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Abstract−The direct dissolution of UO2 in TBP-HNO3 complex by microwave heating in this study suggests the
possibility of dissolving spent nuclear fuels. This new technique offers many benefits for reduction in aqueous and
organic waste generation and improved efficiency of chemical processing. The dissolution rate of UO2 particles with
TBP-HNO3 complex by microwave assisted heating is highly dependent on the temperature and the particle size.
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INTRODUCTION

In order to develop the head-end process of nuclear spent fuel,
data on the dissolution of UO2 particles are essential. Some studies
on the dissolution of UO2 particles or powders in HNO3 have been
reported [1,2]. But some problems emerged during the HNO3 dis-
solution procedure, such as difficulty of complete recovery of ura-
nium and some metals, and generation of a relatively large amount
of organic solvent and aqueous liquid waste and NOX gases. There-
fore, searching for new, effective techniques for reprocessing of spent
fuels is a challenging task in the future. In evaluating any accept-
able new techniques for reprocessing of spent nuclear fuels, mini-
mizing waste generation is an important criterion for consideration
[3].

Microwave-assisted leaching has been studied to improve the
yield of extracted metal and reduce the process time. The unique
microwave heating advantages such as short processing time, direct,
selective and volumetric heating, and a more controllable heating
process [4] are the main drivers for potential implementation in metal
extraction. For the consideration of reducing waste generation and
to explore a new concept of head-end process, the dissolution of
UO2 particles with TBP (tri-n-butyl phosphate)-HNO3 complex by
microwave heating is considered. Microwave energy can give a
selective and rapid volumetric heating. Meanwhile, the direct dis-
solution of UO2 with TBP-HNO3 complex could offer many bene-
fits such as promoting the dissolution process, reducing waste gen-
eration, etc. In this paper, the dissolution of the UO2 particles with
TBP-HNO3 complex by microwave heating has been studied fun-
damentally to determine the applicability of this process in repro-
cessing.

EXPERIMENTAL

A MARS 5 (Microwave assisted reaction system) with an air-
tight Teflon vessel [5] was used to study the dissolution of UO2 par-
ticles under 100 W, 2.45 GHz microwave field. The temperature of
the solution in the vessel was automatically controlled by regulat-
ing the microwave power output according to a temperature feed-

back signal. The volume of the vessel was 5 ml and it was trans-
parent to microwaves so that the reactants could absorb the maxi-
mum amount of microwave energy.

TBP is known to form complexes with aqueous HNO3. The TBP-
HNO3 complexes also contain water with different hydration num-
bers [6]. In this study, the TBP-HNO3 complex was prepared by
mixing 100 ml of an anhydrous TBP and 23.4 ml of 69.5% (15.6
mol ml−1) HNO3 and shaking the mixture vigorously in an extrac-
tion tube with a stopper for 30 min. The HNO3 concentration of the
remaining aqueous phase was determined to be 0.42 M by titration,
indicating that most of the HNO3 had reacted with TBP to form the
TBP-HNO3 complex. The molar ratio of TBP/HNO3 can be deter-
mined to be 1 : 1 by the method of titration and ICP-AES (induc-
tively coupled plasma atomic emission spectrometry) [6].

Ceramic UO2 particles with a diameter of 450-550µm were crush-
ed and sieved to the sizes of <75µm, 150-250µm, 250-350µm
and 350-450µm. These UO2 particles were made from the UO2

(NO3)2 solutions by the method of total-gelation process (TGU) [7].
The UO2 samples are in pellet form with a diameter of 450-550µm.
The density is ≥10.4 g·cm−3 and the element ratio of O and U is
1.99-2.01.

Three ml of TBP-HNO3 complex was transferred into the ves-
sel; then UO2 particles were weighed out accurately and put into
the vessel. The solution could be rapidly heated to a designated tem-
perature by microwaves. The temperature of the solution was de-
tected by fiber thermometer, which does not absorb the microwave
energy and with an accuracy of ±1 oC. The UO2 particles were dis-
solved and then the solution was filtrated by the filter paper to sepa-
rate the residual particles. The concentrations of UO2

2+ in the com-
plex [4] were determined by spectrophotometer [8].

