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CHAPTER 2

OXIDATION STATES IN SOLUTION

2.1 DISSOLUTION OF PLUTONIUM METAL

SINCE VIRTUALLY ALL plutonium is currently produced in a metallic state,
initial solution preparation involves dissolution of the metal. Moreover, even
for laboratory studies it is common practice to store plutonium metal and
dissolve it as needed to prepare required solutions. For these reasons, it is
logical that any discussion of solution chemistry begin with & consideration of
metal dissolution.

Because of its highly electropositive nature, plutonium metal is soluble in
a number of mineral acids. The effect of various solutions on the metal is shown
in Table 2.1. While a number of dilute acids will attack the metal, frequently a
residue is left which is probably polymeric plutonium hydroxide®. Using a
microcalorimeter, Fuger and Cunningham® found the heat of solution of alpha
plutonium metal to be —138.65 + 0.7 kcal/molein 1.5M HCland —138.90+0.9
keal/mole in 64 HCL. By combining their value for the heat of formation of
PuCl, (see Chapter 10) with the heat of solution data obtained by Westrum
and Robinson?, they obtained a value of —138.6% 0.7 keal/mole for the
standard heat of formation of Pu3+,, ,at 298°K. This value hasbeen questioned
by Akhachinski®, who found the heat of solution to be —141.5+0.4 kcal/mole
and recommended a value of —141.6 + 0.5 kcal/mole for the standard heat of
formation of Pudt, ; at 208°K. On the other hand, Hinchey? found the heat
of solution to be —139.2+0.8 keal/mole in 2.0M HCl and —139.4+0.38
keal/mole in 6.03 HCl—values in good agreement with those of Fuger and
Cunningham®. From data on the heat of solution and the solubility of PuCl,
along with estimates of activity coefficients, the entropy of Pu®t,,, was
calculated to be —47 + 3 cal/mole-deg. at 298°K°.

Plutonium ions in solution commonly exist in the (III), (IV), (V), and (VI)
oxidation states, as Pu®*, Pus+, PuOf, and PuO3*, respectively. Because of
the relationships between the equilibria, and the kinetics of converting from
one state to another, it is possible for all four of these oxidation states to co-
exist in appreciable concentrations in the same solution, as will be explained
in section 2.4.
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12 THE CHEMISTRY OF PLUTONIUM

Table 2.1 Reactivity of plutonium in various solutions! |

Solution Reactivity

Water Reacts very slowly at room temperature, slightly I
faster at the boiling point. i

HNO, No attack at any concentration because of passiva- G
tion; in the presence of 0.0056M HF, the boiling i

concentrated acid will dissolve plutonium fairly [:
ﬂ

rapidly.

HCI, HBr Very rapid dissolution by concentrated and moder-
ately dilute acids.

HF Very slowly attacked. Briquets made by pressing
plutonium metal turnings will often dissolve rapidly
and completely, forming insoluble PuF 42

729 HCIO, Rapid dissolution.

H,80, Concentrated acid forms protective coating on the
metal which causes initially slow reaction to stop.
Moderately dilute acid (5N) attacks the metal slowly:
occasionally impure samples of the metal may be
dissolved completely in 5N acid.

859%, H,PO, Attacked fairly rapidly.

Acetic Acid Unattacked by glacial acid, even when hot; slow
attack by dilute acid.

Trichloroacetic Acid Rapid dissolution by concentrated acid; slower attack
by dilute acid.

Trifluoroacetic Acid Slow dissolution by concentrated acid; frequently
leaves residue of undissolved oxide3.

Sulfamic Acid Fairly rapid dissolution in 1.7M acid; temperature

must be below 40°C to prevent decomposition of the
acid. Small amount of potentially pyrophoric sludge
remains; if HNO, is also present in the solution, the
amount of sludge is greater4.

Recently a new oxidation state of plutonium—the heptavalent state—has
been prepared by the ozonation of Pu(VI) in alkaline solution®. The species
is unstable in alkaline media and apparently does not exist in acidic solution.
Although its composition has not been determined, the Pu(VII) species is
almost certainly oxygenated; the compound Co(NH,),NpO; has been pre-
cipitated from analogous solutions of Np(VII)!L, and it would therefore seem
reasonable to assume the presence of a species such as PuO}- in Pu(VII)
solutions. The existence of this new oxidation state was unexpected, but in
retrospect it is not really surprising considering that the plutonium atom has
eight electrons above the filled shell of radon, and because of this, it does not
seem unreasonable to expect the eventual preparation of Pu(VIII).

Solutions of Pu(III) are blue when viewed by reflected light; when seen by
transmitted light they are blue with a pronounced green tinge. Tetravalent
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plutonium forms brown solutions in dilute acids; in more concentrated acids the
color often changes because of formation of colored complexes. For example,
Pu(IV) in concentrated (above about 6N) HNO s yields a spinach-green
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Figure 2.1 Ultraviolet absorption spectrum of Pu(III) in 1M HCIO 4
at 25°C. From D. Cohen, J. Inorg. Nucl. Chem., 18: 212 (1961)

solution, while H,PQ, solutions are pink. Plutonyl(V) is colorless in solution,
while Pu(VI) forms a solution whose color can vary from yellow to pink-
orange depending on conditions.

The oxidation state produced by dissolution of plutonium metal depends on
the acid employed. Thus HCI, HBr, H,PO,, and HCIO, in any concentration
produce a blue solution containing essentially only the trivalent ion, while
HNO4-HF dissolution forms mainly Pu(IV) and produces a green solution.

2.2 SPECTRA

Absorption spectra of Pu(I1), (IV), (V), (VI), and (VII)ions are given in Figs.
2.1 through 2.13. The sharp absorption bands are characteristic of ions con-
taining f electrons, as explained in Chapter 1. The lack of sharp absorption
bands in the Pu(VII) spectrum may indicate the absence of 5f electrons in this

e




14 THE CHEMISTRY O PLUTONIUM

species. The bands in the visible and near-infrared regions are due to internal
5f transitions, while the ultraviolet bands are the result of allowed transitions
to other electron levels. A detailed interpretation of the Pu(VI) spectrum has
been made by Eisenstein and Prycel2,

Since there is little or no complexing in HCIO, solutions, these spectra are
| of the aquo ions of plutonium, containing only water molecules in the co-
| ordination sphere. In solutions containing more strongly complexing anions
| the spectra [except those of Pu(ITI)] are generally different, and for this reason
b | spectrophotometry is a useful tool for determining the presence and identity of
plutonium complexes.

2.3 OXIDATION POTENTIALS

! The formal potential diagrams of plutonium in a number of different solutions
|' at 25°C are reproduced in Table 2.2. In all cases the convention with respect to
" sign is that used by Latimer?®. These values indicate that Pu(IV) and Pu(V),
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Figure 2.2 Visible absorption spectrum of Pu(III) in 1M HCIO,
at 25°C. From D. Cohen, J. Inorg. Nucl. Chem., 18: 213 (1961)

particularly the latter, are unstable toward self oxidation-reduction (dispro-
portionation), a phenomenon that will be discussed below.

