (H,O, O, < 2 ppm).
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i
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Fig.1 Si électrode with Ta wire lead

RESULTS: The blank test was conducted in a LiCl-
KCI eutectic alone. The potentials of Li/Li* and CI/Cl, in
this system were -2.4 and +1.2 V, respectively. The cyclic
voltammetry was conducted using the Si electrode of
which front edge was immersed in the melt. As shown in
Fig. 2, the cyclic voltammogram (CV) has a cathodic
current rising at about -2.1 V, which might correspond to
the formation of Li-Si compound. The anodic current
rising at about 0.8 V might be due to the evolution of
silicon chloride gas.

Figure 3 shows typical CVs of W and Si electrodes in the
LiCI-KCI-UCl; melt. The CV of W is similar to those
previously reported [3]. The reduction of U** to U metal
occurred by a one-step process for the reduction wave
rising at -1.4 V, followed by reoxidation of the deposited
U metal at the electrode surface during the anodic sweep.

Redox Behavior of Uranium at Silicon Electrode in LiCI-KCI Eutectic Melt

The anodic peak at -0.10 V corresponds to the oxidation
of U** to U*".The small cathodic peak at -1.3 V and the
anodic peak at -0.6 V might be due to the adsorption and
desorption of U on the W electrode, respectively.
On the Si electrode, a cathodic current rises from -0.9 V.
It is much more positive than the U deposition potential
on the W electrode, indicating that stable U-Si com-
pounds formed at the electrode surface. Several com-
pounds (USis, USi,, U,Sis, USi, UsSi, and U;Si) are
shown in the U-Si phase diagram [1]. There are a couple
of anodic waves corresponding to the U dissolution from
the different U-Si compounds. It is suggested that the U
might dissolve from the U-Si compounds with high Si/U
ratio along with the oxidation of U** to U**, which should
cause the low current efficiency for the electrorefining of
spent silicide fuels. Identification of the U-Si compounds
is the next subject of this study.

15 T T T T T T T
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o
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Potential (V vs. Ag/AgCI)
Fig. 2  CV of Si electrode in LiCI-KCI eutectic melt at
773 K. Scan rate 0.1 V/s.

Current(mA)
A
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— Si(scanrate 0.01V/s)
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Fig. 3 CVsof W and Si electrodes in LiCI-KCI eutec-

tic melt containing 0.23 mol% of UCl; at 773 K.
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Effect of Fluoride Addition on UV-vis Spectra of Neodymium Cation

in Molten NaCl-2CsCl

H. Matsuura, A. Nezu, H. Akatsuka, A. Uehara?,
H. Yamana! and T. Fujiit

Research Laboratory for Nuclear Reactors,
Tokyo Institute of Technology
1Research Reactor Institute, Kyoto University

INTRODUCTION: Neodymium is the one of the rare
earth fission products and was utilized as the prototype of
some trans uranium elements due to its similarity of elec-
trochemical behavior. Also, neodymium is one of im-
portant materials since it has been widely utilized at
magnets in the motors, and effective recycling technology
from the end produncts has been waiting for a long time.
Although molten salt should be relatively constructed by
a simple structural model due to the predominant ionic
species in liquid phase, several electrochemical behaviors
have not been well understood by the microscopic point
of view. For a recent few years, the electrochemical be-
havior of rare earths including neodymium in the molten
chlorides with small amount of fluorides has been fo-
cused, and structural elucidation by extended absorption
fine structure and UV-vis spectroscopy of neodymium in
molten salts has been performed. In this year, fluoride
concentration dependence on the spectra of neodymium
in molten NaCl-2CsCI-NdCls-NaF was measured more
precisely than previous year and the structural variation is
discussed by some parameters derived from the
Judd-Ofelt analysis.

EXPERIMENTS: UV-vis spectroscopy of neodymium
in molten NaCl-2CsCI-NdCls-NaF at 953 K has been
carried out by using the spectrophotometer (JASCO
V-500) in KURRI[1]. A quartz cell with 10mm of light
path was used for the molten salt container, and experi-
mental procedure was exactly the same as that described
in the report of the last year. For the calculation of oscil-
lator strength of the hypersensitive transition and deriva-
tion of 2,46 parameters by the Judd-Ofelt analysis, den-
sity was assumed to be the additivity of molar volume of
each component, and refractive index was temporary
used from the value of KCI due to the non-availability of
the data of CsCl.

