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INTRODUCTION:  For the reliable prediction of ra-
dionuclide migration behavior under relevant radioactive 
waste disposal conditions, it is necessary to establish a 
thermodynamic model on the solubility limits of radionu-
clides in groundwater. Several actinides and long half-life 
fission products such as 93Zr are known to exhibit a tet-
ravalent oxidation state in repository systems and easily 
precipitate as an amorphous hydroxide (M(OH)4(am)) 
due to strong hydrolysis reactions. Although the solubili-
ty is primarily controlled by the amorphous hydroxide, 
M(OH)4(am) is thermodynamically meta-stable, and can 
be converted to stable crystalline oxide of MO2(cr) by 
heating or calcinations [1]. Since the decay heat emis-
sions are transferred to the groundwater surrounding the 
waste packages, the repository systems are expected to be 
under elevated temperature conditions [2]. Therefore, it is 
important to reveal an impact of elevated temperature on 
the solid phase transformation of M(OH)4(am) for the 
prediction of the solubility limits of radionuclides in tet-
ravalent oxidation state. On the other hand, a number of 
literatures have investigated the solubility of MO2(cr) and 
several studies suggested that the surface of MO2(cr) are 
possibly hydrolyzed to form hydroxide layer, which is 
controlling the apparent solubility [3]. Since the solubili-
ty product (Ks) of MO2(cr) and M(OH)4(am) differs more 
than several orders of magnitude, it is of importance to 
clarify the solid phase transformation between MO2(cr) 
and M(OH)4(am) for establishing the robust thermody-
namic model on the solubility of radionuclides in tetra-
valent oxidation state.    
In the present study, we focused Zr as one of the fission 
products in tetravalent oxidation state under the reposito-
ry conditions. ZrO2(cr) powder were first measured by a 
versatile compact neutron diffractometer (VCND) at the 
B-3 beam port of KUR as references. Then the neutron
diffraction patterns of amorphous zirconium deuterium
hydroxide (Zr(OD)4(am)) aged at 25 to 90 ºC were col-
lected to investigate a temperature effect on the transfor-
mation of ZrO2(cr) and Zr(OD)4(am).

EXPERIMENTS:  The powder samples of ZrO2(cr) 
was purchased from WAKO Pure Chem. and put in sam-
ple holders without further treatment. The samples of 
Zr(OD)4(am) was prepared by an oversaturation method. 
A few grams of ZrCl4 (WAKO Pure Chem.) was dis-
solved in D2O to prepare the Zr stock solution ([Zr] = 0.2 
M). Portions of deuterium hydroxide (NaOD) were then 
added in the stock solution to adjust the pHc at pHc = 2.7. 
The sample suspensions were placed in ovens kept at 25, 
40, 60, and 90 ºC for 3 weeks. After the aging periods at 

each temperature, the pHc of the sample solutions was 
measured. The solid phases were separated by centrifuga-
tion and dried in vacuum desiccator. After the dryness, 
the powder samples were put in sample holders and 
measured by a VCND installed at the B-3 beam port of 
KUR. A Cu monochromator with 40 mm diameter was 
used to monochromatize the neutron wavelength of 1.0Å. 
The beam size was approximately 10 mm in width and 30 
mm in height. The beam flux was 1.3×105 n/s･cm2 during 
the operation at the power of 5 MW on KUR. 

RESULTS:  Figure 1 shows the neutron diffraction 
(ND) pattern of ZrO2(cr) in comparison with the X-ray 
diffraction (XRD) patterns [1]. The ND patterns exhibited 
intense peaks at low d (d = /2 sin ), while the peaks in 
the XRD patterns showed less intensities. The peak posi-
tions of both methods agreed and indicated the mono-
clinic structure of ZrO2(cr).  
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Fig. 1 Neutron diffraction (ND) and X-ray diffraction 
(XRD) patterns of ZrO2(cr). 