It should be noted that the stability of the Pu(IV) ion is increased if HCIO,
isreplaced by HCl, HNO,, or H 280,, being greatest for the last. This effect is
due to the enhanced complex-forming tendency of the tetravalent ion in the
presence of strongly complexing anions, such as sulfate, and, to a lesser extent,
nitrate and chloride ions. Furthermore, the potential of the Pu(III)-Pu(IV)
couple in HCIO, becomes more negative by about 9 mv if the acid concontra.
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Figure 2.3 Near infrared absorption spectrum of Pu(III) in 1M
HCIO, at 25°C. From D. Cohen, J. Inorg. Nucl. Chem., 18: 213 (1961)

tion is increased from 1 to 2129, presumably because of the effect of the ionic
strength on the ratio of the activity coefficients of Pu(IV) and Pu(III).2! In
HCI, on the other hand, the potential becomes more positive by about 12 mv
as the acid molarity is increased from 1 to 2 as a result of the formation of

chloro complexes of Pu(IV)2% 21,
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Figure 2.4 Ultraviolet absorption spectrum of Pu(IV) in 1M HCIO,
at 25°C. From D. Cohen, J. Inorg. Nucl. Chem., 18: 213 (1961)
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Figure 2.5 Visible absorption spectrum of Pu(IV) in 1M HCIO, at
25°C. From D. Cohen, J. Inorg. Nucl. Chem., 18: 214 (1961)

Figure 2.6 Near-infrared absorption spectrum of Pu(IV) in 1M
HCIO, at 25°C. From D. Cohen, J. Inorg. Nucl. Cliem., 18: 214 (1961)
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Figure 2.7 Ultraviolet absorption spectrum of Pu(V) in 0.2 HCIO,
at 10°C. From D. Cohen, J. I'norg. Nucl. Chem., 18: 215 (1961)
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Figure 2.8 Visible absorption spectrum of Pu(V) in 0.2 HCIO 4 at

10°C. From D. Cohcn, J. Inorg. Nucl. Chem., 18: 215 (1961)
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Figure 2.9 Near-infrared absorption spectrum of Pu(V) in 0.2M
HCIO, at 10°C. From D. Cohen, J. Inorg. Nucl. Chem., 18: 216 (1961)

MOLAR EXTINCTION COEFFICIENT

0

3600
3200

2800 \
2400
[
1600 \

1200 \
o0 AN

<

MOLAR EXTINCTION COEFFICIENT

400 <]

2200 2600 3000 3400

WAVELENGTH, A

Figure 2.10 Ultraviolet absorption spectrum of Pu(VI) in 1M HCIO N
at 25°C. From D. Cohen, J. Inorg. Nucl. Chem., 18: 216 (1961)
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Figure 2.11 Visible absorption spectrum of Pu(VI) in 10 HCIO, at
25°C. From D. Cohen, J. Inorg. Nucl. Chem., 18: 217 (1961)
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Figure 2,12 Near-infrared absorption spectrum of Pu(VI) in 1M
HCIO, at 25°C. From D. Cohen, J. Inorg. Nucl. Chem., 18: 217 (1961)
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Figure 2.13 Absorption spectrum of Pu(VII) in 0.5M NaOH at 25°C
From N. N. Xrot and A. D. Gel'man, Dokl. Akad. Nuulk SSSE,
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Table 2.2  Forma] Potentials of plutonium couples in volts at 25°C

InlM HCIO,: %1417

Pu0203  Py3+ -0.9819 Put+ -L1702 PuOj -vo16s

PuO}+

~1.0433

-1.0228
In 1M HCl: 1427
Pu®203  pys+ —0.97019 Pud+ -1.1895 PuO; 09122 PuO3+*

~1.0508

In 1M HNO,:18
Pua-{- =0.914 Pu4+

PuO; -0920¢ PuO+ *In 0.1M HNO,

-1.054

In 1M H,S0,:16

Pud+ 095 Pt ~(-1240 _ 1.4) PuOg"

In neutral solution (PH = 7):15

Pu3+_°vL3Pu(OH)‘.yH20(s) =L1L PuOi zorr Pqu(OH)z(WJ
- 0.94
In 1M OH-.17

Pu(on), xH,Q 095 l’u(OH)A-yl-IzO =076 Pqu(OH)(aq_)— 926 Pu0,(OH); (e

~-04

Even more pronounced is the effect of HNO 3 concentration on the potentials,
as shown in Table 2.3.

Table 2.3 Effect of HNO; concentration on plutonium couples
at 25°C 18

Potential, V
[HNO,, M Pu(III)—Pu(IV) Pu(IV)—Pu(VI) Pu(III)—Pu(VI)

0.1 —0.952 —0.925 ’ —0.934
0.2 —0.939 —0.949 —0.946
0.3 ~-0.935 —0.973 -~ 0.961
0.4 —0.927 ~-0.993 —-0.972

1.0 —0.914 —-1.05¢4 —1.006
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The temperature dependences of the Pu(IIT)-Pu(IV) potential and the
Pu(I1I)-Pu(VI) potential in 1M HCI have been determined and the results are
given in Table 2.4. As can be seen, the potential of the Pu(III)-Pu(1V) couple
becomes more negative with increasing temperature, while that of the Pu(IIT)-
Pu(VI) couple becomes slightly less negative. Thermodynamic values for
some of the half-cell reactions of plutonium ions are summarized in Table 2.5.

Table 2.4 Effect of temperature on plutonium formal
botentials in 1M H(] 15

Pu(III)-Pu(IV) Pu(IIT)-Pu(VI)
Temperature, °C B, v Temperature, °C E°, v
6.31 —0.94815 6.43 -—1.0301
25.00 —0.97019 25.00 —1.0238
35.24 - 0.98208 35.24 —1.0202
45.10 —0.99356 45.16 —1.0150

Table 2.5 Thermodynamic values for plutonium couples at 25°C

AG, AH, AS Refer-

’ k]
Cell reaction keal/mole keal/mole cal/mole-deg ence*

In 1M HCIO,:

Pu®+ 3H+>Pus++$H, —1399 —1418 _ ¢ 16
Pu++ H+>Put+ + iH, 22.64 13.63  —30.2 14
Pu®+ 4H+>Put+ + 2H, ~117.2 -1283  _37 16
Pu®++ 2H,0>PuO2+ + H++ $H, 70.8 78+ 24+ 14
PuO} + H+—>PuO2++3H, 21.13 22.9 5.9 14
In 1M HCIL:

Pu®+ 3H*—>Pud++3H, ~—1427 _141.9 — 22
Pu’++ H+—>Put++1H, 22.37 14.32 —27.0 14
Pu®+4H+->Put+ 4 2H, -1206 —129.0 — 22
Pu+4 2H,0->PuO2++ H++ 2H, 70.8 78.4 25.4 14
PuOf + H+->PuO2++ 1H, 21.04 23t 6+ 14

* Values taken from References 16 and 22 are based on
are slightly uncertain; these values, therefore,
T Estimated.

Ppotentials that in some cases
should be regarded as only approximate.

24 EQUILIBRIA BETWEEN Pu(Ill), (IV), (V), AND (VI)
IN SOLUTION

As mentioned above, it is possible for finite concentrations of the four common
oxidation states of plutonium to co-exist in the same solution. Such behavior,
unique for plutonium among all the elements of the periodic table, is due to the
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interplay of two phenomena: (1) the tendency of Pu(IV) and Pu(V) ions to
disproportionate and (2) the slow rate of reactions involving formation or
rupture of plutonium—oxygen bonds (such as exist in PuOj and PuOZ*), as
compared to the much faster reactions involving only electron transfer.

Much research has been done on the equilibria, kinetics, and mechanisms of
these reactions; the results, which are discussed in this section, have gone a
long way toward elucidating plutonium solution chemistry.

a) The disproportionation of Pu(IV)
Plutonium(IV) disproportionates according to the net equation:
3Pu(IV)+2H,022 2Pu(IIT) 4+ Pu(VI) + 4H+ 2.1)

or
3Pu*t+2H,0e2Pu + PuOZ* + 4H+,

for which the equilibrium constant expression is

g . EBudID][Pu(VI)]
N [Pu(IV)]3

omitting for the moment the hydrogen ion concentration. The equilibrium
constant for this reaction in HC10, has been determined by Rabideau?3, who,
unlike earlier workers2® 25, corrected for reduction by alpha particles as well
as for hydrolysis at low acidities. The equilibrium constant was determined
at the time at which the rate of disappearance of Pu(IV), —d[Pu(IV)]/dt,
equaled the rate of alpha reduction.