RESULTS and DISCUSSION: Figure 1 shows the
variation of oscillator strength of hypersensitive transi-
tion absorption of neodymium at ca. 589 nm depending
on fluoride addition. This peak has been considered to the
indication of coordination symmetry around neodymium
cation, i.e. 6 coordinated octahedral species, and the
smaller value relates to more perfectly symmetric (more
stabilized) structure [2]. One striking feature of this fig-
ure is that with increasing fluoride amount until ca. F/Nd
= 2, the value of oscillator strength increases and de-

creases over F/Nd = 2, and decreases rapidly over ca.
F/Nd = 5. This means that octahedral chloride coordinat-
ed structure is once un-stabilized by the addition of fluo-
ride and stabilized by adding further, which would well
relate to anomalous variation of electroreduction poten-
tial depending on fluoride concentration [3].

Figure 2 shows (246 values derived by the Judd-Ofelt
analysis. £ value is in the trend of decreasing with in-
creasing F/Nd ratio, but at ca. F/Nd = 3, small hump ap-
pears. Smaller value of £ is considered to relate corva-
lency of local structure around neodymium cation, thus
the melt around F/Nd = 3 may take un-stabilized structure,
in which local coordinated chlorides are half exchanged
by fluorides. <, which is suggested to relate the mixing
effect of electrons from coordinated species, seems to
show much complicated tendency depending on F/Nd
ratio, thus further systematic investigation on the similar
mixture systems would be required.
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Fig. 1 Oscillator strengths of the electronic absorption

spectra of neodymium in molten NaCl-2CsCI-NaF.
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Fig. 2 46 s of the electronic absorption spectra of

neodymium in molten NaCIl-2CsCI-NaF.
REFERENCES:
[1] T. Fujii et al., J. Alloys Compd., 393 (2005) L1.
[2] Yu. A. Barbanel et al, J. Radioanal. Nucl. Chem., 143
(1990) 167.
[3] K. Fujita, Master thesis, Tokyo Tech. (2013).

PG5 25P1-10

T F= RHR KO FP R EH 1T A O

Tavx/ b

XAFS #EEARAT 1 L OV f SR AN e 78

CGRTK « JJFnE) fafmiaid, e

B ORE
CRR - JRF) BRER, 4 o, HELT



PR1-11
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Temperature Molten LiCI-KCI Eutectic

A. Uehara, T. Nagai?, T. Fujii and H. Yamana

Research Reactor Institute, Kyoto University
Nuclear Fuel Cycle Engineering Lab., Japan Atomic
Energy Agency

INTRODUCTION:

Pyroelectrochemical processes based on molten chloride
electrolyte system have over the past decade received
substantial interest for the reprocessing of irradiated nu-
clear fuel. Since zirconium is a major component in re-
actor fuel types such as Uranium-zirconium, in a py-
ro-electrometallugical reprocessing context, it is reasona-
ble to expect that a proportion of zirconium could be car-
ried over into a molten salt electrolyte and as such could
interfere with the recovery of actinides [1]. In the present
study, the reaction mechanism of zirconium reduction in
molten LiCI-KCI eutectic was investigated using elec-
trochemical and spectrophotometric method.

EXPERIMENTAL.:

For the cyclic voltammetry experiment of LiCI-KCI eu-
tectic system, about 0.1 mol% ZrCl,4 solutions of molten
LiCI-KCI (59 : 41) eutectic was used. Quartz tubes of 13
mm inner diameter were used for the measurement. A 1.0
mm¢ tungsten rod was used for working electrode and a
pyro-graphite carbon rod of 3 mm¢ was used for the
counter electrode. An Ag|Ag* reference electrode com-
posed with an Ag wirell mol% AgCl in a bulk
melt|PYREX glass membrane tube was used. Electro-
chemical measurement system HZ-5000 (Hokuto-Denko
Co. Ltd.) was used for the voltammetry measurements.
The constant potential electrolysis was performed using
Ag wire and LiCI-KCI contained in a PYREX glass
membrane tube as counter electrode to avoid cyclic redox
reaction between tungsten working and counter electrode.
After sufficient hours of electrolysis for completing the
reduction, sample solution was taken by sampling glass
tube. All the experiments were carried out in a glove box
filled with dry argon whose humidity and oxygen impu-
rity was continuously kept less than 1 ppm.

