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Chapter 44

Mechanisms of the Rapid Dissolution
of Plutonium Dioxide in Acidic Media

under Oxidizing or Reducing Conditions

C. Madic, P. Berger, and X. Machuron-Mandard

Until recently plutonium dioxide was known to be among the metallic oxides most
difficult to dissolve. This property is understandable given the free energy of the
dissolution reaction /UkG0) in acidic noncomplexing media (UXi0 = 32.04
kllmol). Thermodynamic calculations predict that PuO^ will dissolve under oxi-
dizing or reducing conditions. The oxidizing dissolution, leading to Pu(VI) ion in
solution, is easy to perform with a strong oxidant like Ag(II). The mechanism of
the oxidizing dissolution of PuO-, was investigated by using carbon paste electro-
chemistry (CPE) and 18O labeling. PuO-, can also be dissolved in acidic solution
if the redox potential of the mixture is low (e.g., Cr2*, V2+, or U3+ as reducing
agents). The kinetics of the heterogeneous reducing dissolution of PuO-, with
Cr2* were investigated and the reaction mechanism was determined by 1SO label-
ing. All the results will be presented and discussed in the context of minimizing
the amount of plutonium-contaminated solid wastes in the nuclear fuel cycle.
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PuO2 is among the metallic oxides
most difficult to dissolve in aqueous solu-
tions. This property raises many difficulties
in the design of industrial processes requir-
ing dissolution of the compound. For
example, it is often necessary to recycle a
fraction of the PuO2 produced in a nuclear
fuel reprocessing plant if the purity of
PuO2 fails to meet specifications. Other
industrial examples include the recycling of
scrap produced in mixed-oxide (U1Pu)O2

fuel fabrication plants for light-water reac-
tors or fast-breeder reactors and, more gen-
erally, in the treatment of plutonium-
bearing solid wastes.

Until the early 1980s, the most
widespread method of PuO2 dissolution was
based on treatment with* a mixture of

HNO3 and HF at boiling temperature
under reflux (7). This method presents two
main drawbacks.

n a a i m ^ s | o w j a | 1 for

high-temperature-fired PuO, batches
^ ] o w fic s u r f a c e ^

2. The presence of F~ ion in the efflu-
ents produced after plutonium purifi-
cation and recovery raises problems
of safe management, due to the highly
corrosive nature of F~.

T o overcome these difficulties re-
s e a rch was conducted in the United States
and France in the early 1980s to design
processes for PuO2 dissolution based on
the use of strong oxidants such as Ce(IV),
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Co(III), and Ag(II) (2-5). Spectacular
results were obtained with Ag(II), for which
fast dissolution of highly refractor)1 PuO2

can be achieved at room temperature. The
most elegant way to use this process
involves the electrolytic generation of the
oxidant Ag(II), which permits the use of
limited amounts of silver ions in the disso-
lution liquor. The limiting step of the
whole process is related not to the PuO2

dissolution itself, but to the electrochemical
generation of the oxidant, the Ag(II)
species (4, 6).

Applications of this method to the
treatment of plutonium-bearing solid
wastes are also feasible. For example,
plutonium-containing incineration ash can
be treated successfully with plutonium-
recovery yields higher than 98% (6-9).
Other solid wastes can also be treated; for
example, metallic and miscellaneous organ-
ic wastes have been processed at pilot-scale
level in a hot-cell facility (10, 11).

Clearly, treatment with Ag(II) of
PuO,-bearing wastes consisting of essen-
tially' organic matrices like cellulosic
materials is not very efficient. The com-
petitive reaction of the oxidant with the
matrix-reducing materials requires an ex-
tremely long time for total PuO2 dissolu-
tion.

This problem can be overcome by
designing processes based on the dissolu-
tion of refractory PuO2 with reducing
agents such as Cr(II), V(II), V(III), Ti(III),
U(III), and U(IV) (12). Rapid dissolution
of high-temperature-fired PuO2 can be
observed, for example, with Cr(II) and
V(II) ions in dilute H2SO4 at moderate
temperature. Moreover, the technique of
reagent electrogeneration, developed previ-
ously for the PuO2 oxidizing dissolution, is
also applicable in this case.