The hydrolysis of Pu(IV) proceeds according to the equation

Pu‘t+ H,02Pu(OH)3+ + H+. (2.3)

(2.2)

The hydrolysis constant for Pu(IV) in perchlorate solutions of unit ionic
strength is 0.0312¢; thus the unhydrolyzed species is related to the total Pu(IV)
concentration by

[H+]

Put* = ZPu(IV) x— 4
¢ V) > o To.031

(2.4)

From the equilibrium expression
K" = K'[Pu(IV)]3/[Putt]? (2.5)

where [Pu(IV)] is the total tetravalent plutonium concentration and [Putt]is
the concentration of the unhydrolyzed species, it is possible to determine the
hydrogen ion dependence of the disproportionation reaction; K” was found
experimentally, over a fivefold range of acidity, to be proportional to the
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fourth power of the hydrogen ion concentration, as is predicted by equation
(2.1). The true equilibrium constant K may be obtained by multiplying K"
by [H+*]4, so that the equilibrium expression becomes

_ [Pu(TIT))*[Pu(VI)] [H*]*
h [Put+]?

K (2.6)
in accordance with the disproportionation equation (2.1).

Rabideau’s equilibrium data for the disproportionation of Pu(IV) are re-
produced in Table 2.6. A weighted average value, K = 0.0089 was obtained
from these data, more weight being given to the values in 1.0 and 0.5M
HCIO, because of the decreased correction for hydrolysis in these cases.

Table 2.6 Disproportionation equilibrium constants for

Pu(IV) in HCIO, solutions of unit ionic strength at
25°C 14.23
[H+], M NaClO,, M K” K(= K"[H+]%
1.000 0.000 0.0084 0.0084
0.500 0.500 0.135 0.0084
0.200 0.800 6.80 0.0109

Rabideau and Cowan'® have studied the disproportionation of Pu(IV) in
HCl and found the hydrogen ion dependence, and therefore, presumably, the
mechanism, to be the same as that for perchlorate media. The principal
difference between the two was that in HCl solutions the correction for alpha
reduction could be omitted, since in HCl solutions of unit ionic strength it was
found that this effect was essentially absent. This observation, which contra-
dicts that of Kasha and Sheline?5, is discussed in detail in section 2.5.

The disproportionation equilibrium constantsin HCl solution are reproduced
in Table 2.7. These values compare quite well with those determined earlier by
Connick and McVey??.

A 0.002M solution of Pu(IV) in 0.5M HCI at 25°C was found to dispropor-
tionate to give approximately 26.3%, Pu(III), 62.7% Pu(IV), an estimated

Table 2.7 Disproportionation equilibrium constants for Pu(IV)
in HOCI solutions of unit ionic strength at 25°C 14:18

[H+, M NaCl, M K" K(=K"[H+]%
1.000 0.000  (1.75+0.2) x10-3 0.00192
0.500 0.500 (2.40 + 0.04) x 10~2 0.00180
0.200 0.800 (7.7 +0.1) x10-1 0.00190
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0.5% of the pentavalent ion, and 10.5%, Pu(VI), and required about 200 hr
to reach equilibrium?®, Likewise, a 2-g/liter Pu(IV) solution in 0.344 M HNO,
was found to reach equilibrium in 17 hr, at which time it contained 129,
Pu(I1l), 66% Pu(IV), and 229, Pu(VI)??. The smaller degrees of dispropor-
tionation observed in HCl and HNO, are due to stabilization of Pu(IV) ions
by complexing.

The temperature dependence of the disproportionation equilibrium constant
in HCI, as determined by Rabideau and Cowanl3, is shown in Table 2.8. It is
apparent that disproportionation is very temperature-dependent; raising the
temperature from 25 to 45°C increases the equilibrium constant by a factor of
about 70.

Table 2.8 Variation of Pu(IV) disproportionation
equilibrium constant with temperature in 1M HC] 15

Temperature, °C K
6.43 3.76 x 10-5
25.00 1.42 x 10-3
35.24 1.35 x 10-2
45.16 9.67 x 10-2

Artyukhin and coworkers3? found that the disproportionation of Pu(IV) in
HNO, takes place by the same mechanism as that in HCIO - The dispropor-
tionation equilibrium constant as a function of HN O; concentration is
shown in Table 2.9. These results indicate that the equilibrium constant is
inversely proportional to the 5.8 power of the hydrogen ion concentration
rather than the fourth power. In view of the fact that this work was done in

Table 2.9 Disproportionation equilibrium constants
for Pu(IV) in HNO, at 25°C 3¢

[H+], M K
0.40 0.0045
0.30 0.049
0.20 0.41
0.10 7.8

solutions of varying ionic strength and no correction was made for alpha
reduction, hydrolysis, and nitrate complexing, the discrepancy is not surpris-
ing. As would be expected, there is essentially no disproportionation of Pu(IV)
in strongly acidic solutions.
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Although the net reaction for Pu(IV) disproportionation is
3Pu*t +2H,0222Pu3+ + PuO2t +4H+, 2.1)

Connick3! has shown that the overall reaction consists of two separate re-
actions, one slow and one fast:

Pu(IV)+Pu(IV) g Pu(I1I) +Pu(V) (slow) 2.7
ks
and
Pu(V)+Pu(IV)2Pu(III) + Pu(VI) (fast). (2.8)

The rate of reaction (2.7) is slow because of the formation of a plutonium-
oxygen bond.

After corrections have been made for alpha reduction, the rate law for the
disproportionation of Pu(IV) is14

—d[Pu(IV)]/3dt = [Put*]? {k,[H+]-3+k[H*]-4}

—[Pu*] [PuO3] {£,{H+]+k3} (2.9)
where [Pu(IV)] is the total tetravalent plutonium concentration and [Put+]
is the concentration of the unhydrolyzed ion. In 1M perchlorate solution, k,
was found to be 2.56 x 10—5 mole?/liter2-sec and %’; to be 3.9 x 10-¢ mole3/
liter3-sec.

A consistent reaction sequence for the disproportionation is as follows15:

Pust+H,0=2PuOH3+ + H+ (fast) (2.10)
Put+42H,0=2Pu(OH)Z+ 4 2H+ (fast) (2.11)
PuOH3+ +Pu(OH)Zt 2 Pu®+ 4+ PuO,H2+ + H,0

(rate determining) (2.12)
2Pu(OH)3*=2Pu? 4 PuOj +2H,0

(rate determining) (2.13)
PuOQ,H2+2PuOf + H+ (fast) (2.14)
PuOj +Put+2PuOZ+ + Pud+ (fast). (2.15)

The rate of disproportionation of Pu(IV) in HCl is approximately 5.5 times
that in HCIO, of the same acidity?%. As in HCIO,, the rate is approximately
inversely proportional to the third power of the hydrogen ion concentration.
It is of interest to note at this point that while the equilibrium constant for the
disproportionation is about 4.5 times greater in HClO, than in HCI, the rate
of disproportionation is greater in the latter. This distinction is a good illustra-
tion of the fact that there is frequently no relation between the degree of
completion of a reaction and the rate of the reaction.
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The rate constant for the disproportionation in HCI has been found to
increase by a factor of about 2000 as the temperature is raised from 6° to
45°C 15, From these data the heat and entropy of activation of the dispro-
portionation reaction were calculated to be 39 keal/mole and 53 cal/mole-deg,

respectively.
The rate of disproportionation in mixed HCIO ~HCl is in accordance with

the equation*

—d[Pu(IV)]/dt = [Pu**]? {0.298 +2.50 [Cl-]
+10.9 [C1-]%} x 10—* mole/liter-sec. (2.16)

Artyukhin et al.30 found the rate of disproportionation in HNO; to be
approximately the same as that in HCIO,; they explain this surprising be-
havior as being due to the participation of Pu(NO,)3+ ions, as well as Putt
ions, in the reaction. Since they did not make corrections for alpha reduction,
however, their data should be considered as only approximate.

b) The disproportionation of Pu(V)

Tn moderately acidic solutions Pu(V) is unstable toward disproportionation
according to the overall reaction
3Pu0} +4H+e Pus++2Pu0j* +2H,0. (2.17)

The actual route taken is dependent on other plutonium ionic species present. 81

Normally the reaction proceeds primarily according to the equations

A
Pu(V) +Pu(IlI) 2 2Pu(IV) (slow) (2.18)
or ’
PuOj +Pust+4Ht2 2Putt +2H,0
and

ks
Pu(V) 4 Pu(IV) 2 Pu(IIl) + Pu(VI) (fast). (2.8)
k
If Pu(V) is the only ionic species present, the reaction follows the much slower
route
Pu(V)+Pu(V)2Pu(IV)+Pu(VI) (slow) (2.19)
or

PuO; + PuOj +4H+2Put++ PuO%* +2H,0.