RESULTS:

Cyclic voltammogram was measured in molten
LiCI-KCI eutectic containing 0.44 mol% ZrCl, at 773K.
two cathodic current peaks and three anodic currents
peaks were observed, these current increase with increase
of potential scanning rate. Zr(IV) was reduced to Zr(Il)
when cathode potential is more negative than —0.8 V (vs.
1 mol% Ag/AgCl) as Eq.(1);

Zr(IV) + 2e— — Zr(l) (1)

Zr(11) was reduced into Zr metal when cathode potential
was more negative than —1.0 V as Eq.(2);.

Zr(Il) + 2e— — Zr (2)

On the other hand, Park et al [2] reported that ZrCl was

formed at -1.0V which is insoluble or metastable in the
melt. In order to confirm the reaction, bulk electrolysis
was carried out by applying -0.85 V. Black deposit was
shown at the inner surface of the cell. Though XRD
analysis was carried out, the ZrCl was not confirmed be-
cause of the oxidation but ZrO; (Fig. 3).
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Fig. 1. Cyclic voltammogram for the redox of Zr ions
measured in molten LiCI-KCI eutectic at 773K.

Fig. 2. Deposit formed at the surface of the quartz cell
after the electrolysis applied at -1 V for 13 hours.
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Fig. 3. XRD data measured at the surface of quartz cell.
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INTRODUCTION: Hydrate melts such as concen-
trated alkali halide aqueous solutions attract some recent
attention as a novel candidate for solvents useful for re-
processing of spent nuclear fuels[1]. We performed mo-
lecular dynamics (MD) simulation of LiCl aqueous solu-
tions containing uranyl ion and reported some results
such as diffusion coefficients and average local structure
around uranyl ion in the previous report[2]. In this work,
we have analyzed coordination structure around uranyl
ions in 14 M LiCl aqueous solution in more detail and
compared the results with experimental results[3].

CALCULATIONS: MD calculation has been per-
formed under NVE ensemble. The SPC/E model was
used for water molecule. The other parameters were
cited from ref [4,5]. The water and uranyl molecules
were constrained by SHAKE algorithm. A simulation
cell contained 2 uranyl chloride ion pairs, 560 LiCl ion
pairs, and 1563 water molecules, corresponding 14M
LiCl aqueous solution.  Time step was 1.0 fs.  After the
equilibration at 298K for 10 ps, coordination structure of
uranyl ion was evaluated in detail. We calculated the U
Lm-edge EXAFS spectrum by using the FEFF code[6],
comparing with the experimental result [3].

RESULTS: Table 1 shows coordination number distri-
bution for uranyl ion. In our MD simulation of 14 M
LiCl aqueous solution, each uranyl ion had 5-coordinated
structure, which consists of 3.98 water and 1.02 chloride
ion as their average values. As the coordination structure
around uranyl ion are shown in Fig.1, these water mole-

cules and chloride ions are located on the equatorial plane.

Figure 2 shows EXAFS spectra evaluated using each
coordination structure indicated in Table 1. All the spec-
tra of coordination structures don’t fit very well to the
experimental result[3], which suggests that there is some
room to modify the interaction potential model of uranyl
ion in 14 M LiCl aqueous solutions.

Table 1 Coordination numbers distribution for uranyl
ion in 14 M LiCl aqueous solution.

Coordination Ilgarjd Abundance / %
water Cl

5 0 15.4

4 1 66.0

3 2 17.8

Structural Analysis of Uranyl lon in 14M LiCl Aqueous Solution
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Fig.1 Angular distribution of the uranyl ion coordi-
nated by water or chloride ion in 14 M LiCl aqueous

solution.
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Fig.2 Fourier transforms of experimental and calcu-
lated U Ly-edge EXAFS spectra in 14 M LiCl
aqueous solution.
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INTRODUCTION: Molten AICI; and ACI-AICI; (A:
alkaline metals) have been attractive targets of studies
from both fundamental and application viewpoints, be-
cause of their relatively low melting points which lead to
their effectiveness. The structure of the melts contains a
variety of coordinations which have long been investi-
gated and mainly consists of covalent bonding between
AI-CI. In this study, Raman scattering measurements are
performed to investigate into their bonding structures,
and the spectra are analyzed with ab initio simulations.
We focus our study on CsCI-AICI; binary and
LiCI-KCI-CsCI-AlCls quaternary systems.
EXPERIMENTS: JASCO NRS-3100 Raman spec-
trometer in KURRI was used to obtain Raman scattering
spectra for AICIs, LiCI-KCI eutectic melt - AICI; (3
mol%), LiCI-KCI-CsCl eutectic melt - AIClz (3 mol%),
and NaCl-AlICls 1:1 melt. The simulated spectra and up to
2 ps trajectories of ions in the melts were calculated with
GAUSSIANO9 simulation package.