The neutron diffraction pattern of Zr(OD)4(am) after ag-
ing at 25 ºC showed a halo pattern typical for amorphous 
phase. With increasing the aging temperatures, the peaks 
corresponding to ZrO2(cr) appeared and those after aging 
at 90 ºC became clear with large intensities, indicating 
the progress of crystallization by heating. Further inves-
tigation is planned by an undersaturation approach from 
ZrO2(cr), and also for other elements in tetravalent oxida-
tion state. 
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INTRODUCTION: 
The fuel debris generated by the accident at the Tokyo 
Electric Power Company (TEPCO) Fukushima Daiichi 
Nuclear Power Station (FDNPS) is still in contact with wa-
ter, and it deteriorates over time with the dissolution of nu-
clides due to a solid-liquid reaction on the debris surface. 
Since it takes a long time to plan an extraction method of 
the debris from the plant, it is essential to accumulate basic 
knowledge for predicting changes of the chemical property 
of debris, but there are few knowledges about debris con-
taining UO2, zircaloy, and structural materials such as 
SUS304 stainless steel (SUS).  
 In order to simulate the 
dissolution behavior of nu-
clides from 1F debris, we 
have some prepared alloy-
based debris samples and fo-
cused the elution behavior of 
uranium and fission products 
(FPs). Two evaluation meth-
ods are adopted in this study. 
One is an addition method in 
which non-radioactive ele-
ments (as cold FPs) were added to a sample in advance. 
The other is an irradiation method. The debris sample was 
irradiated with short-time thermal neutrons to produce FPs. 

EXPERIMENTS:  
A powder mixture of UO2 obtained by hydrogen reduction 
of U3O8 and SUS was heated in an oxidizing atmosphere 
(2% O2 + 98% Ar, 1200 °C) to prepare simulated debris, 
and a powder XRD was adopted. The representative solid 
phases are follows; #XO (U3O8 (A)), #ZO (A+U1-yZ-
ryO2+x), #SO (A+U(Fe)CrO4), #FO (A), #CO (A+UCrO4), 
which were prepared from UO2 (B), B+ZrO2, B+SUS, 
B+Fe, B+Cr, respectively.  
 The solid-phase sample sealed in a quartz ampoule was 
inserted into a polyethylene capsule and irradiated using 
Pn-2 of Kyoto University Reactor. FPs are 137Cs, 131I, 140Ba, 
103Ru, 95Zr (irradiation method), Cs, Sr, Eu (addition 

method). After contacting the sample with 0.1 M NaClO4, 
pure water, and artificial seawater at 25 °C, the nuclide 
concentration before and after the immersion was deter-
mined by γ-ray spectroscopy and ICP-MS for in the irra-
diation method and the addition method, respectively. The 
cumulative γ radioactivity of nuclide M dissolved during a 
given period was determined by considering a decay cor-
rection, in accordance with the method used. The leaching 
ratio (rM) is defined as 

𝑟 𝐴 , exp
/

/𝐴 ,  (1) 

where Ai,M expresses the initial inventory (Bq) of M ini-
tially present in the solid solution sample, Af,M expresses 
the radioactivity (Bq) in the filtrate measured after the 
leaching period (t), and t1/2 expresses the half-life of the 
nuclide. In the addition method, since a cold FP partly vo-
latilized during heat treatment, the sample was dissolved 
by acid to correct the inventory. For uranium and cold-FPs, 
the unit of Bq is replaced by mole. RM corresponds to rM/rU 
and is the dissolution ratio of M normalized by that of ura-
nium. 