Tt will be noted that equation (2.8) describes the equilibrium between all four
oxidation states of plutonium. This reaction will be discussed in detail in

section 2.4(c).




OXIDATION STATES IN SOLUTION 27

In the presence of Pu(III), the disproportionation takes place according to
equations (2.18) and (2.8), and the rate lawis

—d[Pu(V)j/dt = 3k,[Pu(V)] [Pu(III)]
—3k,[Pu(IV)}2—d[Pu(VI)]/ds. (2.20)
The value of k, in 0.50 HCl at room temperature was found to be 3.5
liter/mole-min.
To study the rate and mechanism of the Pu(V)-Pu(V) reaction (2.19),
Rabideaun3? prepared a Pu(V) solution essentially free of Pu(Ill) by the
reduction of Pu(VI) ion with iodide ion. The Pu(V) disproportionates as

follows:
Pu(V) 4+ Pu(V)->Pu(VI)+Pu(IV). (2.19)

As soon as Pu(IV) is formed by this reaction, however, it will react rapidly
with Pu(V) according to the equation

Pu(LV) +Pu(V)—>Pu(IIL) + Pu(VI). (2.8)

After correcting for reaction (2.8), the rate law for the Pu(V)-Pu(V) reaction
(2.19) was found to be'?

—d[PuO;1/dt = 3k[PuOF 12 (H]* @.21)

which is consistent with the following reaction mechanism:

PuOf + H+—>PuO,H*+ (fast) (2.22)
PuO} +PuOQ,H2+->PuO3++Pu0 OH* (rate determining) (2.23)
PuO OH++4 3H+—>Putt+2H,0 (fast) (2.24)
Put++PuOf —»Pud++PuO3* (fast).  (2.8)

The rate constant, &, was found to be 3.6 x 10-3 liter?/mole®-sec in HCIO,
solutions of unit ionic strength at 25°C; under the same conditions, but with
deuterium oxide instead of water as solvent, k increased by a factor of 1.17,
to 4.3 x 102 liter?/mole?-sec. The increase in rate in deuterium oxide would
appear to rule out a hydrogen atom transfer mechanism for the disproportiona-
tion of Pu(V)32.

Raising the temperature of the solution from 10° to 35°C increased the rate
of the disproportionation reaction by a factor of about 12. From these data the
activation energy, heat of activation, and entropy of activation for reaction
(2.19) were calculated to be 19.6 keal/mole, 19.0 keal/mole, and —5.8
cal/mole-deg, respectively.

Artyukhin et al.30 studied the rate of disproportionation of Pu(V) in HNO,4
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and found the mechanism to be the same as in HC1O,. As the HNO, concentra-
tion was increased from 0.10M to 0.30M, the rate of reaction (2.19) increased
from 0.73 liter/mole-hr to 3.4 liter/mole-hr. Although the rate is not quite
directly proportional to the hydrogen ion concentration, as Rabideau found,
the discrepancy probably is due to the variable ionic strengths of the HNO,
solutions. As was noted in HCIO,, the rate of disproportionation becomes
increasingly rapid as Pu(III) is formed and reacts with Pu(V) by the faster
reaction (2.18).

Disproportionation of Pu(V) in oxalate solutions produces only Pu(IV) and
Pu(VI) and is irreversible because of the stabilization of the products by
complex formation33. The rate is second-order in [Pu(V)] and first-order in
[H*] and at pH > 3.5 is independent of oxalate concentration in the 0.025-
0.25M range. Although the mechanism of disproportionation in oxalate solu-
tion is the same as that described above, the rate is greater because complex
formation weakens the Pu—O bonds, thus facilitating reaction (2.23).

Since the rate of disproportionation of Pu(V) is quite low in weakly acid
solutions in the absence of other oxidation states, it is possible to prepare
solutions of this species and keep them for reasonable periods of time. The
use of iodide ion to reduce Pu(VI) to Pu(V) was mentioned above. The
reaction

Pu(III) + Pu(VI)—Pu(IV) +Pu(V) (2.8)

to be discussed in section 2.4(c), was used by Markin and McKay34 to prepare a
solution containing only Pu(V). They stirred equimolar quantities of Pu(III),
prepared by reduction of Pu(IV) with SO,, and Pu(VI) [electrolytically oxi-
dized Pu(IV)] in 0.2M HNOj; in the presence of a 0.1 solution of dibutyl
phosphate in benzene. As Pu(IV) was formed, it was extracted into the
organic phase, thus driving the reaction to the right and producing an aqueous
solution of Pu(V) whose absorption spectrum showed it to contain no other
plutonium oxidation states. Gel’'man and Zaitseva3? have prepared Pu(V) in
concentrations as high as 5 g/liter in HNO, solutions by reduction of Pu(VI)
with H,0, at pH 3-4. Since Pu(VI) precipitates as PuO,(OH), at pH>4, it
i best to begin at pH 3-3.5 and increase the pH to 4 as the reduction proceeds.

As suggested by equation (2.19), the equilibrium constant for the dispro-
portionation of Pu(V) is proportional to the fourth power of the hydrogen ion
concentration. It is thus not surprising that significant concentrations of the
pentavalent species exist only in solutions of low acidity.

Gevantman and Kraus3® have studied the stability of Pu(V) solutions in
HCIO, as a function of acidity, concentration, and temperature. They found
that the optimum range of stability of Pu(V) is from pH 1.5 to pH 5; rapid
disproportionation occurs below pH 1.5 and above pH 7. A solution of 0.1 g
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Pu(V) per liter at pH 3.5, and containing up to 10} nitrate and 8M chloride
ion, was quite stable at room temperature; after 6 days there was negligible
disproportionation. At constant pH the stability of Pu(V) decreases
appreciably as the concentration is raised. In one case at pH 3.5, there was
essentially no disproportionation in a 0.5-g/liter solution after 10 days, while
in a similar solution containing 5 g of Pu(V) per liter there was approximately
109, disproportionation in the same time. Increasing the temperature also
decreases the stability, especially for the higher concentrations; at pH 3.5,
999, of the Pu(V) in a 5-g/liter solution had disproportionated after 30 min at
95°C, while in a similar solution containing 0.112 g of Pu(V) per liter, only 2%
disproportionated with this treatment.

In HNOj, solutions, Pu(V) is most stable at pH 3.5-4.5 7. Solutions with
2.5 g Pu(V)/liter or less at pH 4 still contained at least 809, of their plutonium
in the pentavalent state after storage for 13 days. At higher Pu(V) concentra-
tions and at other pH values, lower percentages of this oxidation state re-
mained. Thus for solutions initially containing 3.4-5 g Pu(V)/liter, the approxi-
mate percentages of plutonium remaining in this oxidation state after 13 days
at various pH values were as follows: pH 2, [Pu(V)] = 3.4 g/1, 40%, pH 3,
[Pu(V)] = 3.72 g/1, 50%; pH 4, [Pu(V)] = 5 g/1, 60%; pH 5, Pu(V) = 5 g1,
559%,. The lower stability of Pu(V) as its concentration was increased was
attributed to oxidation or reduction by products of alpha-radiolysis of the
solution (see section 2.5).

