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Electrochemistry has been used to investigate the behavior of plutonium(IV) in
1-7 M HNO3 solutions. These Pu(IV) complexes were found to be reduced
gwaw-reversibly to Pu(III) species. The formal redox potentials (£°) for
Pu(IV)/Pu(III) couples were determined to be +0.721, +0.712, +0.706, +0.705,
+0.704, 0.694, and +0.696 V (vs. Ag/AgCl(SSE)) for Pu(IV) complexes in 1, 2, 3, 4,
5, 6, 7 M HNO3 solutions, respectively. These results indicate that the reduction
product of Pu(IV) is Pu(III), which is considerably stable in HNO3 solution.
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1. Introduction

Aqueous plutonium nitrate complexes are fundamental to the separation techniques presently
employed to process nuclear materials. In the PUREX process, an extractant composed of 30%
TBP(tri-butyl phosphate) dissolved in a hydrocarbon diluent (dodecane or kerosene) is used to extract
a Pu(FV) nitrate species from a complex mixture of fission products dissolved in concentrated nitric
acid [1]. The valence control of Pu has been an important subject in the reprocessing processes. The
electrolytic redox method for controlling valence states without addition of any redox substances is
one of the important techniques in the nuclear fuel reprocessing. There are many studies on
electrochemical reactions of Pu species in acidic [2-3] and alkaline solutions [4-6]. Casadio et al.
investigated the Pu(IV)/Pu(III) couple by CV at a pyrolytic graphite electrode [3]. They observed
one-electron reduction wave of Pu(IV) in HNO3 instead of three one-electron reduction waves, which
had been observed in cyclic voltammogram using the pyrolytic graphite electrode in 1 M HNO3 by
Casadio et al. [3]. The electrochemical data on Pu redox system are still uncertain particularly at
different concentration of HNO3. The coordination chemistry of Pu(FV) nitrate complexes in solution
has been studied extensively [7-12]. For nitric acid concentration of 1-13M, the extent of nitrate
coordination increases as the nitric acid concentration increases.

Based on these backgrounds, we investigated the electrochemical behavior of Pu(FV) ions in
concentration 1-7 M HNO3 solutions by using CV, because the data on redox potentials of Pu(IV) ions
at various HNO3 concentrations are very important for considering valence adjustment in separation
processes of spent fuel reprocessing.

2. Experimental

2.1 Materials
The radiochemical purity was checked by the or,y-coincidence method and the overall concentration

of Pu was analyzed by a y-spectrometer with a high-purity germanium detector (Seiko EG&G
ORTEC). The concentration of H* ions in solution was determined by potentiometric titration with 0.1
M NaOH solution. All other chemicals used were of reagent grade.

2.2 Electrochemical experiments
The CV measurements were carried out at 25 °C under dry nitrogen atmosphere using Bioanalytical

Systems Corporation (BAS) CV-660A voltammetric analyzer and standard BAS CV cylindrical cell
with a custom made Teflon cap with holes of appropriate sizes for the electrodes. A three-electrode
system was utilized, i.e., a BAS 002012 GC working electrode (surface area: 0.07 cm2), a BAS
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002233 Pt counter electrode, and a BAS 002020 reference electrode (SSE). All potentials expressed
versus the SSE. The GC electrodes were electro- chemically pre-treated in 0.05 M H2SO4 solution by
repeating the potential scan in range of 0 to 1.5 V at 0.1 V/s for lOmin or until the CV characteristic
for a clean GC electrode was obtained. All electrolyte solutions for electro- chemical measurements
were prepared with doubly distilled water and deoxygenated by passing nitrogen gas into the solutions
for at least 10 min prior to the CV measurements.

3. Results and Discussion

The CV measurements for 1 M HN03 solution containing Pu(IV) (6.48 * 10"3 M) were carried out
in the potential range from +1.10 to +0.30 V(vs. SSE) at the different scan rates (v = 0.05 ~ 0.20 V/s).
The results are shown in Fig. 1. Peaks (Pc and Pa) of one redox couple are observed at around +0.693
(Epc) and +0.769 V (Epa). The values of AEP (= Epa - Epc) increase with an increase in the scan rates,
that is, 0.181 V at v = 0.05 V/s and 0.239 V at v = 0.20 V/s, while the values of ( ^ + E^ll (=E°, the
formal redox potential) are almost constant, +0.721 V, without depending on the scan rate.
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Fig. 1 Cyclic voltammograms for the reduction of Pu(IV) (6.48><10"3 M) in 1 M HNO3 solution
measured in the potential range from +1.10 to +0.30 V at different scan rates (v = 0.05 ~ 0.20 V/s).
Initial scan direction: Cathodic.

This result is consistent with that of Casadio et al. [3] and suggests that the electrochemical
reduction of Pu(IV) at GC electrode proceeds quasi- reversibly as follows.