RESULTS: The obtained Raman scattering spectra for
molten AICIl; and simulated spectra are given in Fig. 1,
using B3LYP calculations in GAUSSIANO09. Characteris-
tic scattering bands are reproduced in the calculated
spectra, and attributed to appropriate vibration modes. A
variant of first-principle molecular dynamics simulations,
ADMP (Atom-centered Density Matrix Propagation)
calculation of the ionic trajectories were performed for
CsCI-AICI; at 700 K. As comprehensively reviewed in
Ref. [1], up to 1 : 1 mixture of CsCI/AICI; is expected to
exclusively contain AICIs cluster as an anion. We can
also observe Al,Cl;™ at least as an temporary structure in
Fig. 2. In addition, AICIs clusters are not always rigid,
and CI" ions are exchanged among clusters as can be seen
in Fig. 3.

DISCUSSIONS: In aluminum chloride melts, six-fold
Cl-atom coordination around an Al atom is changed to
four-fold coordination to form AICI, anion, and it is sta-
ble to maintain the cluster structure even when mixed
with alkaline chlorides. Nevertheless, connection be-
tween AICI, tetrahedra has certain variety. For example,
in pure AICI; melt, edge-sharing two tetrahedra, Al.Clg
structure has a dominance. For CsCI-AICl; mixture sys-
tem, on the other hands, anion structure of isolate AICI4s
tetrahedra shift to corner-sharing two-tetrahedron struc-
ture, Al,Cl;~, dramatically at 1 : 1-ratio with increasing
CsClI content. Our calculation seems to reproduce fluctu-
ations in the structural rearrangement at that mixing ratio.
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Fig. 1 Experimental Raman spectra for molten AICl;
at 573 K and simulated spectra for Al,Clg clusters.

ol

Fig. 2 Schematic of the structure in ADMP simula-
tion at 0.35 ps. AlLCl7-like clusters are highlighted.

Fig. 3 Snapshot of the structure in ADMP simulation at
(a) 1.25, (b) 1.5 and (c) 2 ps.
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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 process, the ne-
odymium magnet is melted together with sufficient
amount of B,O3 in graphite crucible to form molten iron
based alloy, B2Os slag and Nd.03-B;03 slag, which is
recovered and dissolved in molten salt. And then,
Fe-Nd-B alloy is produced by electrolysis. In this study,
electrochemical properties of neodymium and boron in
CaCl, molten salt were investigated by cyclic voltamme-

try.

EXPERIMENTS: Experiments were conducted in an
argon-filled glove box where both the oxygen content and
the water content were controlled below 1 ppm. 3 gram
of pure CaCl, was inserted in a cylindrical silica tube and
melted at 800 °C. Cyclic voltammetry was then conduct-
ed. When potential was cathodically polarized, iron or
tungsten rod was used for working electrode. When po-
tential was anordically polarized, pyro-graphite rod was
used. In both case, counter electrode was pyro-graphite
rod and reference electrode was silver wire immersed in 1
mol%AgCI-CaCl, molten salt and electrochemically
contacted in CaCl, molten salt via thin pyrex grass. After
that, saturating amount of Nd,Os-B,0O3 slag which is pre-
pared by melting 5.7 gram of Nd»Os; and 4.3 gram of
B,Os in a graphite crucible at 1200 °C was added in the
silica tube and held for 12 hours at 800 °C to obtain
CaCl>-Nd,03-B,0; molten salt. The concentration of
Nd(I11) in CaCl,-Nd203-B»03 molten salt is considered to
be 0.114 mol kg, which is the saturating concentration
of Nd(I1I) [1]. Cyclic voltammetry was also conducted in
the molten salt in the same manner. Based on the results
of cyclic voltammetry, potential controlled electrolysis
was conducted in CaCl,-RExO,-B»0s molten salt which
was prepared by similar manner to Nd»O3-B.O3 slag.
Here, RExO,-B-0O; slag was obtained by melting com-
mercial neodymium permanent magnet together with
sufficient amount of B,Os3 in graphite crucible.

