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Abstract – The beaker-scale experiments on the effective powdered fuel dissolution and the U 
crystallization from dissolver solution with the irradiated MOX fuel from the experimental fast reactor 
“JOYO” were carried out.  The powdered fuel was effectively dissolved into the nitric acid solution.  In the 
U crystallization experiments, U crystal was obtained from the actual dissolver solution without any 
addition of reagent.   

 
 

INTRODUCTION 
 
The spent nuclear fuel of fast reactor involves 
larger amount of plutonium (Pu) and fission 
products than the light water reactor.  This 
characteristic of the spent nuclear fuel of fast 
reactor gives technical issues for the fast reactor 
fuel cycle development.   
The dissolution rate of the MOX fuel is 
essentially smaller than that of uranium (U) 
oxide fuel and the higher the Pu content, the 
smaller is the dissolution rate.[1]  Unless the 
MOX fuel is dissolved enough, the insoluble 
residue remains and might accumulate in the 
dissolver vessel or elsewhere.  Although high 
concentration of nitric acid and/or high 
dissolution temperature makes highly effective 
dissolution achieved, such a dissolution 
condition may cause significant material 
corrosion of the dissolution vessel.  On the other 
hand, highly effective dissolution is expected to 
give some advantages to the head-end process of 
the reprocessing of the MOX fuel because rather 
small dissolver can be designed and affect the 
cost of equipment and construction.  
Furthermore, the small dissolver design might be 
advantageous in the view point of criticality 
safety.  Moreover, by pursuing dissolution 
efficiency improvement to the utmost limit, the 
actual dissolution process can be set up on 
milder condition, which might prevents 
significant material corrosion.   
To powderize the MOX fuel before the 
dissolution process is a means to improve 
efficiency of dissolution.  Since apparent surface 
area becomes large by powerizing, quantity of 
the fuel dissolved per unit time increase without 
raising the concentration of nitric acid or 
temperature.   

By the way, an advanced aqueous reprocessing 
system was recently evaluated as the most 
promising reprocessing concept in Japan after 7 
years of studies of the feasibility on the 
commercialized FBR cycle systems.[2]  The 
process is called “NEXT” (New Extraction 
System for TRU Recovery), which consists of 
highly effective dissolution, partial recovery of 
U from dissolver solution by U crystallization, 
co-recovery of U-Pu-neptunium (Np) by 
simplified solvent extraction and minor actinide 
recovery by extraction chromatography (Fig. 1).  
The U crystallization process from the dissolver 
solution of the spent nuclear fuel has been 
developed as one of the key essential 
technologies for the “NEXT” process 
development.   
 

 
Fig. 1  Schematic Flow of “NEXT” process. 
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For the U crystallization, it is desirable to 
prepare the dissolver solution of relatively high 
U concentration.  Since the conventional 
dissolution method needs significantly long 
dissolution time to obtain the dissolver solution 
of high U concentration with high dissolution 
ratio, it is expected to develop the effective 
dissolution and the dissolution of powdered 
spent fuel is one of the promising candidates for 
this purpose.   
Concerning the U crystallization, it is applied 
before the solvent extraction process in order to 
recover several tens % of U from dissolver 
solution and reduce the total mass of nuclear 
material to be treated in the solvent extraction 
process.  Therefore, the scale of the facilities and 
installations for the solvent extraction process 
becomes smaller, and the volume of reagents to 
be used such as tri-n-butylphosphate (TBP), 
nitric acid, is reduced as compared with the 
conventional reprocessing system.  Besides, 
secondary waste due to the application of the U 
crystallization is negligible because U is 
crystallized as uranyl nitrate hexahydrate (UNH) 
by the temperature control without any addition 
of reagent.  Therefore, the U crystallization also 
leads some advantages such as waste volume 
minimization and cost reduction.   
Furthermore, the introduction of the partial 
recovery of U from the FBR spent fuel dissolver 
solution results in the enhancement of nuclear 
non-proliferation.  U, Pu and Np are collectively 
recovered by the simplified solvent extraction in 
order to prevent Pu isolation.  However, U/Pu 
ratio of the dissolver solution is a little lower 
than that of the core fuel because both core and 
blanket fuels are processed together in the 
reprocessing of FBR spent fuel.  The partial 
recovery of U enables to provide core fuel 
resource products of higher U/Pu ratio; otherwise 
isolated Pu should be prepared for the 