Pu
4+ = Pu3+

(1)

To evaluate the validity of suggestion that the electrochemical reaction (1) is a ^was/'-reversible
electron transfer reaction, the standard rate constant (k°) was estimated by using Nicholson's equation
(Eq.(2)) [13-14] based on the assumption that the diffusion coefficient of oxidant (Do) is equal to that
(DR) of reductant,

y/=k°/{Don(.nF/RT)v} 1/2
(2)

where y/, F, and R are the equivalent parameter, the Faraday's constant, and the gas constant,
respectively. If the reaction, Ox + ne = Red, is irreversible, the Do value is estimated by Eq. (3) [14],

/„ = 2.985 * \02nACo\ana)
mv1/2Do (3)
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where ipc, A, Co, a, and na are the peak current, the surface area of working electrode, the
concentration of Ox species, the transfer coefficient, and the number of electrons involved in the
rate-determining step, respectively. The ana value can be estimated to be 0.46 from Eq. (4) [15],

ctna = 0.0477 l\Epa-Ep (4)

where Ep and are the potentials at i = i^ and ipJ2, respectively. Hence, the Do value is
6 V1 ° 3p

V1estimated to be 3.81 * 10"6 cmV 1 at 25 °C by using ana = 0.46, n = 1, Co° = 6.48 x 10'3 M, and A =
0.07 cm2 in Eq. (3). The ^values are in the range from 0.15 (v = 0.05 V/s, AEP = 0.181 V) to 0.07 (v
= 0.20 V/s, AEP = 0.239 V) [13-14]. Thus, the k° value for reaction (1) is evaluated to be 0.71 *10'3

cm-s"1 at 25 °C by using Eq. (2). Matsuda and Ayabe have proposed the reversibility factor (/I) for
electrochemical reactions [16]. The A value has been defined by Eq. (5) for Do = PR,

A =k?/(DonFv/RT)1/2
(5)

where reversible system: A > 15, quasi-reversible system: 15 > A > iO'2(1+flf) , and irreversible
system: 10"2(1+a) > A. If the value of D is 3.81 * 10"6 cmV 1 and a is 0.46, the equation for A is
expressed as 8.22 x 101 k° I v1/2. Hence, the following relationships for the k° value are derived in the
range of v = 0.05 ~ 0.20 V-s'1; where reversible system: yfc" > (6.7 ~ 13.4) * 10"2, quasi-reversible
system: (6.7 ~ 13.4) x 10"2 >k°> (4.5 ~ 8.9) x 10"6, and irreversible system: (4.5 ~ 8.9) x 10"6 > it0.

These classifications support that the electrochemical reaction (1) is quasi-reversible under the
present experimental conditions because the estimated k° value (= 0.71 x 10'3 cm-s'1) is in the range of
(6.7 ~ 13.4) x 10"2 > k° > (4.5 ~ 8.9) x 10"6.

Similarly, the CV measurements for Pu(IV) in 2-7 M HNO3 were performed at scan rate(v = 0.05
V/s). The results are shown in Fig. 2 respectively. As seen from Fig. 2, only redox coupled peaks
for Pu(IV) are observed at around +0.639 (£^) and +0.785 V (E^) at 2 M HNO3, +0.636 (Ep,.) and
+0.775 V (EpJ at 3 M HNO3, +0.653 (£^) and +0.756 V (£^) at 4 M HNO3, +0.648 (E^) and +0.759
V (Jgy at 5 M HNO3, +0.639 {Epc) and +0.749 V (Epa) at 6 M HN03, and +0.642 (£^) and +0.749 V
(Epa) at 7 M HN03.
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Fig. 2 Cyclic voltammograms for the reduction of Pu(IV) ions in 1 M HNO3(a), 2 M HNO3(b), 3 M
HNO3(c), 4 M HNO3(d), 5 M HNO3(e), 6M HNO3(f), and 7M HNO3(g) solutions measured at scan
rate (v = 0.05 V/s).
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The values of AEP (=£^ - £^) increase with an increase in the scan rate, while the values of ^
Epa)l2 are constant, +0.721, +0.712, +0.706, +0.705, +0.704, 0.694, and +0.696 V, regardless of the
scan rates. The standard rate constant for electron transfer^0) in the reduction of Pu(IV) complexes
at the GC electrode is 0.71, 1.28, 1.39, 2.41, 2.49, 3.63 x 10'3 cm-s"1 at 1-7 M HNO3. These results
suggest that the electrochemical reactions of Pu(IV) in 2-7 M HNO3 at GC electrode occur
^uosz-reversibly.

4. Conclusions

The results in the present study are summarized as follows. The Pu(IV) complexes in 1-7M HNO3
is reduced to Pu(III) quasi-reversibly at the GC electrode and the formal redox potential(£°) is +0.721,
+0.712, +0.706, +0.705, +0.704, 0.694, and +0.696 V. It is found that the E° values become negative
in order of Pu(FV) complexes with various HNO3 solutions, and that the Do values and the k° values
increase when nitric acid concentration from 1 M to 7 M.
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