To gain an understanding of the
mechanism of oxidizing and reducing disso-
lutions of PuO2, two different research pro-
grams were undertaken by Berger (oxidizing
dissolution) (13) and Machuron-Mandard
(reducing dissolution) (14). The main re-
sults obtained in these research projects are
briefly presented in this chapter.

TRANSUILVNIUM ELEMENTS

Results and Discussion

Thermodynamics

Ryan and Bray (1) were the first to
demonstrate the value of thermodynamic
calculations to predict the dissolution
behavior of PuO2 in specific acidic solu-
tions. Berger (13) systematized this ap-
proach for UO2, NpO2, PuO2, and AmO2

by considering the following dissolution
mechanisms:

• without redox reaction, producing
M(IV) aqueous species

. by oxidation, leading to M(V) or M(VI)
species in solution

• by reduction, leading to M(III) species
in solution

The free energy values of the different
dissolution reactions presented by PuO2 are
shown in Table I. The corresponding"for-
mal potentials are also given for redox reac-
tions.

As reported earlier by Ryan and Bray
(i), the insoluble character of PuO2 in
acidic noncompiexing media is thermo-
dynamic. The free energy of the reaction
leading to Pu(IV) species in solution is
highly positive and equal to +32.04 kj/mol.
Oxidizing dissolutions leading to Pu(V) or
Pu(VI) can theoretically be observed for
potentials higher than 1.43 and 1.22 V
versus NHE (normal hydrogen electrode),
respectively. Reducing dissolution of PuO2

requires the use of potentials lower than
0.67 V versus NHE.

All of these redox conditions can be
implemented easily by using chemical re-
agents or electrochemical means.

PuO2 Oxidizing Dissolution

The aim of this study was to try to
understand why highly refractory PuO2 can
be dissolved so rapidly under the action of
Ag(II). For example, a 20-g/L Pu(VI) solu-
tion can be prepared, with PuO2 previously

is
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Table I. Thermodynamic Data of the Different
Dissolution Mechanisms or PuO,

459

Reaction
AG

kJImol
E

V vs. NHE

PuO2(S) — Pu4+(aq)
PuO'(s) -* Pu3+(aq)
PuOO(S) — PuO2

+(aq)
PuO*(s) — PuO2

2+(aq)

32.4 (±4.00)
-64.96 (±4.00)
138.27 (±9.79)
236.19 (±15.40)

0.67 (±0.04)
1.43 (±0.10)
1.22 (±0.06)

1

2.00

1.00
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Figure 1. Cyclic voltammogram of the reversible Pu(III)-Pu(IV) system in CPE.

calcined at 1050 * C, within 1 min, after the
addition of AgO into a mixture of PuO2

and 4 M HNO3 solution. It was therefore
decided to check the thermodynamic pre-
dictions and to try to identify the limiting
step of the reaction. Two "tools" were
selected to achieve these goals: carbon
pasie electrochemistry to check the thermo-
dynamics and 18O labeling to identify the
limiting reaction step.

Carbon Paste Electrochemistry.
Carbon paste electrochemistry (CPE) is an
ideal method for studying the electrochemi-
cal properties of solid compounds. Al-
though it appeared in the early 1960s, few
papers relating to it can be found in the
literature. The subject was recently
reviewed by Berger (15). The electrodes
used in CPE are prepared as follows. A

mixture of electroactive solid compound
and graphite (several percent by mass of
active compound) is gently pressed between
an electronic collector (such as a carbon
pellet) and a porous material (a glass frit,
for example). The electrode is then
immersed in an electrolytic cell filled with
electrolyte. The mixture of powders is
totally impregnated after about 20 min.
The carbon paste electrode can thus be
used in a conventional three-electrode sys-
tem for recording intensity-potential (/—£),
intensity-time (i-t), or potential-time
(.E-I) curves.