adjustment of U/Pu ratio of the U-Pu-Np co-
recovery product.   
The beaker-scale experiments on the effective 
powdered fuel dissolution and the U 
crystallization from dissolver solution were 
carried out at the Chemical Processing Facility 
(CPF) in Tokai Research and Development 
Center.  The main results of the experimental 
study on the highly effective dissolution process 
and the U crystallization process will be 
presented in this report. 
 
EXPERIMENTAL 
 
The irradiated MOX fuel from the experimental 
fast reactor “JOYO” was used in both 
experiments on the effective powdered fuel 
dissolution and the U crystallization.  These 
experiments were conducted in the shielded hot-
cell of the CPF. 
 
Highly Effective Dissolution 
 
The conditions of dissolution experiments are 
summarized in TABLE I.    
Fuel pieces obtained by shearing the actual 
“JOYO” fuel pins and powdered fuel obtained 
by grinding the irradiated MOX fuel were used.   
A glass flask whose surface is coated with a 
special material which passes an electric current 
and is able to heat liquid in the flask or vessel 
installed in the hot cell was used as dissolver 
(Fig. 2).  The sheared pins or powdered fuel was 
put into the dissolver and nitric acid solution was 
poured into the dissolver.  Then, the temperature 
of nitric acid solution was raised up to about 
100 °C.  Analytical samples were periodically 
taken from the dissolver solution for the 
measurement of the concentration of U and Pu.   
85Kr in the dissolution off-gas was observed 
during the dissolution in order to monitor the  

TABLE I. Conditions of Dissolution Experiments. 

 RUN D1 RUN D2 Run D3 

Fuel Core fuel from the experimental fast reactor “JOYO” 

Burn-up (ave.) 64 GWd/t 64 GWd/t 55 GWd/t 

Pu content (init.) 30 w/o 30 w/o 30 w/o 

Form Fuel pieces (30mm-L) Powdered (<1mmΦ) Powdered (1 ~ 2 mmΦ) 

[HM]f 560 g/L 570 g/L 160 g/L 

[HNO3]init. 10 mol/L 10 mol/L 5 mol/L 

Dissolution Temp. ~ 100 °C ~ 100 °C ~ 100 °C 
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Fig. 2  Dissolver Vessel in Hot Cell of CPF. 

 
state and progress of the dissolution reaction. 
 
U Crystallization 
 
The experimental conditions are shown in 
TABLE II.   
The actual dissolver solution of the irradiated 
FBR fuel contains various elements.  Therefore, 
U crystallization experiments with actual 
dissolver solution were carried out in order to 
confirm that a certain part of U could be 
recovered from the actual dissolver solution by 
the crystallization method.  Concentrations of U 
and nitric acid were adjusted by an addition of 
nitric acid and/or evaporation.  Pu valence of the 
that it was tetravalent state, Pu(IV).  When 
hexavalent state, Pu(VI), was determined even 
just a little, the valence of Pu was adjusted to 
dissolver solution was checked by in advance 
Pu(IV) by reducing agent such as H2O2, NaNO2.  
The feed solution in the crystallizer was cooled 
down in order to crystallize U as UNH (Fig. 3).  
The UNH crystal and mother solution were 
separated by a glass filter.  Then concentrated 
nitric acid solution was used for removal of 
mother solution remaining on the surface of the 
UNH crystal.  The use of concentrated nitric acid 

solution as washing solution makes re- 
 

Fig. 3  Schematic Structure of Crystallization 
Apparatus. 

 
dissolution of UNH minimized.  Samples of the 
feed solution, UNH crystal obtained, mother 
solution and washing solution were taken and 
concentration of U, Pu and Cs were analyzed 
respectively. 
 
