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INTRODUCTION:  It is important to understand the 
solubility behavior of (Zr,U)O2 solid solution in aqueous 
systems for the management of nuclear fuel debris gener-
ated in the Fukushima Daiichi Nuclear Power Plant acci-
dent since (Zr,U)O2 solid solution is one of the possible 
major components of the debris. Many studies have been 
dedicated to establishing a robust thermodynamic model 
to quantitatively explain the solubility of ZrO2 and UO2, 
while less is known for the solubility of mixed systems. In 
the present study, we focused on (Zr,Ce)O2 solid solution 
as an analog of (Zr,U)O2 solid solution. In the phase dia-
gram of (Zr,Ce)O2 solid solution at 1000 ℃, for example, 
pure ZrO2 exhibits a monoclinic phase, and tetragonal 
ZrO2 and cubic CeO2 phases appear with increasing Ce 
molar ratio [1]. This trend is similar to that observed in the 
phase diagram of (Zr,U)O2 solid solution [2]. In this study, 
(Zr,Ce)O2 solid solution was prepared with the molar ratio 
of Zr/Ce = 7/3 at 1000 ℃ and characterized using powder 
X-ray diffraction (XRD) . Then, the solid phase was placed
into aqueous sample solutions under reducing conditions
ranging from pH 0.8 to 8.0 for several months. After the
immersion of given periods, the solid phase was separated,
dried and investigated by powder XRD to elucidate the
change in the state of solid phase and discuss their solubil-
ity behavior.

EXPERIMENTS:  Acidic stock solutions of Zr(IV) ni-
trate and Ce(IV) nitrate were prepared and mixed with the 
molar ratio of Zr/Ce = 7/3. Portions of concentrated poly-
vinyl alcohol (PVA) were added to the mixed solution and 
heated to dryness at 200 ℃. The dried powder was then 
heated at 1000 ℃ for 4 hours in a muffle furnace to syn-
thesize (Zr,Ce)O2 solid solution. The preparation method 
is known as a polymeric steric entrapment method, which 
enables synthesizing of metal oxide solid solution at a 
lower temperature [3]. The powder XRD pattern of the 
synthesized solid phase is shown in Fig. 1. Diffraction 
peaks corresponding to tetragonal ZrO2 and cubic CeO2 
were observed in the pattern, indicating that the solid 
phase is a mixture. This solid phase was put into polypro-
pylene sample tubes and aqueous solutions ranging from 
pH 0.8 to 8.0 with the ionic strength (I) of I = 0.5 by 
NaClO4 were added to the sample tubes. It is noted that to 
enhance the dissolution of Ce in the solid phase, 1 mM 
Sn(II)Cl2 was added as a reducing chemical. After several 
months, the solid phase was separated, dried in a vacuum 
dedicator, and investigated using powder XRD. 

RESULTS AND DISCUSSION:  Figure 1 shows the 
powder XRD patterns of the solid phase after the immer-
sion of the sample solution at pH 1.1 and after the 

immersion without Sn(II). It is noted that a peak corre-
sponding to cubic CeO2 at 2  = 29° in the diffraction pat-
terns of pH 1.1 with Sn(II) became more clear compared 
to that in the patterns without Sn(II) and before immersion. 
This suggests the possible transformation of the solid 
phase by contacting the reducing aqueous solution. For 
more detailed analysis, the diffraction patterns were ana-
lyzed using Rietveld refinement. For the initial synthe-
sized solid phase, the obtained lattice parameter as cubic 
CeO2 was slightly smaller than that of pure cubic CeO2, 
indicating a portion of Zr incorporated into the cubic phase 
to form a cubic CeO2-based solid solution. 
Similarly, ZrO2 was considered a tetragonal ZrO2-based 
solid solution, which agreed with the reported phase dia-
gram [1]. The lattice parameters of the solid phase after the 
immersion without Sn(II) were the same as those of the 
solid phase before the immersion. In contrast, the lattice 
parameter of cubic CeO2 was found to increase after the 
immersion at pH 1.1 with Sn(II). The composition of cubic 
CeO2-based solid solution changed to decrease the Zr ratio 
in the solid solution. Since the change is only observed in 
the presence of Sn(II), the redox reaction of Ce(IV) in the 
solid phase may be involved. Further studies are needed to 
clarify the solubility behavior of (Zr,Ce)O2 solid solution. 
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 Fig. 1.  Powder XRD patterns of (Zr,Ce)O2 solid solu- 
tion before and after the immersion in aqueous systems
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INTRODUCTION: Uranium is the predominantly major 
component in spent fuels, and novel extractants with high 
selectivity and capacity for U(VI) and radiation stability 
in nitric acid media are desired in the world.  Our atten-
tion as candidate extractants has been paid for 1,3-dial- 
kyl-2-pyrrolidone (DRP) (Fig. 1), one of cyclic mono-
amide compounds, and previously stability against γ-ray 
irradiation for DRPs with straight and relatively shorter R 
and R’, i.e., 1,3-dibutyl-2-pyrrolidone (DBP : R, R’ = 
-C4H9) and 1,3-dihexyl-2-pyrrolidone (DHP : R, R’ =
-C6H13), was investigated[1]. In this study, DRPs with
relatively longer R and R’, i.e., 1,3-dioctyl-2-pyrrolidone
(DOP : R, R’ = -C8H17), 1,3-didodecyl-2-pyrrolidone
(DDP : R, R’ = -C12H25), and 1,3-di(2-ethylhexyl)-2-
pyrrolidone (DEhP : R, R’ = -C8H17) was similarly stud-
ied.