Before studying the behavior of PuO2

by CPE, it was necessary to record the
intensity—potential (i—E) curves related to
the plutonium aquo ions. Figure 1 shows
the i-E curve obtained with an electrode
initially impregnated with a Pu(III) solution

r
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Figure 2. Cyclic voltammogram of the irreversible Pu(III)-Pu(VI) system in CPE.
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in 1 M HClO4 electrolyte. This pattern
corresponds to a fully reversible electro-
chemical system. The half sum of the
potentials of the cathodic and anodic peaks
is ciosp 'o 0.98 V versus NHE, the formal
poten •'• of the Pu(III)-Pu(IV) couple in 1
M HClC4 medium at 25 * C.

Figure 2 shows the i—E curves
obtained with a Pu(VI) solution in 1 M
HClO4 electrolyte. Curve 1 shows the
well-known irreversible system. The
Pu(VI)-Pu(III) reduction peak is followed
by the Pu(III)-Pu(IV) oxidation peak. The
areas of these peaks are in the ratio of 3 to
1, corresponding to the respective amounts
of electrons exchanged. The other curves
are related to the subsequent scans with dif-
ferent scanning inversion potentials for the
same Pu solution.

To obtain the initial irreversible pat-
tern, an inversion potential higher than
1.75 V versus NHE must be used. The high
irreversibility of the Pu(IV)-Pu(VI) pair is
related to the fact that Pu-O bonds must
be created or destroyed during the redox
reaction. The knowledge of the electro-
chemical signals belonging to the plu-
tonium aquo ions can be very helpful in
understanding the curves to be obtained
with PuO2-loaded carbon paste electrodes.

Figure 3 shows the cyclic voltammo-
gram recorded at a scan rate of 12 mV/min,
corresponding to 7.25 mg of PuO, loaded
in a carbon paste electrode, immersed in 1
M HClO4 solution at 21 * C. The first scan
was started from the rest potential, close io
0.7 V versus NHE, toward the positive
potentials. A large increase in the anodic
current appears for potentials higher than
1.4-1.5 V versus NHE. By comparison
with cyclic voltammograms (not shown
here) obtained with electrodes only loaded
with carbon, it is possible to conclude that
an electrochemical reaction occurs simul-
taneously with the oxidation of the
medium.

During the reverse scan, started after
reaching an inversion potential of 1.9 V
versus NHE, a large reduction peak appears
near 0.88 V versus NHE. For the second
direct scan, a peak located near 1 V versus
NHE is observable. This set of two peaks
is characteristic of the irreversible Pu(VI)-
Pu(IIl) system described in Figure 2. Thus,
the event observed for potentials higher
than 1.4-Z.5 V versus NHE during the first
scan corresponds to the electrodissolution
of PuO2. It leads finally to Pu(VI) ion in
solution, even if the first step of the process
corresponds to the formation of a Pu(V)

*-'
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Figure 3. Cyclic voltammogram OfPuO2 in CPE (7.25 mg OfPuO2; 1 M HClO4).
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Figure 4. Chronopotentiograms of PuO^ and graphite (reference) in CPE (8.45 mg of
PuO2; 200 mg of graphite; 1 M HClO/x = 0.5 mA; 0 = 21 ' C).

species. The amount of PuO2 dissolved
during this experiment was found to be
close to 30%. This value was calculated
from the number of coulombs exchanged,
corresponding to the peaks of the Pu aquo
ions.

A test was performed to check
whether in the same conditions (i.e., the
same amount of PuO2, carbon, electrolyte,

and temperature), the dissolution of PuO2

is observable without applying any oxida-
tion potential to the electrode. After 24 h
of immersion in the electrolyte, only 0.3%
of the plutonium dioxide was dissolved.

Figure 4 shows the chronopoten-
tiograms corresponding to an electrode
loaded only with graphite and an electrode
containing 8.45 mg of PuO2. Instead of

,
r
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Figure 5. Raman spectra of a Pu(Vl) solution prepared by oxidizing dissolution of
Pu16O-, in an aqueous solution highly enriched with *°O.
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time, the abscissa is graduated in equiva-
lents of electrons (calculated from the
amount of PuO2 contained in the elec-
trode), which is a proportional value. The
two curves are inseparable up to 1.43 V
versus NHE; at higher potentials a differ-
ence demonstrates the existence of an elec-
trochemical reaction for the PuO;-loaded
electrode.

