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Abstract
The present work shows experimental data on the release of some radionuclides that are forming the so-called ε particles in 
the spent nuclear fuel (SNF): Mo, Tc, Ru and Rh. The leaching experiments were carried out with a 60 GWd·t−1 burnup SNF 
at two different pH values, 8.4 and 13.2, and under oxidizing conditions. The modelling of the data showed that the higher 
release of Mo, Tc, Ru and Rh at pH 13.2 could be due to the higher dissolution rate of the ε-particles.

Introduction

The composition of the spent nuclear fuel (SNF) is not 
homogeneous. On one hand, some radionuclides might 
migrate to the gap between the fuel and the cladding, to the 
gap between two pellets or to the grain boundaries [1–3]. 
On the other hand, other radionuclides are present in the 
nuclear fuel as metallic inclusions segregated from the fuel 
matrix. In particular, inclusions formed by Mo, Tc, Ru, Rh 
and Pd have been identified and studied in the last years and 
are usually called ε-particles [4, 5]. The metallic inclusions 
are expected to have a low solubility and a low dissolution 
rate and might have an important role during the dissolution 
of the spent fuel because they are believed to catalyse the 
reduction of a number of radionuclides by hydrogen radio-
lytically formed on the fuel surface [6, 7].

The release of the radionuclides would be different 
depending on the location of the radionuclide in the fuel: 
(1) radionuclides mainly embedded in the UO2 matrix will 
be congruently released with uranium; (2) radionuclides 
preferentially enriched in the gap or grain boundaries would 
show a higher initial release, not congruent with the release 

of uranium; and (3) radionuclides in the metallic inclusions 
would show a lower release than expected considering the 
dissolution of the matrix.

The evaluation of the release of each radionuclide from 
SNF leaching experiments is challenging because the radio-
nuclides concentrations measured in solution are the sum 
of the moles of radionuclide released from their different 
locations in the fuel. In this sense, the application of the 
Segregated Radionuclide Identification and Quantification 
(SERNI) model to leaching data of some radionuclides has 
permitted to start to establish the actual influence of each 
location on the radionuclide release [1].

In particular, the model has been fitted to Mo data on SNF 
leaching experiments at alkaline and hyperalkaline pH [8]. 
The results of the fitting indicated that at hyperalkaline pH, 
Mo measured in the solution also came from ε-particles, 
whose dissolution seemed to be favoured at high pH because 
of a higher oxidation of the metal favoured by the hydroxyl 
anion.

The main objective of this work is to corroborate the dis-
solution of the metallic particles at high pH by studying 
the dissolution of three other radionuclides contained in the 
ε-particles: Tc, Ru and Rh.

Experimental data

The experimental data from this work were obtained from 
the leaching of a 60 GWd·t−1 SNF at two different pHs, 
8.3 and 13.2. The characteristics of the fuel are already 
published in Iglesias et al. [9] and García-Gómez et al. [8], 
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where the experimental procedure is also described. The 
experiments were made with a full replenishment of fresh 
solution after each measure.

Some of the experimental data were already published for 
uranium, technetium, and ruthenium [9] as well as Mo [8]. 
Data from rhodium were not previously published.

The SERNI model

The SERNI model assumes that the moles of a radionuclide 
measured in the solution in SNF leaching experiments are 
the sum of the moles released from the different sources of 
the radionuclide in the SNF. The release from each source 
follows a first-order kinetics [1].

For example, in the case of uranium, there are two dif-
ferent sources of uranium in the SNF: pre-oxidized phases 
or fines on the SNF surface and uranium in the UO2 matrix 
and then, the mathematical expression of the model might 
be written as follows:

where molUt is the number of cumulative moles of uranium 
released at time t, molUox,∞ and molUma,∞ are the number 
of moles contained in the oxidized phase and in the matrix, 
respectively, whilst kox and kma (both in d−1) are the rate con-
stants for the release of uranium from the oxidized phases 
and the matrix, respectively.

Other radionuclides are released to the solution in SNF 
leaching experiments from additional sources, this is the 
case, for example, of caesium, which is released from the 
gap between the fuel and the cladding. In these cases, an 
additional term should be added:

where molCsseg,t are the moles released from this contribu-
tion at any time, molCsseg,∞ are the total moles contained in 
the segregated phase, and kseg is the kinetic constant (d−1). 
The value of the parameter molRNox,∞ is calculated from 
the value for uranium but considering the inventory of the 
radionuclide in the fuel, whilst kox and kma used are the ones 
obtained for uranium [1].

Results

Molybdenum and technetium

The fitting of the SERNI model to the release of Mo at alka-
line and hyperalkaline pH was previously carried out [8]. 
The main results obtained showed that at hyperalkaline pH, 

(1)
molUt = molUox,∞ ⋅

(

1 − e−kox⋅t
)

+ molUma,∞ ⋅

(

1 − e−kma⋅t
)

,

(2)molCsseg,t = molCsseg,∞ ⋅

(

1 − e−kseg⋅t
)

,

Mo moles released to the solution were much higher than at 
alkaline pH. This difference was attributed to the dissolution 
at hyperalkaline pH of the ε-particles. At alkaline pH, Mo 
released to the solution would mainly come from Mo(IV) 
in the UO2 matrix whilst at hyperalkaline pH from both 
Mo(IV) in the matrix and Mo(0) from the ε-particles.