R' R
N

O

   (R, R’: hydrocarbon group) 

Fig. 1. Chemical structure of DRP. 

EXPERIMENTS: Among the above-mentioned five 
DRPs, only DDP is present as solid at room temperature 
and the other four are liquid. For the sample for γ-ray 
irradiation to DRPs, solutions consisting of 30 vol% DRP 
in n- dodecane as the organic phase and 3 or 6 mol/dm3 
(= M) HNO3 as the aqueous phase were prepared in a 
Pyrex tube (O/A=1 (v/v)).  Irradiation was carried out 
by the 60Co source up to ca. 1.1 MGy at room tempera-
ture under ambient atmosphere similarly to the earlier 
study[1].  Organic phases of the irradiated samples were 
then analyzed by 1H NMR using CDCl3 and tetrame-
thylsilane (TMS) as solvent and internal standard materi-
al, respectively. The residual ratios of DRPs were calcu-
lated by the area ratio of each signal in DRPs with that of 
TMS.   

RESULTS: In a 1H NMR spectrum, neat DRP shows 
several signals, e.g., (A)1.7, (B)2.2, (C)3.3 ppm for DEhP. 
The residual ratios for DEhP irradiated with 3 and 6 M 
HNO3, respectively, were calculated from each signal and 
are shown in Fig. 3 together with the relationship be-
tween the position of hydrogen in the structure of DEhP 
and that of the signal. It can be seen for both HNO3 con-
centrations that the residual ratios are decreased linearly 
and similarly with increasing dose up to ca. 1 MGy. Also, 
there is little difference in the residual ratio among the 
position (A) through (C).  

In case of DHP[1], the residual ratios of ca. 50 % were 
obtained after irradiation with 6 M HNO3 at ca. 0.75 
MGy, which is similar to the result for DEhP. However, 
unlike the case for DEhP, the residual ratios at pyrroli-
done ring (corresponding to the positions (B) and (C) in 
Fig. 2) were apparently lower than those at the side 
chains. On the contrary, for the sample irradiated with 3 
M HNO3, nearly no decomposition occurred after irradia-
tion at ca. 0.8 MGy, which is a different trend compared 
with DEhP.  

Fig.2. Dependence of residual ratio of DEhP on dose; 
(a) 3 M HNO3, (b) 6 M HNO3 and chemical
structure of DEhP.

The results for DOP and DDP obtained in a similar 
manner to DEhP are shown in Table 1. Summarizing 
these results, in general, the samples irradiated with 3 M 
HNO3 are more stable than those irradiated with 6 M 
HNO3. This is in accordance with the results for wa-
ter-soluble N-butylpyrrolidone (NBP) which has similar 
chemical structure to DRPs[2].  

The relationship between the chemical structure of 
DRP and the stability remains unclear and further inves-
tigation would be necessary. 

Table 1. Relationship between dose and residual ratio 
of DOP and DDP. 

DRP Dose 
/ MGy 

[HNO3] 
/ M 

Residual ratio 
/ % 

DOP 0.79 3 65 
DOP 0.83 6 40 
DDP 0.71 6 60 
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