Studies were also undertaken with ac-
tinide dioxides (UO2, NpO2, and AmO2)
loaded in carbon paste electrodes. Very
clear electrochemical signals were obtained
for UO2 and NpO2, always located at
potentials close to those calculated for the
conversion of solid MO2 to M(V) species in
solution. One conclusion is that the
theoretical thermodynamic calculations are
verified for the oxidative dissolution of
PuO2. This conclusion confirms the predic-
tion made by Bray and Ryan (2), who stated
that the monoelectron redox reaction is far
more probable than a redox reaction invol-
ving the simultaneous exchange of two elec-
trons, as for oxidative MO2 dissolution,
leading to M(VI) species in solution.

1 8O Labeling. To achieve a clearer
identification of the limiting reaction of the
oxidative dissolution of PuO2, and to locate
it. experiments were carried* out to deter-
mine whether the two oxygen atoms of plu-

tonium dioxide are retained on the plu-
tonium center in the plutonyl(VI) aquo ion.

This study was feasible because of the
inertness of the plutonyi oxygen atoms.
The rate of oxygen exchange with water
oxygen is fairly low (half-time t% > 10,000
h). This stability made it possible to set up
an experiment based on the oxidative disso-
lution of PuO2 possessing 16O atoms in an
aqueous medium highly enriched with 18O,
under the action of the Ag(II) species. To
determine the mass of the actinyl oxygen
atoms in the Pu(VI) species in solution,
Raman spectroscopy was the ideal method.
The frequency of the stretching vibration,
corresponding to the linear O-M-O
moiety, naturally depends on the mass of
the oxygens.

Figure 5 shows the Raman spectrum
of a Pu(VI) solution with a total 18O
enrichment of 76%. It was obtained by dis-
solution of 16PuO2 in 4 M HNO3 solution,
under the action of AgO (AgOiPuO2 molar
ratio = 4). After deconvolution of the
spectra, the relative abundance of the dif-
ferent plutonyl species was found to be as
follows: 51.2% (16:16), 43.4% (16:18), and
5.4% (18:18). Although the entire medium
is highly enriched with 18O (76%), the plu-
tonyl oxygen atoms are principally '6O,
coming from the oxide. Similar studies
were realized with UO2 and NpO2. Berger

W
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1

demonstrated that the presence Of18O
in the actinyl(VI) moeties is surely partly
due to the oxygen exchange between the
transient M(V) species and the water.

Conclusions based on the overall data
are

. The first step in the oxidative dissolu-
tion of an actinide dioxide MO2 is
located on the surface of the oxide.

. The first step in the reaction is probably
the removal of one electron from the
MO, moiety on the surface of the oxide.

• The ease of such a process certainly
stems from the fact that no Pu-O bond
need be destroyed in the initial stage of
the reaction.

PuO2 Reducing Dissolution

Thermodynamic calculations predict
that PuO,, will dissolve under reducing con-
ditions imposed by either chemical or elec-
trochemical means. This prediction was
demonstrated by Berger (13), who used the
CPE method. A more detailed study was
then undertaken to clarify the mechanism
of PuO2 dissolution under the action of
reducing reagent. As noted previously, a
potential lower than 0.67 V versus NHE
must be imposed on PuO2 to observe its
reducing dissolution. This condition can be
established easily by using reducing agents
like U(III), Cr(II), V(II), Ti(III), V(III),
and U(IV), which belong to redox couples
with formal potentials matching the stated
requirement. Among these reducing
agents, the Cr(II) species is particularly
interesting. The formal potential of the
Cr(II)-Cr(III) couple is -0.41 V versus
NHE; the exchange of ligands in the inner
sphere of the ions is very fast for Cr(II) and
extremely slow for Cr(III). All these prop-
erties make the Cr(II)-Cr(III) redox couple
an ideal mechanistic probe for studying
electron-transfer reactions.