RESULTS:  
In the samples #XO, #ZO and #SO, Cs was preferentially 
leached over U, immediately after immersion in both the 
irradiation method and the addition method (RCs≈103), and 
then the RCs value decreased with time. It was suggested 
that easily soluble nuclides on the surface of the solid 
phase could leach immediately just after immersion of 
sample, but after that, matrix uranium dissolution might 
become a rate-determining reaction. It was found that di-
valent Ba (irradiation method) and Sr (addition method) 
same as in Cs leached preferentially over U, while a triva-
lent Eu showed a strong tendency for a harmonized disso-
lution with U. Thus, the addition method could provide the 
knowledge of trivalent ions. The rU was in the order of 
pure water << Na perchlorate solution < seawater, and the 
influence of anion-U complex formation contained in the 
liquid phase was observed. At this time, RCs and RSr tended 
to be pure water >> Na perchlorate solution > seawater, 
while REu was in the order of pure water < Na perchlorate, 
seawater, depending on the valence of the ions.  
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Fig.1 Schematic over-
view of 1F core melting
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INTRODUCTION: 125Sb, an isotope of antimony (Sb), 
is a fission product (FP) nuclide in the high-level liquid 
waste and understanding its extraction behavior is crucial 
for the reprocessing be highly active liquid waste. Alt-
hough the amount contained in the nuclear waste is rela-
tively small compared to other elements (0.026 mM for a 
synthetic solution [1]), its short half-life of 2.76 years [2] 
is problematic and therefore the influence of Sb should be 
considered. N,N,N’,N’-tetradodecyldiglycolamide 
(TDdDGA) is an extractant synthesized at Japan Atomic 
Energy Agency (JAEA) for the recovery of minor acti-
nides (MA) and rare earth elements (REE) from the 
high-level liquid waste, but the extraction behavior of Sb 
has not been studied using this extractant. In this study, 
the solvent extraction behavior of Sb by TDdDGA and its 
dependency on nitric acid solution and also the separation 
factor from neodymium (Nd), a REE, were studied and 
determined. 

EXPERIMENTS: For the HNO3 concentration depend-
ency, TDdDGA was used as the extractant and a mixed 
solution of n-dodecane and 1-octanol was used as sol-
vents to adjust the TDdDGA concentration to 0.1 M. A 
Sb shot was placed in 7 M HNO3 for 18 hours at room 
temperature to dissolve and then diluted to form the 
HNO3 concentration of 0.1, 0.2, 0.5, 1, 1.5, 2, 3, 4, 5 M. 
Both phases were stirred for 30 mins to reach equilibrium. 
The solution was separated by centrifugation and the 
aqueous phase was exchanged with a 0.1 M HNO3 and 
back extraction was performed. For the Nd separation 
experiment, the concentration of Nd and Sb were adjust-
ed to be the same in a 1 M and 3 M HNO3 solution for 
the aqueous phase. The organic phase was 0.1 M 
TDdDGA diluted by n-dodecane and 1-octanol. All ex-
periments were carried out at room temperature. The Sb 
and Nd concentration of the aqueous phase before and 
after both extractions were measured by Inductively 
Coupled Plasma-Atomic Emission Spectrometry 
(ICP-AES) and Inductively Coupled Plasma-Mass Spec-
trometry (ICP-MS) at the Institute for Integrated Radia-
tion and Nuclear Science, Kyoto University, and the dis-
tribution ratios and separation factors were determined.  

RESULTS AND DISCUSSIONS: The results for the 
HNO3 dependency are shown in Fig. 1. For the concen-
trations above 0.5 M HNO3, from slope analysis, there is 
a slope 1 positive correlation between the distribution 
ratio and HNO3 concentration. On the other hand, below 
0.5 M HNO3, there was no correlation. This suggests that 

1) Sb and TDdDGA form a compound in a 1:1 ratio from
HNO3 concentrations greater than 0.5 M and 2) the oxi-
dation state of Sb changes around 0.5 M, due to the
HNO3 concentration. The possible ligands that can form
at the HNO3 concentrations used in this study is SbO2

+,
SbO+, HSbO2 and Sb(OH)6- [3] which are either Sb(III)
or Sb(V). This supports the observation of the correlation
change at 0.5 M HNO3.
The separation factor for Sb/Nd was 6.8×103 and 9.1×103

for 1M and 3M HNO3 respectively. Furthermore, the dis-
tribution ratios of Sb (1M: 0.0054, 3M: 0.086) of and Nd
(1M: 36.7, 3M: 786) show that the Sb and Nd can be
clearly separated into different phases. Compared with
TODGA [4], separation of Sb from a trivalent lanthanide
or actinide element is efficient using TDdDGA.