¢) The Pu(II), (IV), (V), (VI) equilibrium
The reaction

ks
Putt+PuO} 2 Pus++PuO*, (2.8)

kl
which describes the equilibrium between all four oxidation states of plutonium,
has been used in the previous two sections to help explain the disproportiona-
tion of Pu(IV) and Pu(V). Because of its importance, this reaction is worthy of

further discussion.

The equilibrium constant

_ [Putt] [Pu0']

= i) [PaOT] (2.25)

for the reaction has been determined in various media. It was found to be 8.5
in 0.5M HCI at room temperature??, and 3.2 in 0.1/ HNO, at 25°C 3, both
values apparently being uncorrected for hydrolysis of Pu(IV). Rabideau and
Kline38 determined the equilibrium constant in perchlorate solutions of unit
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ionic strength but varying acidity; their value, corrected for hydrolysis of
Pu(IV),is 13.1 +0.08, and is independent of hydrogen ion concentration in the
0.1 to 1M range. The corresponding value at 25°C in deuterium oxide solvent
(also corrected for hydrolysis) is 40.6 + 1.0, and is also independent of hydrogen
ion concentration. In water, the value for K (not corrected for hydrolysis)
varies from 4.3 at 3°C to 23.5 at 35°C; in deuterium oxide, from 16 at 5°C to 39
at 25°C.

Rabideau and Kline also studied the kinetics of the reaction and found it to
be first order in each of the reactants:

—d[Put}jdt = —d[PuO3]/dt = k,[Putt] [PuOf]—ky[Pus] [PuOZ*]. (2.26)

Values for k£, and %, obtained in perchlorate solutions of unit ionic strength in
both water and deuterium oxide solvents at 25°C are given in Table 2.10.

Table 2.10 Effect of hydrogen ion concentration on rate of Pu(IV)-Pu(V)
reaction in perchlorate solutions of unit ionic strength at 25°C 38

Water solvent Deuterium oxide solvent
ki, ks, ky, ks,
[Ht], M liter/mole-sec liter/mole-sec liter/mole-sec liter/mole-sec

1.000 37.1 2.63 57.3 1.49
1.000 37.5 2.73 55.8 1.47
0.500 29.3 2.57 47.5 1.38
0.500 30.5 2.58 45.6 1.37
0.100 26.1 2.82 34.9 1.62
0.100 29.7 2.77 33.7 1.62
0.100 26.0 2.50 Mean=1.49 + 0.09

Mean =2.66 + 0.09

It will be noted that the rate of the forward reaction appears to depend
slightly on hydrogen ion concentration, while the rate of the back reaction is
independent of this concentration. The rate of the forward reaction is greater
in deuterium oxide than in water, while the opposite is true for the back re-
action. Thus the use of deuterium oxide solvent results in higher concentrations
of Pu(IIT) and Pu(VI) than those found in water, and vice versa.

The data indicate that a hydrogen-atom transfer process is not involved in
the reaction; also, since the reaction was found not to be influenced by the
addition of chloride ion, it appears that chloride is not involved as a bridging
group in the activated complex.

The effect of temperature on reaction rates both in water and in deuterium
oxides was determined. In waler, the rate of theforward reaction increased by
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a factor of about 16, and that of the reverse reaction by a factor of approxi-
mately 3, as the temperature was raised from 3° to 35°C. In deuterium oxide
the forward rate increased by a factor of about 5 and the reverse rate by a
factor of around 2 as the temperature was increased from 5° to 25°C. These
results have been used to calculate the thermodynamic quantities of activation
quoted in Table 2.11. The free energies, heats, and entropies of the reactions
have been determined both by kinetic and by potentiometric methods, and
are given in Table 2.12,

Table 2.11 Thermodynamic quantities of activation for
Pu(IV)-Pu(V) reactions?®

AGQE AHY ASt
kcal/mole kcal/mole cal/mole-deg

‘Water solvent:

Forward reaction 15.3 £0.04 13.6 +04 — 57%1

Reverse reaction 16.86 + 0.02 4.82+0.01 —40.4+0.1
Deuterium oxide solvent:

Forward reaction 15.1 +2 11.8 +1 —11 +5

Reverse reaction 172 +1 45 +0.6 —42.6+2

Table 2.12 Thermodynamic values for the Pu(IV)-Pu(V) reaction in
1M HC1O, of unit ionic strength at 25°C 38

AG, AH, AS’
keal/mole keal/mole cal/mole-deg

‘Water solvent:

Kinetic data —-1.6 £0.1 8.7+0.3 35 +1

Potentiometric data —1.51+0.01 9.3+1.0 36.1+0.5
Deuterium oxide solvent:

Kinetic data —-2.1 £0.1 7.2+1.6 31.2+4

The discussion above was concerned with HCIO, solutions; in complexing
acids such as HNO, and HC}, the equilibrium would be expected to shift so as
to favor a relatively higher concentration of tetravalent plutonium, with
Pu(V) disproportionating by the mechanisms discussed in the previous section.

d) Xsotopic exchange reactions

Although isotopic exchange reactions do not produce any changes in the
oxidation states present in solution, their study can result in useful information
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on factors affecting rates of oxidation and reduction, such as reaction mech-
anisms and the type and stability of the bonds in the ionic species present. Two
exchange reactions have been investigated, one involving electron transfer
and the other proceeding by oxygen transfer.

1) The Pu(III)-Pu(IV) exchange

A study of the isotopic exchange reaction between Pu(III) and (IV) in HCIO,
solutions has been made by Keenan3® using Pu?38 (¢,,, = 86.4 years). Because
the reaction is so rapid it was necessary to work with solutions in the range of
10-¢ to 10-3F in plutonium; even in a solution 5 x 10-¢F in both Pu(IlI) and
(IV) in 1 F HCIO at 25°C, the half-time for the exchange reaction is 0.68 min.
Due to these difficulties, there is considerable uncertainty in the experimental
results.

In solutions of ionic strength 2.00.M, the rate of exchange was found to vary
inversely with the hydrogen ion concentration at 0°C, 12.5°C, and 25°C,
suggesting that there are two competing reactions:

Pudt+Putt 5 exchange (2.27)
and
Pud+PuOH3+ il exchange (2.28)

with the latter route being favored at low hydrogen ion concentrations because
of the reaction

Puét+H,02PuOH3++ H*, (2.29)

Hydrolysis of Pu(III) does not take place to a significant extent under these
conditions.
The rate expression for the exchange is

Rate = k,[Pudt] [Putt]+k,[Pudt] [PuOH3+], (2.30)

and values for k, and k, are reproduced in Table 2.13.

Table 2.13 Rate constants for the Pu(III)-Pu(IV)
exchange reaction??

ky, kg,
Temperature, °C liter/mole-min liter/mole-min
25 (0.13 £ 0.53) x 104 (1.2 +0.1) x10°
12.5 (2.3 £0.5) x104 (0.70 +0.18) x 10°

0 (1.1 +0.4) x10*  (0.80+0.14) x 106

AN
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Thus the rate expression may be written

Rate (mole/liter-min = 1.8 x 101 [Pu®+] [Pu‘t] exp (—7700/RT)
+1.3 x 108[Pu3+] [Pu(OH)3+] exp (—2800/RT). (2.31)

From these results and Rabideau’s#® data on the hydrolysis of Pu(IV), the
thermodynamic quantities of activation have been calculated3® 41:

AHZ = 9.5 kecal/mole
AGY = 13.3 kecal/mole
ASt = —13 +4.7 cal/mole-deg.