Because of the highly reducing char-
acter of Cr(II), nitric media must be
avoided. Experiments were accordingly
performed using dilute H2SO4, which does
not present this drawback."

Kinetics of the Reaction with
Cr(II). The aim of this study was to deter-
mine the influence of a large number of
factors on the kinetics of reducing dissolu-
tion

. rate of agitation of the mixture
• concentration of the reducing reagent
. specific surface area of PuO0

• temperature of the mixture
• proton concentration

to establish the empirical law rate and to
identify the reaction-limiting step.

The dissolution reaction can be writ-
ten as follows.

PuO25 + Cr(II)1, -r 4H+
 aq —

Pu(III)1, + Cr(III)3, + 2H2O (1)

Most of the experiments were per-
formed with 1 M H2SO4 aqueous solution.
No influence of agitation of the mixed
PuO2-H2SO4 solution was observed on the
kinetics, "at magnetic stirring rates higher
than 450 rpm, nor was any influence of the
Cr(II) or Pu(III) concentrations on the
kinetics observed for most of the experi-
mental conditions selected. This indepen-
dence suggests that no diffusional limitation
(transport of the Cr(II) reagent from the
bulk of the solution to the interfacial reac-
tion site, or transport of Pu(III) produced
by the reaction at the interface to the bulk
of the solution) is observed for the process,
which is totally governed by a chemical
reaction.

Figure 6 shows the kinetics of the dis-
solution reaction of different batches of
PuO2 with different surface areas and
prepared by calcination of fractions of the
same sample at different temperatures. For
the low-temperature-fired PuO2 sample,
rapid dissolution occurs. For example,
almost complete dissolution is obtained in
1 h for the PuO2 sample fired at 450 ' C.
The increase in the calcination tempera-
ture, which causes a decrease in the PuO2

surface area, makes PuO2 more difficult to
dissolve. The reaction rate is proportional
to the PuO2 surface area.

r
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Figure 6. Kinetics of the reducing dissolution of PuO2 by Cr(II); influence of PuO-,
surface area.

Another important parameter govern-
ing dissolution kinetics is the temperature
of the mixture. Figure 7 shows the effect of
such a parameter on dissolution kinetics for
a sample of PuO2 with a specific surface
area of 1.24 m2/g. The temperature effect
is significant. A calculated Arrhenius
activation energy of 65 ± 5 kJ/mol indi-
cated that the process is not diffusion lim-
ited, but chemically controlled.

A model was selected to process the
overall data compiled during the dissolu-
tion experiments. It was based on the
assumption that the kinetic limitation
corresponds to an isotropic heterogeneous
chemical surface reaction. It can thus be
established that a, which represents the
advancement of the dissolution reaction,
can be calculated by equation 2.

a = 1 ~ j fgifl) * F(a,t) * àa (2)

where a is the PuO2 panicle size (am

corresponds to the largest PuO2 particle

size), k-t is the linear interfacial penetration
rate, fg(a) represents the PuO2 grain size
distribution function, and F(a,t) depends on
geometrical grain form and on its change
with time.

Figure 8 shows the grain size distribu-
tion of a PuO2 sample used to test the
model. The log-normal adjusted curve
(used next to test the theoretical model) is
also shown in Figure 8.

Figure 9 illustrates the application of
the model to experimental results obtained
at two temperatures, 57.5 and 64.5 *C.
The variation of the PuO2 dissolution yield
was plotted versus the reduced time r/r0J,
where r is the elapsed time since the begin-
ning of an experiment and t0J is the time
needed to dissolve half of the mass of PuO2

involved in the particular experiment. Fig-
ure 9 shows the satisfactory matching of the
model (solid curve) *ith the experimental
data (dotted curve).

The assumption is accordingly sub-
stantiated, and the reaction that determines
the rate of the reducing dissolution process
is certainly located at the surface of the

W
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Figure 7. Influence of temperature on the kinetics of PuO-, dissolution by Cr(II) (1.24
m-lg OfPuOn BET surface area; 1 M H^O4; Q.I M Cr(If)).
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Figure 9. Kinetics of PuO, reducing dissolution by Cr(II); comparison of experimental
data with the theoretical model

X \ oxide. The attack on the solid starts at
sites uniformly spread over the entire sur-
face.