CONCLUSIONS: The extraction behavior of Sb in var-
ying nitric acid concentrations using TDdDGA was stud-
ied by using the solvent extraction method. The separa-
tion factor of Sb and Nd was also determined. Sb and 
TDdDGA had a 1:1 bond for HNO3 concentrations of 0.5 
M and above. TDdDGA is an efficient extractant to sepa-
rate Sb from trivalent F block elements.  

REFERENCES: 
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383-389 (1979).
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Fig. 1.  Dependence of D on nitric acid concentra-
tion for Sb.  
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INTRODUCTION: Actinides form alloys with noble 
metal fission products during the irradiation of metallic 
fuel [1]. To understand the detailed behavior of actinides 
during electrorefining process of the irradiated metallic 
fuel, it is necessary to accumulate the basic knowledge on 
the electrochemical properties of the actinides-noble 
metal alloys. This study focused on U-Ru alloy and in-
vestigated the electrochemical behavior of U-Ru alloy in 
LiCl-KCl-UCl3 melts at 773 K.  

EXPERIMENTS: Electrochemical measurements were 
performed in an Ar atmosphere glove box. LiCl-KCl eu-
tectic salt containing 0.16 mol% UCl3 was melted at 773 
K and used as the electrolyte. The working electrode was 
a Ru metal plate electrode (1mm×2mm×7mm (immersion 
depth into the melt), 99.5 % purity, Nilaco) or a W wire 
electrode (1 mmφ, 3 mm immersion depth into the melt). 
The counter electrode was a glassy carbon rod. Another 
W wire was used as the quasi reference electrode, of 
which potential was calibrated to Ag/AgCl reference 
electrode potential periodically.  

RESULTS: Cyclic voltammogram of the W electrode in 
the LiCl-KCl-UCl3 melts showed a cathodic (c1) and 
anodic (a1) current couple ascribing to U metal deposi-
tion and dissolution, respectively, at around -1.4 V (vs. 
Ag/AgCl) as seen in Fig. 1(a),  

U3+ + 3e- ⇄ U    (1) 
In the cyclic voltammogram of the Ru electrode (Fig. 
1(b)), cathodic current peaks (c2 and c3) were observed 
at more positive potential than that of U metal deposition 
(c1). Taking into account that five alloy phases, U2Ru, 
URu, U3Ru4, U3Ru5 and URu3, exist in U-Ru binary sys-
tem [2], the cathodic current peaks, c2 and c3, were con-
sidered to be due to U-Ru alloy formation,  

U3+ + xRu + 3e- → URux   (2) 
During the anodic scan in Fig. 1(b), an anodic current 
peak a4, a broad anodic current peak a3 and an anodic 
current peak with a shoulder a2 were found, which might 
have corresponded to U dissolution from the U-Ru alloy. 
For the purpose of determining the U-Ru alloy formation 
and deformation potentials in detail, a galvanostatic elec-
trolysis at 0.1 mA was conducted using the Ru electrode 
on which U metal had been deposited by a potentiostatic 
electrolysis at -1.44 V for 10 s. As seen in Fig. 2, the po-
tential of the Ru electrode was initially that of the depos-
ited U metal. Then, the potential shifted to a positive di-
rection along with time, showing several potential plat-
eaus. A different pair of two U-Ru alloy phases should 
exist on the surface of the electrode at each potential 
plateau. Similar electrochemical measurements will be 

carried out at different temperature to obtain thermody-
namic properties of U-Ru system.  

Fig. 1 Cyclic voltammograms of (a) W and (b) Ru elec-
trodes in LiCl-KCl-0.16mol%UCl3 melts at 773 K. Scan 
rate was 50 mVs-1. 