The mechanism for the more rapid exchange path involving Pu(OH)3+ may
involve OH group transfer, which should proceed at a faster rate than direct
electron transfer.

2) The Pu(VI)-solvent water oxygen exchange

Using water enriched in 018, Masters and Rabideau*? have measured the rate
of exchange of oxygen between PuO3" and water in dilute HCIO, solution.
Since it was observed that the rate of exchange was greatly accelerated by the
presence of lower-valent species of plutonium (formed by alpha reduction), all
studies were conducted in a chlorine atmosphere to ensure that Pu(VI) was the
only plutonium species present.

The rate of exchange was found to be very slow. Thus, at 23°C in 1M
HCIO, solution containing 0.15644 PuOZ%* and having an ionic strength of
1.45M, the half-time for exchange was found to be 4.55 x 10¢ hr. The rate was
observed to be increased by increasing temperature and acidity; at 83°C in
solutions of ionic strength 1.45M and containing 0.15M PuO3*, the half-time
for exchange was 1.16 x 104 hr in 0.21M HCIO, and 4.39 x 10% hr in 1M/ acid.
However, since the solubility of chlorine is decreased by increasing acidity and
temperature, it is possible that the increased rates observed were due to the
presence of plutonium ions in lower valence states which had not been oxidized
by chlorine.

The rates cited above are actually the sum of the rates of two different
reaction paths: the intrinsic PuOZ"—H,0* exchange reaction and exchange
induced by rupture of plutonium-oxygen bonds by alpha radiation. The ex-
change rate was found to be much greater in solutions of Pu?? because of its
greater alpha activity, and extrapolation of these values to the flux conditions
of the Pu23® solutions indicated that the half-time for radiation-induced
exchange was of the order of 10% hr, approximately equal to the observed
cxchange rate. It therefore appears that in 0.154 Pu(VI) solutions the major
contribution to the exchange is made by the radiation-induced reaction and

B
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that the rate of the intrinsic exchange reaction must be very slow. Attempts to
measure the rate of exchange in more dilute (1.83 x 10~-3M) Pu(VI) solutions,
where the contribution of the radiation-induced reaction would be small, failed
to yield meaningful results because of uncertainties in the experimental tech-
nique. In summary, therefore, it appears that the reported exchange rates are
primarily caused by the radiation-induced reaction; the half-time for the
intrinsic exchange has a lower limit of about 10% hr but is probably much
longer.

The rate of oxygen exchange in the absence of chlorine appears to be auto-
catalytic because of the presence of lower oxidation states of plutonium; thus
in one experiment in 0.235M HCIO, at 23°C, the exchange was 45%, complete
after only 215 hr%. To determine which species were responsible for this
catalytic effect, rate studies were conducted in Pu(VI) solutions containing
each ionic species separately. The half-time of exchange in a 1M/ HCIO,
solution at 23°C containing 0.1158 Pu(VI) and 3.86 x 10~3M/ Pu(IIT) was
found to be 1737 £ 90 hr. On the other hand, a solution containing 0.1211
Pu(VI) and 5.29 x 10-3M Pu(IV) in 1.03M HCIO, exhibited no measurable
exchange, leading to the conclusion that Pu(IV) doesnot catalyze the exchange.
This conclusion may have been somewhat hasty, however, since even in the
Pu(IIT) solution, where a definite catalytic effect was observed, exchange was
considerably less than 1%, complete after 30 hr. It would appear, therefore,
that the Pu(IV) solution should have been investigated for a longer period of
time.

Plutonyl (V) was observed to have a much greater catalytic effect on oxygen
exchange than Pu(IIl); exchange in a 0.457M HCIO, solution at 23°C
containing 0.106 PuO3* and 5.28 x 10-3Y PuOj was 50%, complete after
approximately 100 hr. While other reactions may also contribute, it has been
concluded from these results and from rate data for other plutonium reactions
that the PuOf—H,0* exchange is the major contributor to the observed
PuOj*-H,0* exchange. The PuOf—PuO*Z* reaction was assumed to be very
rapid and, therefore, not the rate-determining step.

Fluoride ion was found to cause an even greater labilization of the Pu(VI)
oxygen atoms. Thus, the exchange half-time in a 6.5 HF solution at 23°C
containing 0.111M Pu(VI) was approximately 17 hr. This acceleration was
interpreted by considering the hydrated Pu(VI) ion to be Pu0,(H,0)Z*, in
which the six oxygen atoms form a puckered ring about the equator of the
linear 0—Pu—O0?2+ group. Fluoride ions would replace these equatorial atoms
during complex formation, and they would interact electrostatically with the
axial oxygen atoms, resulting in a decrease in the ionic contribution to the
axial bonding and a consequent labilization of the axial oxygen atoms.
Oxygeun exchange was also measured in Pu(V1) solutions that were made
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alkaline with sodium, ammonium, and barium hydroxides and subsequently
reacidified with 2.7M HCIO,. There was no exchange in those cases where
sodium and ammonium hydroxides were used, indicating that the axial
oxygen atoms retain their identity. Tn the precipitates formed with barium
hydroxide, however, there was a partial oxygen exchange, varying from 18 to
509, suggesting a structure in which the axial and equatorial oxygen atoms
were more nearly equivalent.

The Pu(VI) used in these exchange studies was made by the ozonation of
Pu(I1I), and the use of labeled oxygen yielded interesting information on the
mechanism of this reaction. It was found that in the oxidation of Pu(IIl)
with ozone, one of the Pu(VI) oxygen atoms is supplied by the ozone and the
other by the water, suggesting that the reaction involves formation of an
activated complex in which an oxygen atom of the ozone is bonded directly to
the plutonium ion instead of a simple electron transfer through the hydration
sphere of the metal ion. The rate of ozonation of Pu(III) appears to depend
inversely on the hydrogen ion concentration.

2.5 EFFECT OF RADIATION ON THE OXIDATION
STATE OF PLUTONIUM IN SOLUTION

Apart from the disproportionation reactions discussed previously, the oxida-
tion state of plutonium ions in solution is affected by radiation, either its own
alpha radiation or external gamma or X rays, and all of these can be significant
in the processing and storage of plutonium solutions.

a) Alpha radiation effects

Plutonium-239, with a half-life of 24,360 years, emits alpha particles, most
with an energy of 5.15 mev, at a rate of approximately 137,000/min/ug. Thus
the energy released in a 0.001} (0.24 gjliter) plutonium solution is of the
order of 1.8 x 1014 ev/min; with this rate of energy dissipation it is not sur-
prising that the oxidation state of plutonium solutions is altered by alpha
radiation. Although under some conditions oxidation has been observed, the
most common effect is a decrease in the average oxidation number, which is
defined as
3[Pud+]+4[Put+]+5[PuOi] + 6[Pu03*]

. (2.32)

Z[Pu]

0Oz =

Kasha'? found the mean change in average oxidation number in 0.5 to 2M
LCIO, to be 0.018 per day, corresponding to @ @G value of 3.2 cquivalents/100
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ev. Pagés®* has subsequently confirmed this value in studies on the rate of
alpha reduction of Pu(VI) solutions, and has found that the course of the
reduction varies depending on the total dose. By the addition of small quan-
tities of Po?? (¢,,, = 139 days), a much more active alpha emitter, to the
Pu(VI) solutions, it was possible to attain high irradiation doses in relatively
short periods of time. For very weak doses it was observed that Pu(V) was the
only reduction product. Plutonium (IV) was the main product of doses greater
than 20x 108 ev/ecm?, while for doses greater than 70x 108 ev/cm3, the
reduction was found to proceed all the way to Pu(III). Identical results were
obtained in both the presence and absence of air.