RESULTS: Figure 2 shows the cyclic voltammogram
of CaCl,; molten salt and CaCl,-Nd>03-B203; molten salt
at 800 °C. In the case of CaCl, molten salt, cathodic cur-
rent increased at -1.9 V vs Ag reference electrode in 1

mol%AgCI-CaCl, (AgCI/Ag), which is considered to
correspond deposition of metallic calcium. Anordic cur-
rent was increased at +1.1 V vs AgCI/Ag, which indicates
that chlorine gas evolved at the potential. On the other
hand, when potential was cathodically polarized in
CaCl,-Nd,05-B,03 molten salt, reduction current in-
creased four times at -0.5, -0.6, -0.8, and -1.1 V vs
AgCI/Ag. It is not possible to attribute these current in-
crease to some reactions, but it is considered that they
implies deposition of boron or formation of neodymium
boride. The potential controlled electrolysis was con-
ducted at -1.0 V vs AgCI/Ag using iron cathode and py-
ro-graphite anode. As the result, small amount of NdBs
was obtained and the formation of NdOCI was observed
in molten salt.

Neodymium magnet B.O,
v v
| Melting in graphite crucible |
Fe based alloy l B.O,
Nd,0.-B,0,

y

| Molten salt electrolysis |

v

Recycled Nd allo

Fig. 1. Flowchart of the recycling process for neo-
dymium magnet proposed in this study.
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Fig. 2. Cyclic voltammogram of CaCl, molten salt
and C&Clz-NdzOs-BzOg.
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INTRODUCTION: The ceramic nuclear waste form has
been considered as one of the methods to immobilize
actinide elements extracted from high-level radioactive
nuclear wastes. Among them, YsAnOi> where An repre-
sents actinide elements have received attention as appro-
priate ceramics in which actinide elements can be immo-
bilized stably. When utilizing such ceramics as the waste
form, the thermal properties such as thermal conductivity
should be wunderstood. However the properties of
Y6AnO,, have been scarcely reported. Our group has in-
vestigated the thermal properties of Y¢WO1,[1] because
YsWO), takes the same hexagonal crystal structure as
that of YsAnOi» [2]. Here, polycrystalline samples of
YsUO\, were synthesized by solid state reactions and the
thermal conductivity was evaluated [3].

EXPERIMENT: YUO;, was prepared from the mix-
tures of Y,Os3 and U;Os by standard solid-state reactions.
Dried Y,03; powders and UsOs powders were weighed in
the appropriate molar ratio and mixed, followed by
pressing into pellets at 150 MPa for 5 min at room tem-
perature. The green pellets were heated in air for 24 h at
1673 K. After that, in order to obtain high-density pellets,
the spark plasma sintering (SPS) was conducted. The
YsUO,2 powders were put in a graphite die and heated up
to 1573 K under the pressure of 50-80 MPa in an Ar-flow
atmosphere. Since the oxygen loss might occur during the
SPS due to the reduction by the graphite die, the oxygen
supplementation was attempted. The pellets obtained by
the SPS were heated in air for 48 h at 1673 K. Finally, the
high-density (96% of the theoretical density) pellets were
obtained. The samples were identified by XRD and
SEM/EDX analyses. The thermal diffusivity (¢) was
measured by the laser flash method in vacuum from room
temperature to 1173 K with the half-time method. The
measurement was repeated three times at each tempera-
ture and the average value was taken as the measured
valve. The specific heat capacity (Cp) of YsUOi» was
estimated from Neumann Kopp's law using the data of
Y>0s5 and UOs. The density (d) was calculated from the
weight and the dimensions of the samples at room tem-
perature. The thermal conductivity (x) was evaluated
according to the standard equation: x= aCpd.

