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Abstract

In alkaline solutions with NaOH concentration below 8 M, Pu(V) has been found to be unstable, disproportionating to form Pu(IV)
hydrous oxide precipitate and dissolved Pu(VI). Sorption of Pu(V) on the freshly precipitating Pu(IV) hydrous oxide and partial reduction
of Pu(VI) by water a-radiolysis products complicate disproportionation of Pu(V). Disproportionation and reproportionation equilibrium
constants were measured in the range 4–8 M NaOH. The yield of disproportionation and reproportionation reaction products increase with
temperature and sharply fall with NaOH concentration.  1998 Elsevier Science S.A.
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1. Introduction 2. Instruments and reagents

239The stability of Pu(V) in acid to neutral solution is Plutonium (primarily Pu) was purified by anion
known to depend on hydrogen ion concentration and exchange and oxalate precipitation. Plutonium(IV) was
temperature [1]. However, studies of Pu(V) stability in stabilized with hydrogen peroxide in 4 M HNO solutions3

basic solution are scarce and the data sometimes appear at 808C, and Pu(VI) by fuming with perchloric acid.
contradictory. Thus, Pu(V) hydrolyzes and disproportion- Preparation of alkaline Pu(V) solutions by chemical or
ates in high pH [2] and disproportionates in oxidation / electrochemical reduction of alkaline Pu(VI) solutions
reduction reactions in strong alkali [3]. In contrast, limited gave products contaminated with Pu(IV). Crystalline
reproportionation of dissolved Pu(VI) with freshly precipi- NH PuO CO , synthesized by known techniques [8], was4 2 3

tated Pu(IV) hydrous oxide occurs to give Pu(V) in 4 and used to prepare Pu(V) solutions. This compound had a
6 M NaOH [4]. Plutonium(V) is directly observed in 15 M white colour, which was not altered by exposure to neutral
NaOH solution in apparent equilibrium with Pu(IV) hydro- H O solutions.2

us oxide [5]. Standardized NaOH solutions were prepared from 17.7
Plutonium(V) disproportionation in alkali depends on M NaOH kept sealed in a plastic vessel to prevent

the formal potential of the Pu(V) /Pu(IV) electrochemical carbonate contamination. All reagents were pure and extra
pair. Reported potentials range from 20.61 to 21.03 V in pure grade. Solutions were prepared from distilled water
0.1 to 14.1 M NaOH (polarographic data) [6]; to 0.44 V in purified of CO by pH 4 acidification and boiling.2

4 M NaOH (electrochemical and spectrophotometric ex- Plutonium valence was determined by spectrophotometry
periments) [4]; to 0.76 V in 1 M NaOH (estimated from (Shimadzu UV-3100 PC, Japan).
measured acid potential and hydrolysis constants) [7].

The objective of the present work was to examine the
stability of Pu(V) over a wide range of NaOH con- 3. Results and discussion
centrations.

3.1. Pu(V) solubility in 8 M NaOH

Alkaline solutions of Pu(V) were prepared by dissolving
crystalline NH PuO CO in 8 M NaOH. After mixing of4 2 3

*Corresponding author. Fax: 17 95 3351778. NaOH solution and NH PuO CO , the solid phase and4 2 3
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32 22mother solution became pink. After 1.5 h of equilibration, 2PuO (OH) 1 2H O 5 PuO (OH) 1 Pu(OH)2 4 2 2 4 4

2Pu(V) concentration was measured by spectrophotometric 1 4OH . (2)
titration with Pu(VII) prepared by electrochemical oxida-
tion of 0.01 M Pu(VI) in 8 mol / l NaOH. The Pu(VII) To calculate the equilibrium constants, one should know
concentration was measured by titration with standard the concentrations of all the valence forms of plutonium in
K [Fe(CN) ] solution. The Pu(V) solubility was estimated4 6 solution. In this case, the Pu(IV) concentration is known23as (863)310 M at 128C. from the solubility of Pu(IV) hydrous oxide (S) at 268C as

a function of NaOH concentration [12]. The temperature
3.2. Pu(V) disproportionation dependence of solubility has not been studied. Assuming

that the Pu(IV) hydrous oxide solubility does not change in
For each disproportionation test, 0.027 mmol of the interval 26–408C, equilibrium constants can be calcu-

NH PuO CO was precipitated in a plastic tube. The white lated. Pu(VI) and Pu(V) concentrations are determined4 2 3

sediment was washed free of occluded salts, 5 ml of alkali from spectrophotometric measurements. The disproportio-
of selected concentration added, and the suspension stirred nation equilibrium constant was calculated as K 5d