Rabideau?®? observed that in perchlorate solutions of unit ionic strength
Pu(VI)is reduced by its own alpha radiation to Pu(V) at a rate of about 1.5%,
per day. Initially the Pu(V) concentration increases at a rate equal to that of
Pu(VI) reduction; with increasing concentration, however, the rate of Pu(V)
disproportionation to Pu(IV) and Pu(VI) becomes greater, being propor-
tional to the square of the Pu(V) concentration. The Pu(IV) thus formed can
react with Pu(V) to produce Pu(III) and Pu(VI). It therefore appears that
Pu(V) is the usual product of alpha reduction, with lower oxidation states
being formed primarily by disproportionation of this species.

In solutions approximately 0.01M in plutonium (Ox = 4.0) and 1M in
HClO, at 25°C, Rabideau and collaborators4 found that the mean oxidation
number decreased 0.014 per day until a steady-state oxidation number of
3.02 to 3.05 was reached. This rate was observed to be remarkably constant,
and insensitive to a number of variables.

The presence of dissolved oxygen in the solution did not change the rate of
reduction appreciably compared to that for a solution saturated with argon. It
was further noted that the rate of alpha reduction was not altered by the
presence of Cr(III). The rate was found to be independent of the average
oxidation number of the solution, provided it was above the steady state
value; thus a Pu(VI) solution isreduced at the same rate as a solution of Pu(IV).
Likewise, variation of the acidity from 1 to 3, the plutonium concentration
from 0.01 to 0.04M, and the temperature from 5° to 45°C had no significant
effect on the rate of reduction.

The alpha reduction of plutonium jons in dilute acid solution appears to be
due primarily to H,0, formed by radiolysis of water?4, and the induction
periods generally observed are due to the slowness of reduction by H,0,.
Other radiolysis products also participate; atomic hydrogen and HO, radicals
function as other reducing agents, while hydroxide radicals tend to reoxidize
the Pu(V) reduction product to Pu(VI) [equation (2.37)]. The observation by
Rabideau et al.®® that the concentration of H,0, in such solutions is greatly
dependent on temperature and to a lesser extent, acidity—two fuctors that
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did not appear to affect the reduction rate—does not necessarily contradict this
mechanism, since their solutions had anion concentrations high enough to
permit appreciable radiolysis into products that could participate in the reduc-
tion along with the H,0,.

Collection and analysis of the gases evolved from a solution of trivalent
plutonium revealed them to be approximately 609, oxygen and 40%, hydrogen.
Significant amounts of chloride ion were detected in the solution. These
observations have been explained in terms of the following reaction of alpha
particles on perchlorate solution:

Cl0; +a—>Cl-+20,. (2.33)

A similar effect was noted with the action of gamma radiation on such
solutions.

In HCI solutions the situation was observed to be remarkably different. In
1M HOI solutions containing approximately 0.01M plutonium there was no
observable change in oxidation number over periods as long as 75 days,
regardless of the average oxidation number. Pagést® likewise found no evi-
dence of reduction of Pu(VI) in HCL. These results are in contrast to those of
Kasha and Sheline?5, who found the reduction rate in HCI to be approximately
40%, of that in HCIO,. Chlorine was detected in the HCI solutions; in 3M/ acid,
the G, value (molecules Cl,/100 ev) was found to be 0.24 4°.

In various mixtures of HCl and HCIO, containing 0.015]f plutonium with
an average oxidation number of 3.95, the results given in Table 2.14 were
obtained. The presence of chlorine was also detected in these mixed acid
solutions. In mixed HCIO ,~—HC] solutions of constant chloride ion concentra-
tion, the rate of alpha reduction was relatively independent of acidity up to
about 2M, above which it decreased considerably.

Table 2.14 Alpha reduction rates in HC1O ~HCl
mixtures at 25°C 45

[HCIO,], M [(HCY, M —d[0z))dt, day—!
1.00 0.00 0.0140
0.90 0.10 0.0084
0.80 0.20 0.0070
0.60 0.40 0.0040
0.20 0.80 0.0015
0.00 1.00 0.000

In mixed acids with the acidity held constant at 3M and the chloride ion
concentration varied from 0.1 to 0.8}, an interesting effect was observed; at
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chloride ion concentrations of 0.2 and above, alpha reduction was sup-
planted by alpha oxidation, with the rate of oxidation becoming greater at
higher chloride concentrations. This behavior was explained on the basis of an
oxidation (by HCIO present in the solution) of the chloride to chlorine, which
destroys H,0, according to the equation

H,0,+Cl,—~0, + 2H++2Cl-. (2.34)

It was verified experimentally that the concentration of H,0, is markedly
decreased in the presence of chloride ions, thus suggesting that in mixed
HCI0,—HCI solutions the alpha reduction mechanism does indeed involve
H,O0,.

In 1M HCIO, solutions containing 0.1} bromide ion, alpha oxidation was
again observed. At 25°C, the average oxidation number increased 0.0079 per
day; at 5°C, it increased at a rate of 0.015 per day.

Artyukhin and coworkers4? found that the rate of alpha reduction of Pu(VI)
in HNO; solutions increased with increasing nitrate ion concentration and
decreased with increasing hydrogen ion concentration. In the 0.1 to 5.0N
nitrate concentration range at pH 3, the initial rate of change of the average
oxidation number was found to obey the following expression:

- dOz

A -3 = 16x10-2+0.57 x 10-2 [NO; J* days-1. (2.35)

The rate of reduction was constant for 15 to 25 days, and Pu(V) was the only
product. After longer periods of reduction the rate decreased; furthermore,
colloidal Pu(IV) began to appear. The Pu(V) concentration reached a maxi-
mum and then decreased. The effect of nitrate ion apparently is due to the
formation of nitrite, which participates in the reduction along with H,0,.

The decrease in rate with increasing acidity, which was also observed in HCI
solutions, may be caused by the increased rate of reaction of hydrogen ions
with Pu(V) and molecular oxygen to form Pu(VI) and H,0,. This decrease
was also observed by Nikol’skii ef al.8, who concluded that partially-hydro-
lyzed Pu(VI) was the species being reduced:

Pu0,0H* + H=PuOj + H,0. (2.36)

Hence the reduction would be retarded at low PH values because of the lower
concentration of the hydrolyzed species. It was further suggested that radio-
Iytic reduction of the other oxidation states of plutonium also involved
hydrolyzed species. Gel’'man and Zaitseva3” found that solutions of Pu(V) in
HNO, stored for 50 days experienced a decrease in pH if the initial pH was
> 3.5, whereas if the initial pH was <3.5 there was no change, or in some cases,
a slight increase in pH during the same period. It was also observed that the
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solutions of low pH had a higher Pu(VI) content than those of high pH.
The authors concluded that at pH values > 3.5, the Pu(V) was reduced by H,
HO,, H,, and H,0, to Pu(IV) which precipitated as Pu(OH),; since all of
these possible reactions liberate H+ ions, the pH of the solution decreases. On
the other hand, at pH values < 3.5, radiolysis products such as OH and H,0,
tend to oxidize Pu(V):

2PuO} + H,0,+ 2H+=2Pu02* + 2H,0 2.37)
PuOf + OH=PuOZ* + OH-. (2.38)

Both of these reactions cause an increase in pH, and the fact that a greater
increase was not observed was rather vaguely explained as indicating that
other reactions were also occurring.

After a certain irradiation dose, the antoreduction of Pu(VI) becomes rapid,
possibly due to the slow accumulation of Pu(IV), which is readily reduced to
Pu(III), the latter then reacting with Pu(VI). Pagés?4, on the other hand,
has found no evidence for the alpha reduction of Pu(VI) in 0.6N HNO,
solutions, even at doses as high as 62 x 1018 ev/cm®. More work is necessary
to reconcile this contradiction. Plutonium (III) in HNO, solution is oxidized
to the tetravalent state by alpha radiation.