The empirical law rate of the reaction
is

v = 1.S x W1 x S x
<-6.5±5) xlQ i

RT X [H+1(0.4 ±0.1) (3)

where v is the dissolution rate (in moles of
PuO2 per second), 5 is the PuO2 BET
(Brunauer—Emmett—Teller) surface area
(m2), R is the ideal gas constant (IS), T is
the absolute temperature (K), and (H+] is
the proton concentration (mol/L).

As shown in eq 3, an increase in the
proton concentration causes an increase in
the dissolution rate to a power (0.4 ± 0.1).
This relationship certainly reflects the pro-
tonation of sites at the surface of the oxide
prior to the redox reaction. This type of
proton influence on dissolution kinetics is
generally found for the dissolution of
metallic oxides, without rcdox reaction, in
acidic media (16).

1R

O Labeling. As in the oxidizing
dissolution of PuO2, the behavior of the
oxygen atoms initially present in the oxide
during the dissolution reaction is interest-
ing. Observing this behavior was possible
due to the fast and siow ligand-exchange
rate for Cr(II) and Cr(III) aquo ion species,
respectively. Thus it is possible, by per-
forming the reducing dissolution of PuO2

possessing 16O in an acidic medium highly
enriched with J8O under the action of
Cr(II), to determine whether oxygen atoms
from the oxide have been transferred to the
Cr(III) species, to become oxygen atoms of
its inner-sphere water molecules.

The mass of the oxygen atoms of the
six water molecules constituting the inner
sphere of Cr(III) aquo ion can be deter-
mined by the method used by Taube (17).
In brief, after the dissolution of PuO, in a
medium enriched with 18O, the p'u(III)
species is selectively precipitated. Cr-
(H2O)6

3+ is then quantitatively precipi-
tated from the solution as a phosphate.
The precipitate is rinsed with acetone and
dried over P2^Y
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By calcining CrPO4 - 6H2O at 160 ' C
in a furnace, four of the hydration water
molecules are removed with oxygen statisti-
cal distribution. The water is recovered in
a cold trap and then transferred to a tube
for treatment at 400 ' C with a mixture of
HgCl2 and Hg(CN)2, which allows the
transfer of the water oxygen atoms to CO2.
The CO ; thus produced can be analyzed by
mass spectrometry to determine the mass of
the oxygens.

Three separate experiments were per-
formed. The mean value of the number of
PUOT oxygen atoms transferred to a
chromium site is 1.7 ± 0.5. It is thus
proved that the redox reaction is located at
the surface of the oxide. At least one oxy-
gen atom is transferred from the oxide to
the chromium center; a second reaction
path possibly exists with the transfer of two
oxygen atoms.

It is not really possible to conclude,
from the overall data obtained, whether the
isotropic heterogeneous limiting reaction is
related to the electron exchange or to the
necessary rupture of the Pu-O bond that
follows the electron transfer. Nevertheless,
because of the close analogy between the
empirical rate law for the reducing dissolu-
tion of PuO2 with Cr(II) and the laws
corresponding to the acid dissolution of
metallic oxides, the second alternative could
be preferable.

Conclusion

The behavior of PuO2 and other
actinide dioxides in aqueous acidic media
under oxidizing or reducing conditions,
imposed either chemically or electrochemi-
cally, is a fascinating subject Very rapid
dissolution occurs in oxidizing conditions
because the transfer of one electron, lead-
ing to Pu(V) species, occurs at the surface
of the oxide without the need for Pu-O
bond destruction. Rapid dissolution of
PuO2 also occurs in reducing conditions
but, as Pu-O bonds have to be broken, the
reaction kinetics are slower than with oxi-
dizing dissolution.

Many applications of these reactions
are now under way in France. Trie effi-
ciency and simplicity of the implementation
of the processes developed will be very
helpful, particularly in improving the
management of plutonium-contaminated
solid wastes.
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