2 n 2in a thermostat. Stirring was halted at hourly intervals and [Pu(VI)]?S?[OH ] / [Pu(V)] (n53 or 4). In 1–4 M
solution spectra recorded (1000 to 400 nm). The spectra NaOH the disproportionation equilibrium reaction moves
showed absorptions at 620 to 630 nm inherent to Pu(VI); to the right side. Pu(V) concentration in these solutions
and at 500 to 600 nm and 800 to 810 nm assigned to was so low that we could not determine K values. Ind

Pu(V). Plutonium(IV) precipitates almost completely in [NaOH] interval from 4 to 8 mol / l the equilibrium
NaOH solution and no corresponding spectrum is ob- constants increase from 3.05 to 0.20 (reaction 1) and from
served. After 5 h, the spectra became constant and the 12.22 to 1.64 (reaction 2). In alkaline concentration higher
initial Pu(V) was judged to be at equilibrium with its than 8 mol / l plutonium(V) is stable for at least 1 week in
disproportionation products. Fig. 1 illustrates the spectra as solution. The dependence of K on NaOH concentration isd

a function of NaOH concentration. The Pu(V) and Pu(VI) linear in log(K )–[NaOH] ordinates. The analytic form ofd
0 a[NaOH]concentrations were evaluated based on measured molar this dependence has been calculated as: K 5K /e ,d d

V VI 0extinction coefficients ´ 5´ 510 l /(mol cm). when K and a are constants.810 630 d

The total amount of dissolved Pu(V) and (VI) was
calculated and the amount of Pu in the solid phase 3.3. Reproportionation of Pu(VI) and Pu(IV)
analyzed by redissolving to determine material balance.

Using the literature data about the species formations of To investigate Pu(VI) and Pu(IV) reproportionation,
Pu(VI) [9,10], (V) [5,10] and (IV) [11,12] in alkaline known amounts of freshly precipitated Pu(IV) hydrous
solutions, the ionic-molecular form disproportionation oxide and Pu(VI) in NaOH solution (1 to 10 M) were
reaction could be presented as: mixed at 408C. The recorded absorption spectra stabilized

after 4 h and the final Pu(VI) concentrations were de-32 22 22PuO (OH) 1 2H O 5 PuO (OH) 1 Pu(OH)2 4 2 2 4 5 termined. The equilibrium constant for the reproportiona-
2

1 3OH (1) tion, K , then was calculated by the formula:r

2 2 nK 5 [Pu(V)] /(S[Pu(VI)] ? [OH ] ) , where n 5 3 or 4.or r

The K and 1/K in reactions 1 or 2 are linearlyd r

dependent on NaOH activity but are not identical. This
disparity reveals complex mechanisms existing in the
heterogeneous formation of plutonium hydrous oxide and
its subsequent interactions with dissolved species. Related
studies show sorption of Pu(V) on Pu(IV) hydrous oxide
occuring in NaOH solution [13]; a-radiolytic reactions also
may affect oxidation state at extended contact times.

3.4. The Pu(V) /Pu(IV) reduction potential

The dis- and reproportionation data may be used to
calculate the potential of the Pu(V) /Pu(IV) electrode pair.
The equilibrium constants, K and K , can be used tod r

assess the thermodynamic characteristics of the dispropor-Fig. 1. Electron absorption spectra of equilibrium solutions of Pu(V) as a
tionation and reproportionation processes. The free energy,function of [NaOH] at 408C. (1) 5.65 mol / l; (2) 6.10 mol / l; (3) 6.60

mol / l; (4) 7.00 mol / l; (5) 7.46 mol / l; (6) 8.02 mol / l. G, is related to the equilibrium constant and electrode
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Table 1
Disproportionation / reproportionation equilibrium constants at 408C and the formal potential of the Pu(V) /Pu(IV) pair. Disproportionation: 2Pu(V)5

2 n 2 2 2 nPu(IV)1Pu(VI); K 5[Pu(VI)]?[Pu(IV)]?[OH ] / [Pu(V)] . Reproportionation: Pu(VI)1Pu(IV)52Pu(V); K 5[Pu(V)] / [Pu(VI)]?[Pu(IV)]?[OH ]d r

a b[NaOH], M [Pu(VI)] M [Pu(V)] M [Pu(IV)]5 S , M E ,V E , V from E , V fromVI / V V/ IV V/ IV

reaction (1) n53 reaction (2) n54

From disproportionation data
23 24 274.00 6.0310 2.7310 5.8310 0.22 0.26 0.29
23 24 266.60 1.2310 9.3310 2.8310 0.215 0.21 0.27
24 23 268.02 6.7310 2.4310 3.4310 0.21 0.17 0.23

From reproportionation data
23 24 274.00 1.9310 9.3310 5.8310 0.22 0.15 0.25
24 23 266.60 8.3310 1.2310 2.8310 0.215 0.20 0.19
24 23 268.02 9.0310 1.3310 3.4310 0.21 0.22 0.27

aData from [12].
bData from [4,14].
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