Technetium showed a similar pattern, with higher release 
at hyperalkaline pH. At pH = 8.4, the Tc release during the 
first days of the experiment was found congruent with ura-
nium, and at t > 50 d, Tc was released faster than uranium. 
At pH = 13.2, Tc moles released to the solution are almost 
two orders of magnitude higher than at pH = 8.4 (Fig. 1). As 
in the case of Mo, the SERNI model could not fit the results 
assuming a congruent release with uranium (see the solid 
line in Fig. 1). The fitting could only be carried out consider-
ing an additional source of Tc responsible of the Tc released 
to the solution, probably the ε-particles. Figure 1 shows the 
fitting of the model with this additional source.

The moles of Tc released to the solution from the 
ε-particles, molTcseg,∞ = 9·10–7, are 3 times lower than the 
moles of Mo, this could be related to the composition of the 
particles, with a 30% of Mo and 7% of Tc [6].

Ruthenium and rhodium

Ruthenium and Rhodium were expected to behave dif-
ferently from Tc and Mo, because the only source of 
Ru and Rh in the SNF are the ε-particles, which have a 
low dissolution rate. As the matrix dissolves, although 

Fig. 1   Cumulative moles of Tc released to the solution in the experi-
ment at pH = 13.2. The black points represent the experimental 
data and the dotted line the SERNI model assuming that Tc is also 
released from the ε-particles
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more ε-particles could be in contact with the solution, 
the release of both radionuclides would be relatively low 
because of the assumed slow dissolution of the particles. 
As it can be seen in Fig. 2, this was the behaviour observed 
in the experiment at pH = 8.4, Ru and Rh moles released 
to the solution were lower than the expected if congruent 
release with uranium was assumed.

(molRuox,∞ = 8.1·10–9; molRhox,∞ = 1.4·10–9; kox = 0.04 
d−1; kma = 3.5·10–7 d−1).

At pH = 13.2, the moles released of both radionuclides 
were higher than at pH = 8.4. Fig. 3 shows the experimental 
data for both elements.

The results seem to corroborate the faster dissolution of 
the ε-particles at high pH. If a high release rate is assumed, 
the particles would be dissolved when the matrix is dis-
solved, and the release of Ru and Rh would increase with 
time. Figure 4 shows the fitting of the SERNI model to the 
Ru data considering that the release of Ru is related to the 
release of uranium. As it can be seen, during the first days, 
Ru moles released are higher than the expected considering 

Fig. 2   Cumulative moles of Ru and Rh released to the solution in the experiment at pH = 8.4. The points represent the experimental data and the 
solid line the SERNI model assuming they are congruently released with uranium

Fig. 3   Cumulative moles released to the solution: ● pH = 13.2 and ○ pH = 8.4
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the dissolution of the pre-oxidized phases on the SF surface. 
This was not surprising because ε-particles accumulate on 
the surface of the fuel and in the grain boundaries. Solid 
line represents the model assuming an accumulation of such 
particles.

At higher contact times, moles of Ru were, however, 
lower than predicted by the model considering that the dis-
solution of the ε-particles was fast and Ru was released to 
the solution as the matrix was being dissolved. Actually, as 
it can be seen in Fig. 4, the moles released were almost con-
stant after 100 days. One plausible reason is that Ru (and Rh, 
which showed a very similar behaviour) was precipitating in 
the conditions of the experiments, probably to form hydrox-
ides or oxides [10–12], and the concentrations measured in 
the experiments in this range were (6 ± 2)·10–9 mol·dm−3 and 
(4 ± 2)·10–8 mol·dm−3 for Rh and Ru, respectively. In this 
sense, it is noticeable that Ru cumulative moles released 
from the ε-particles are 40 times lower than Tc although 
the content of both radionuclides in the ε-particles would 
be 40% and 7%, respectively [6], indicating that the access 
of the solution to the ε-particles is not the responsible of the 
low Ru and Rh moles measured, which could be the result 
of the precipitation of Ru and Rh secondary solid phases.

The results and the modelling showed that hyperalka-
line pH favours the release of Ru and Rh to the solution 
and molybdenum experimental results showed that high pH 
solutions favoured the oxidation of the metal resulting in a 
faster release. In this sense, there are no data on the oxida-
tion of Ru and Rh in the metallic inclusions; however, in 
Ru–Pt alloys, Ru can be oxidized to RuO2·H2O, more easily 

dissolved than metallic Ru [13]. It is necessary to study both 
the oxidation of Ru and Rh metals as a function of pH in the 
alkaline-hyperalkaline region as well as the speciation in 
solution, in order to evaluate the possible precipitation of 
Ru and Rh at those conditions.

Conclusion

Previous observations that metallic inclusions in the SNF 
would be dissolved at hyperalkaline pH seem to be con-
firmed when considering the release of other radionuclides 
contained in such particles: Tc, Ru, and Rh. The release 
of the three radionuclides increased at high pH and the fit-
ting of the model to the experimental data indicated that 
this increase could be due to the radionuclides release from 
ε-particles.

In the case of Ru and Rh, the relatively high concen-
trations reached in solution could led to the precipitation 
of secondary solid phases. In its present form, the SERNI 
model does not consider precipitation but only dissolu-
tion and indicates an interesting future development of the 
model.

The dissolution of the ε-particles at high alkaline pH 
might have important consequences on the redox environ-
ment of the fuel, because these particles are believed to cata-
lyse reducing reactions by hydrogen.
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