Fig. 2 Potential change of Ru electrode during galvanos-
tatic electrolysis at 0.1 mA after U had been deposited on 
the Ru electrode by a potentiostatic electrolysis at -1.44 V 
for 10 s at 773 K. 
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INTRODUCTION:  Nobelium (No) with atomic num-
ber 102 is one of actinide elements. It is reported that 
stable oxidation state of No is +2 although those of the 
other heavy actinide elements are all +3. The chemical 
behavior of No is reported to be similar to that of group 2 
elements in HCl [1]. However, it is difficult to investigate 
the chemical properties of No because of low production 
rates and short half-lives of the No nuclides. Fundamental 
experiments of group 2 elements for various chemical 
reactions are needed to establish new chemical experi-
ments for No.  

Previously, we reported new experimental method in 
which the hydroxide complexation of the target elements 
can be studied from the coprecipitation behavior with 
samarium hydroxide [2]. So far, we have qualitatively 
investigated the coprecipitation behaviors of various el-
ements, and we successfully applied the method to ele-
ment 104, rutherfordium (Rf) [3]. In this study, in order 
to elucidate the new chemical properties of No, we fo-
cused on the reaction with sulfate ions, and experimen-
tally investigated the coprecipitation behavior of group 2 
elements: Ca, Sr, Ba, and Ra, with BaSO4 using ammo-
nium sulfate in addition to sulfate precipitation behavior. 
Suitable experimental conditions for coprecipitation ex-
periment of No were determined. 

EXPERIMENTS:  85Sr and 133Ba samples were pre-
pared by irradiating protons on pellet samples of RbCl for 
1 h and of CsCl for 10 h using the AVF cyclotron at 
RCNP. 47Ca sample was prepared by irradiating thermal 
neutrons (3×1013 cm−2 s−1) on a powder sample of CaO 
for 1 h using the reactor at KURNS. They were separated 
from other majority of radioisotopes by cation-exchange 
and anion-exchange methods. 226Ra tracer was used to 
investigate the behavior of Ra. 

In the coprecipitation experiment, 20 µL (20 µg) of 
BaCl2 solution was added into the RI tracer solution. In 
case of the precipitation experiment, 20-1000 µg of Sr or 
Ba chloride or ~10 mg of 47CaO in aqueous solution was 
added. After mixing it, 2 mL of ammonium sulfate solu-
tion was added to generate sulfate precipitate. Then, these 
solutions (0.0010–2.0 M) were stirred for 5 min at room 
temperature. The precipitate was collected on a mem-
brane filter by suction filtration. The precipitate and fil-
trate samples were subsequently dried on heater at 100 
degree C, and were assayed by γ-ray measurements. The 
(co)precipitation yields were determined from the radio-
activities of the γ rays counted. 

RESULTS:  The precipitation and coprecipitation 
yields were determined from the equation: Appt / (Appt + 
Afil), where A represents the radioactivity, and ppt and fil 
indicate the precipitate and filtrate, respectively.  

The coprecipitation behavior of Sr and Ba was basi-
cally consistent with that in precipitation, suggesting that 
sulfate precipitation (complexation) properties of the 
group 2 elements can be investigated based on their sul-
fate coprecipitation behavior. The coprecipitation yields 
of Ca, Sr, Ba, and Ra are shown in Fig.1. The yield in-
creases with an increase of the atomic number; namely, 
ionic radius, and this trend is qualitatively consistent with 
that in their solubility products. The ionic radius of No is 
between Ca and Sr and thus, the yields of No might be 
between those of Ca and Sr. Maybe, due to the influence 
of strong relativistic effects on the orbital electrons in No, 
No will show different behavior from a simple prediction 
based on the tendency among group 2 elements. It is very 
intriguing to experimentally investigate the sulfate co-
precipitation behavior of No with barium sulfate. 

Fig. 1. The yields in sulfate coprecipitation experiment. 