RESULTS AND DISCUSSION 
 
Dissolution of Fuel Pieces for High U, Pu 
concentration and Powdered Fuel for Highly 
Effective Dissolution 
 
Fig. 4 shows the dissolution behaviors of sheared 
pieces and powder of the irradiated “JOYO” fuel.   
As may be seen from Fig. 4, dissolution ratio of 
sheared pieces (RUN D1) increased more slowly 
than powdered fuel of < 1mmΦ (RUN D2) of 
which experimental conditions were almost same 
other than their form.  The dissolution of the 
sheared fuel pieces seemed not to be finished 
within 600 min because 85Kr gas kept being 

TABLE II. Conditions of U Crystallization Experiments. 

 RUN C1 RUN C2 Run C3 

Fuel dissolved Irradiated LWR-MOX Irradiated MOX from “JOYO” 

[U] 456 g/L 410 g/L 452 g/L 

[Pu] 47 g/L 200 g/L 41 g/L 

[137Cs] 5.5 E+08 Bq/mL 5.6 E+08 Bq/mL 1.5 E+11 Bq/mL 

[HNO3]init. 4.6 mol/L 6.0 mol/L 3.3 mol/L 
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obviously released into the off-gas treatment 
system.  On the other hand, according to the 
monitoring of 85Kr in the dissolution off-gas, 
almost all of powdered fuels of < 1 mmΦ (RUN 
D2) seemed to be dissolved with 300 min.  The 
dissolution ratios of RUN D1 and D2 plotted in 
Fig. 2 gave good agreement with these 
tendencies.  This result suggests that the 
expansion of the apparent surface area of fuel by 
its powerizing contributes to effective 
dissolution and it will be possible to obtain the 
dissolver solution of high U and Pu 
concentration within a practical operation time.   
Dissolution of powdered fuels of 1 ~ 2 mmΦ 
(RUN D3) was also completed within 200 min.  
Although the diameter of fuel powder used in 
RUN D3 was smaller than RUN D2, namely, the 
apparent surface area was small, and the initial 
concentration of nitric acid in RUN D3 was 
lower than RUN D2, dissolution time taken in 
those two experiments were not significantly 
different because the final concentration of U 
and Pu in the final dissolver solution in RUN D3 
was lower than RUN D2.  Application of highly 

effective dissolution by fuel powderizing might 
make the dissolution condition milder, which 
might prevents significant material corrosion. 
 
 
U Crystallization from Actual Dissolver 
Solution 
 
In each experiments, several tens % of U in the 
solution was recovered as expected.   
Decontamination factor (DF) for U over Pu and 
Cs is:   
 

[ ] [ ]
[ ] [ ]crystalcrystal

feedfeed
M UM

UM
DF

/
/

=   (1) 

 
Where [M] is the concentration of Pu or Cs in 
the feed solution or crystal and [U] is the 
concentration of U in the feed solution or crystal.   
The experimental results are shown in TABLE 
III.  The Pu valence in the feed solution was 
adjusted at tetravalent state in order to prevent 
Pu from co-crystallizing with U.  DFPu before 

TABLE III. Decontamination Factor (DF) for U over Pu and Cs. 