RESULTS AND DISCUSSION

The heating of TBP-HNO3 complex, H2O, 69.5%HNO3 and pure
TBP by microwaves is shown in Fig. 1. The data were obtained by
the heating of 30 ml reactants in Teflon vessels by 300 W micro-
waves. The results suggest that the reactants could be heated very
fast by microwaves. The heating speed of TBP-HNO3 complex is
the quickest of the four. Within 30 seconds, the temperature of TBP-
HNO3 complex can be heated to above 100 oC.

Fig. 2 shows the heating of UO2 particles with a diameter of 500
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µm by microwaves. The data were obtained by the heating of 30 g
UO2 particles in a quartz vessel with a diameter of 6 cm by 300 W
microwaves. The surface temperature of the UO2 particles was de-
tected by infrared thermometer. It can be seen from the result that
UO2 could be heated quickly by microwaves. Within 60 seconds the
surface temperature of UO2 particles could reach almost 200 oC.

The effect of temperature on the dissolution ratios of UO2 parti-
cles is illustrated in Fig. 3. The experiments were performed under a
100 W microwave field, and the reaction temperatures were selected
from 60 oC to 100 oC. The result showed that the dissolution ratios
increased quickly with the increase of temperature. For example,
only 15.9% of the UO2 particles were dissolved at 60 oC within 30
min; however, the dissolution ratio was improved to 84.8% when
the temperature was increased to 90 oC. And when the temperature
increased to 100 oC, the UO2 particles could be dissolved completely
within 40 min.

Fig. 4 shows the dissolution ratios of different sizes of UO2 parti-
cles within 20 min at 80 oC. The experiments covered a range of

particle sizes from 75µm to 450µm. The numbers on the abscissa
indicate the average particle size of UO2. It can be found from the
results that the dissolution ratios increased exponentially with the
decrease of the particle sizes.

It can be seen from Fig. 3 and Fig. 4 that the dissolution ratios of
the UO2 particles are highly dependent on the temperature and par-
ticle size. The dissolution ratios increased quickly with the increase
of the temperature and the decrease of UO2 particle size. The results
show that the dissolution ratios are comparatively high. In compar-
ison with the dissolution rates reported by Samsonov [6], the results
of the study were comparable to the dissolution of UO2 in super-
critical fluid CO2 and showed even a faster dissolution rate. Almost
the same amount of UO2 particles was dissolved (about 9%) by mi-
crowave heating with UO2 particle size of 150-250µm and super-
critical fluid CO2 with UO2 particle size of <150µm. With the result
that the dissolution ratio increased with the decrease of particle sizes,
it can be concluded that the dissolution rate of UO2 by microwave
heating was faster than that obtained in supercritical fluid CO2.

The dissolution of UO2 may be represented by Eq. (1) assuming

Fig. 1. Microwave heating of TBP-HNO3 complex.

Fig. 2. Microwave heating of UO2 particles.

Fig. 3. Effect of temperatures on dissolution ratios.

Fig. 4. Effect of particle size on dissolution ratios.
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the TBP-HNO3 complex has a 1 : 1 stoichiometry:

(1)

Because oxidation of UO2 was required in the dissolution pro-
cess, the diffusion of the oxidized products in the liquid phase could
be a factor limiting the dissolution rate [4]. Eq. (1) shows that TBP
will help NO3

− react with UO2 particles, so this will promote the
dissolution of the UO2 particles. In addition, the TBP-HNO3 com-
plex and the UO2 are both polar molecules with high value of the
dielectric loss factor and can absorb microwaves significantly [10].
The mixture of the reaction species can be heated rapidly. The dif-
ference of the heating rate between TBP-HNO3 complex and UO2

probably results in the large temperature gradient between solids
and liquids, which will assist the mass transport from the reaction
interface due to the generation of large thermal currents. This will
markedly improve the reaction rate.

CONCLUSIONS

The dissolution rate of UO2 particles with TBP-HNO3 complex
by microwave heating is highly dependent on the temperature and
the particle size. The dissolution rate improved with the increase of
the temperature and the decrease of the UO2 particle size. The re-
sults of the study are comparable to the dissolution of UO2 in super-

critical fluid CO2 and have shown even a faster dissolution rate.
The direct dissolution of UO2 with TBP-HNO3 complex by mi-

crowave heating in this study suggests the possibility of dissolving
spent nuclear fuels with TBP-HNO3 complex. The method is easy
to accomplish, and without the use of conventional acid and organic
solvents. Thus, this new technique could offer many benefits for
reduction in waste generation and improved efficiency of chemical
processing.
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