REFERENCES: 
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(2021).
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INTRODUCTION:  One of the major forms which had 
spread radioactive materials in the environment at the se-
vere accident of Fukushima Daiichi Nuclear Power Plant 
(FDNPP) is radioactive aerosol. Radioactive cesium and 
other radio isotopes released from the plant were trans-
ported by aerosol particles [1]. Part of the radioaerosol par-
ticles containing fission products were generated in the re-
actor building. Fission products released from nuclear 
fuels by high temperature might attach to surface of aero-
sol particles to generate radioaerosol particles. The gener-
ation processes of the radioaerosol particles are important 
to understand surrounding condition of nuclear fuels. Ex-
perimental approach to elucidate the generation process of 
the radioactive aerosols has been performed in our previ-
ous work [2-5]. In the present work, the attachment behav-
ior of fission products to solution aerosol particles has 
been observed using neutron irradiated UO2 powder as a 
source of fission products. Fission products released from 
the irradiated UO2 by heating move with thermal velocity 
and might attach to surface of aerosol particle by electro-
static interaction. 

EXPERIMENTS:  The experimental method to gener-
ate and collect radioactive aerosol particles containing fis-
sion products is shown in the previous report [5]. Powder 
of UO2 was encapsulated in a quartz tube under reduced 
pressure, and the quartz tube covered by a polyethylene 
tube was inserted into polyethylene capsule to irradiate 
neutrons using pneumatic transport system, Pn-2, at the 
power of 1MW on KUR. The amount of UO2 was 10 mg, 
and the neutron irradiation time was 5 min. A few mg of 
irradiated UO2 powder was extracted to another quartz 
tube placed in an electric furnace within 60 min after the 
irradiation. Fission products produced in the irradiated 
UO2 powder was released by heating the furnace up to 
1000°C. On the other hand, atomizer filled with 0.01 M 
solution generate solution aerosol particles. Four kinds of 
solution; sodium chloride, sodium bromide, sodium iodide 
and ammonium sulfate, were used in the present work. 
Both released fission products and solution aerosol parti-
cles were aspirated by a suction pomp to inject into a cy-
lindrical chamber. Radioactive aerosol particles were gen-
erated by attaching fission products to aerosol particles in 
the chamber, and the difference of interaction time causes 
the difference of effective surface area of aerosol particles 
to attach fission products. The produced radioactive aero-
sol particles were collected on a polycarbonate filter at 
downstream of the chamber. The amount of fission prod-
ucts which was attached to aerosol particles were esti-
mated by gamma-ray spectrometry for the filter using a 

Ge-detector (Canberra, GC2020). On the other hand, the 
total amount of fission products released from the irradi-
ated UO2 powder by heating was estimated by subtraction 
of gamma-ray spectra measured before and after release of 
fission products by heating. 

RESULTS:  The attachment ratio of short half-lived fis-
sion products; 91,92Sr, 138Cs, 134,135I, 134Te and 128Sn, to 
NaCl , NaBr, NaI and (NH4)2SO4 solution aerosol particles 
is estimated in the present work and shown in Figure 1. 
The attachment ratio of Sr isotopes is not shown in the fig-
ure because the ratio was below the detection limit. The 
varieties of attachment ratio of each nuclide to different 
solution aerosol are around one order. On the other hand, 
the differences of the ratio among nuclides to the same so-
lution aerosol is up to three order. The result indicates that 
the attachment ratio depends on the chemical properties of 
fission products released from UO2 more than those of so-
lution aerosol particles. The fission products of 91,92Sr, 
138Cs and 134,135I are isotopes of important radionuclides; 
90Sr, 134,137Cs and 131,133I, which had been released from 
FDNPP and affected high dose rate in the environment. 
The result will contribute to the severe accident simulation 
in the aspect of estimating the radioactivity released from 
the power plant. 

Fig. 1 Attachment ratio of five fission products to four dif-
ferent solution aerosol particles. 
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