  RUN C1 RUN C2 Run C3 

Before washing 14 5.6 8.8 
DFPu 

After washing 130 25 23 

Before washing 13 1.2 1.3 
DFCs 

After washing 100 0.8 1.8 

Fig. 4  Dissolution Behavior of Sheared Pieces and Powder of Irradiated "JOYO" Fuel
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washing were from 5.6 of RUN C2 to 14 of 
RUN C1.  Namely, about 10 % amount of initial 
Pu was accompanied with U.  After washing, all 
values of DFPu increased.  Most of Pu which 
accompanied with U seems to be on the surface 
of UNH crystal as a component of the mother 
solution and to be decontaminated by washing.   
On the other hand, Cs was a troublesome 
element and its behavior in the U crystallization 
operation was complicated.  DFCs before 
washing in the experiments of RUN C2 and C3 
were significantly low as compare with DFPu.  
This tendency became more striking after 
washing and DFCs of both before and after 
washing were about 1.  It means that Cs in the 
same ratio as crystallized U existed in the UNH 
crystal and most of them remained in the crystal 
even after washing.  Since DFPu shows the 
mother solution on the surface of the UNH 
crystal was washed as expected, Cs seemed to be 
contaminated to the UNH crystal in other 
chemical form than one of the components of the 
mother solution.   
The cause of this phenomenon is supposed to be 
a formation of double salt composed of Pu and 
Cs.  Since initial amount of Cs in the dissolver 
solution was far smaller than that of Pu, major 
part of Pu remained in the mother solution and 
higher DFPu than DFCs was obtained.  It is 
known that the pale green Cs salt, Cs2Pu(NO3)6, 
is formed when nitric acid  solutions of the Cs 
nitrates is mixed with tetravalent Pu nitrate 
solutions.[3]  On the other hand, the abundance 
of Pu(NO3)6

2- has been reported to be 4 %, 10 %, 
29% and 50% in 5, 6, 7 and 8 mol/L nitric acid  
solutions, respectively.[*]  Assuming that the 
high abundance of Pu(NO3)6

2- contributes to the 
formation of Cs2Pu(NO3)6, the higher 
concentration of nitric acid , the more the double 
salt is formed.  DFCs of RUN C3 of which the 
initial concentration of nitric acid (3.3 mol/L) 
was lower than that of RUN C2 (6.0 mol/L) was 
slightly higher than DFCs of RUN C3.   
Under the assumptions, there are some points 
that should be noted.  Even though the 
concentration of nitric acid in the feed solution 
of the U crystallization process is adjusted low 
enough to avoid the formation of the double salt 
of Pu and Cs, Cs2Pu(NO3)6 might be formed 
according to the crystallization condition 
because the U crystallization from nitric acid  
solution withdraws certain amount of water 
molecule from the solution to the crystal as UNH 
and it makes concentration of nitric acid  of 
mother solution higher than initial concentration.  
Furthermore, decreasing momentarily by the 

formation and precipitation of Cs2Pu(NO3)6, the 
abundance of Pu(NO3)6

2- in the liquid phase will 
subsequently increase again because of the shift 
of chemical equilibrium consequent upon its 
disproportion.  If this reaction causes further 
formation of Cs2Pu(NO3)6, even a small amount 
of Pu(NO3)6

2- might produce significant amount 
of double salt precipitation.  In the experiment of 
RUN C1, however, DFCs was similar to DFPu 
despite rather high concentration of nitric acid of 
RUN C1 (4.6 mol/L) than that of RUN C3 (3.3 
mol/L).  This result suggests that there is an 
optimized U crystallization condition to obtain 
UNH crystal which is reasonably 
decontaminated and the condition is not decided 
by only the concentration of nitric acid.   
 
CONCLUSION 
 
The beaker-scale experiments on the effective 
powdered fuel dissolution and the U 
crystallization from dissolver solution with the 
irradiated MOX fuel from the experimental fast 
reactor “JOYO” were carried out.   
The powdered fuel was effectively dissolved into 
the nitric acid solution.  Highly concentrated 
dissolver solution, which significantly long 
dissolution time is required to obtain by the 
conventional dissolution method, was obtained 
by the dissolution of powdered fuel within a 
practically short time of dissolution.  And also, 
the powdered fuel dissolution made the 
dissolution condition milder, which might 
prevents significant material corrosion.   
In the U crystallization experiments, U crystal 
was obtained from the actual dissolver solution 
without any addition of reagent with 
accompanying small amount of Pu.  Although Cs 
was precipitated and accompanied with UNH 
crystals in some cases, further investigation is 
still necessary because DFCs which is similar to 
DFPu was also obtained in the other experiment.  
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