RESULTS: From the results of the XRD and SEM/EDX
analyses, it was confirmed that the samples prepared in
the present study were YqUO,, single phase materials
with no impurity phases. Although a good single phase
sample was obtained before SPS, the XRD pattern after
SPS was changed most likely due to the oxygen loss dur-
ing SPS. However, it was confirmed that a good single
phase sample was obtained again after the heat treatment

Thermal Properties of Actinides-Containing Ceramics: Y¢UO12

in air which was performed to supplement oxygen. The
SEM and EDX mapping images indicated that the sam-
ples prepared in the present study were homogeneous
with no secondary phases. It was also confirmed from the
quantitative EDX analyses that the chemical composition
did not deviate a lot from the starting composition. Tem-
perature dependence of the x of Y¢UO;, is shown in Fig.
2 [3], together with the data for YsWO;2 and YbsWO
previously obtained in our group [1]. The room tempera-
ture x value of YeUO2 was 4.90 Wm'K!. The x data
shown in Fig. 1 were corrected to the data for 100% of
the theoretical density by Schulz’s equation [4]. The x of
YsUO12, YeWO12, and YbgWO,, decreased with increas-
ing temperature in the whole temperature range, indicat-
ing that the phonon contribution to the thermal conduc-
tion was predominant. This is reasonable because YsUO12,
YsWO1,2, and YbsWO1, can be treated as insulators. It
was revealed that the x values of YsUO1, was intermedi-
ate between those of Y¢WO,, and YbsWO1; in the whole
temperature range.
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Fig. 1. Temperature dependence of thermal conductivity
(K) of YsUO12, YsWO12, and YbsWO 12 [3]
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INTRODUCTION: A series of experiments with an
activation method has been performed to measure ther-
mal-neutron capture cross-sections and resonance integrals
of Minor Actinides (MAs), ex.?’Np, ?*!Am and so on.
Americium-243 is one of the important MAs, because it
has long half-life (7370yr) and products higher Cm iso-
topes via neutron capture reaction, i.e. 2**Cm, #*Cm, and
246Cm. However, there still exist large discrepancies among
reported data of the thermal-neutron capture cross-section
(c0). So, the re-measurement of oo for 2Am have been
performed. In our previous experiment, we found that the
possibility that the emission probabilities of gamma rays
for 2*49Am would be improved greatly from 30% error to a
few %. Then, the measurement for the neutron capture
cross-section of the 2**Am(n,y) reaction was done again
together with re-measuring the y-ray emission probabili-
ties.

EXPERIMENTS: The amount of a high-purity
23Am standardized solution was measured with an alpha
spectrometer, EG&G ORTEC SOLOIST alpha spectrom-
eter. Figure 1 shows an example of an a-ray spectrum
for the 2#*Am standard solution

3 bos1201
10 T T T T T T T T

ORTEC SOLOIST
BU-016-300
Am-243 #1

360 sec measur.

5.2MeV

100

10

;"

L I L 18 1 L L
0 500 1000 1500 2000 2500 3000 3500 4000

Counts/Channel

Channel
Fig.1 An alpha-ray spectrum obtained for the 2*Am
standard solution. 5.2MeV a-ray peak was clearly ob-
served.

The detection efficiency was measured with an 2*Am
checking source (142.9 a/sec). Its specific activity was
estimated as 500Bg/ul. So, 2ul(1,000Bq) of the solution
was pipetted and dropped on a high purity quartz plate,

Measurements of Neutron Capture Cross Sections for Radioactive Nuclei

which was 10mm in width, 30mm in length, and 2mm in
thickness. The quartz plate was dried by an infrared lamp,
and then the amount of 2Am was measured by the alpha
spectrometer. The plate covered with an acrylic plate, and
then wrapped doubly with vinyl bags. The irradiation
for the 2*Am target was performed for10 min at the Pn-2
of the KUR in 1MW power operation. 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. The y-ray meas-
urement was performed about 2 hours later from the end
of the irradiation. Figure 2 shows an example of y-ray
spectrum of 243Am sample.
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Fig.2 An example of y-ray spectrum of 243Am sample
Decay y rays emitted from 2*49Am (10.1h) were clearly
observed at the energies of 154, 744 and 898 keV. The
99-keV y-ray is due to the 2Am. The same irradiations
and measurements were repeated three times, and there-

fore the sufficient statistics were obtained.

ANALYSIS: The 9Am ground state decays to the 6+
state of 2“Cm by the probability of 100% via B~ decay,
and there is no transition from the 2**™Am isomer to
ground states of 2**Am. Utilizing this decay scheme,
emission probabilities of y-rays emitted from 2%9Am
could be derived straightforward form the ratios of y-ray
yields for 154, 744 and 898 keV. If the emission proba-
bilities of y-rays can be derived, the cross section of
23 Am(n,y)***9Am reaction would be derived.
Data analysis is now in progress.
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