Opposite trends in reduction rate were noted in H,SO, solutions containing
approximately 0.001 to 0.013 Pu(VI)*, In the presence of a constant concen-
tration of sulfate ions the rate of alpha reduction increased by a factor of about
2.5 as the acidity was varied from 0.2 to 1N, but the results were not very
reproducible. Increasing the sulfate ion concentration from 0.1 to 0.9M at a
constant acidity of 0.2V caused the reduction rate to decrease by a factor of 20.
Thus the net effect of increasing H,SO, concentration was to cause a marked
decrease in the alpha reduction rate. These results are in contrast to those
obtained in HNO, solutions, and, to a lesser extent, to the results in mixed
HCI-HCIO,. Since the data obtained in H,SO, were not reproducible, and the
rate of reduction of Pu(VI) was interpreted on the basis of formation of Pu(IV)
only, it would seem advisable to regard these results with skepticism until
further confirmation is available.

b) Gamma and X-radiation effects

The mechanism of gamma-reduction appears to be similar to that of reduction
by X rays. Pagés44 has conducted a thorough study of the gamma reduction
of plutonium, using acid solutions dilute enough that the effect of radiation on
the anion was negligible. The results indicated that the reduction is actually
effected by radiolysis products of water, just as was observed in the case of
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alpha reduction; H,0, and atomic hydrogen function as reducing agents,
while hydroxide radicals tend to reoxidize the products of reduction. Because
of the slow rate of reduction by H,0,, there is frequently an induction period,
and the reaction is of long duration, reduction continuing several days after
irradiation has ceased5°.

As in the case of alpha reduction, the primary product of gamma, reduction
of Pu(VI) in HCIO, appears to be Pu(V), which then disproportionates to
produce Pu(IV) and Pu(VI)44, Thus in the gamma irradiation of & 0.0043M
Pu(VI) solution in 0.2N HCIO,, the disappearance of Pu(VI) was followed
spectrophotometrically, but immediately after the irradiation there was no
evidence of the formation of Pu(IV) or (ITI). The @ value (0.8 i0ns/100 ev) was
therefore apparently for the net reduction of Pu(VI) to Pu(V) by atomic
hydrogen minus the oxidizing effect of the hydroxide radicals. Twenty-four
hours after the irradiation, the H,0, had begun to reduce plutonyl and the
G value was 2.3; after 4 days the presence of Pu(IV) was detected, its rate of
appearance being related to the rate of disappearance of Pu(VI). The decreased
yield (G = 1.7) for the Pu(VI) reduction after 4 days was due to its re-
formation as a disproportionation product of Pu(V). After 10 days the @ value
had fallen to 1.2 (for weak doses) and the formation of Pu(IV) was equivalent
to the disappearance of Pu(VI). For strong doses, the @ value decreased, and
the formation of Pu(ITI) was also observed. Similar results were obtained from
the gamma irradiation of a solution 5.4 x 10~3M in Pu(VI), the only difference
being the lack of an induction period; the @ value was 2.3 rather than 0.8
immediately after irradiation. In 0.5N HCIO, the results were also similar,
although there were some changes in the G values. Identical results were
obtained in both the presence and the absence of air.

Spectrophotometric studies of the gamma reduction of Pu(IV) in 0.2 and
0.5N HCIO, indicated that the reaction proceeds through formation of a
peroxide complex [see Chapter 5]. This complex slowly decomposes,
liberating H,0,, which partially reduces the Pu(IV) to Pu(III). It is also
possible that such a peroxide complex, rather than H,0, itself, is responsible
for the reduction of Pu(VI); although the final product would be the same in
either case, the rate of reduction of Pu(VI) by the complex could be different
from that of H,0,.

Plutonium (ITI)in 0.2 and 0.5N¥ HCIO g Solutions was not affected by gamma
irradiation.

The results of gamma irradiation of H 250, solutions were somewhat
different, largely because of the stabilization of Pu(IV) by the formation of
sulfate complexes. As in HCIO, solution, the initia] reaction involves reduction
of Pu(VI) to Pu(V) (@ = 0.75). The long-range effects, namely reduction by
H,0, and disproportionation of Pu(V) to Pu(IV) and Pu(VI), occur simul-
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taneously, with the result that the yield for Pu(VI) reduction (@ = 1.18) is
equal to that for formation of Pu(IV). Whereas in HCIO, solutions Pu(III) is
the ultimate product of reduction, the reaction does not proceed beyond
Pu(IV) in H,S0, solution. Results were identical in an air-free system.

In H,SO, solutions of normality 0.5 and above, the results were more
complex and not subject to simple interpretation. Thus when the Pu(VI) con-
centration of a 0.5N H,SO, solution was increased from 0.00002 to 0.009M, G
for gamma reduction increased from 0.05 to 1.7 4°. This concentration depen-
dence was ascribed to a dilution effect, but such a simple interpretation seems
unlikely, since a 300-fold increase in concentration produced only about a
3.4-fold change in the reduction yield.

The stabilization of Pu(IV) is also apparent from the results of gamma
irradiation of plutonium in the lower oxidation states. In 0.5N H,SO, Pu(III)
is oxidized to the tetravalent state, while under similar conditions Pu(IV) is
unaffected by gamma irradiation?s,

In 0.8N H,S0, Pu(III) (at an initial concentration of 0.001.}) was oxidized
to Pu(IV) by gamma irradiation, the initial G value for Pu(IV) production
being 7.2+ 0.5 in an air atmosphere and 4.5 + 0.2 in an argon atmosphere.5!
The higher yield in an air atmosphere suggested that dissolved oxygen may
be involved in the oxidation, and this supposition was supported by the
observation in an air atmosphere the yield decreased at high radiation doses,
presumably because of depletion of oxygen in the solution. It was concluded
that the principal oxidants were OH radicals and H+ ions (in the presence of
HO, groups, which react to produce the H,0, also observed in the irradiated
solutions). Irradiation of Pu(IV) solutions in 0.8N H,SO, up to doses of
1.43 x 10?° ev/ml failed to produce any Pu(III) or Pu(VI).

The gamma reduction of plutonium in H,SO, solution is inhibited by the
presence of HCI 44, Thus the @ value for formation of Pu(IV)in 0.1N¥ H,S80,
is decreased to approximately one-third upon addition of 0.1¥ HCIL In a
0.4N HCI-0.1N H,S0, solution a much greater dose (150 x 1018 ev/cm?) is
necessary before Pu(IV) is first detected. This inhibition has been ascribed to
the reaction of chloride ions with hydroxide radicals:

Cl-+OH—-Cl14+OH-. (2.39)
This reaction competes with that for the formation of hydrogen peroxide
OH + O0H—+H,0,, (2.40)

thus resulting in a lower yield of H,0, and a consequent decrease in reduction
yield. Furthermore, the atomic chlorine produced may inhibit the reduction
by reacting with H,0, or by reoxidizing some of the reduced plutonium.

In HCI solution alone the irradiation of Pu(VI) once again results in the
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formation of Pu(V) and its subsequent disproportionation but the @ value is
lower (less than 1). Irradiation of a 0.00386.3 Pu(V1) solution in 0.2N HCI to
a dose of 1.8 x 102 ev/cm? resulted in a 439, reduction of the Pu(VI) to Pu(V).

Irradiation of solutions of Pu(IIT) in 0.5 HCl in the presence of air resulted
in its oxidation to the tetravalent state; the Pu(IV) produced, however, was
reported to be not the simple hydrated ion but a mixture of a peroxide complex
and polymeric forms of Pu(IV). The reaction possibly proceeds by the oxida-
tion of Pu(III) by atomic chlorine produced by direct radiolysis of chloride ions
followed by complexing of the resulting Pu(IV) by H,0,. The only effect of
gamma irradiation of a Pu(IV) solution was the apparent formation of a
peroxide complex, which subsequently was converted to polymeric Pu(IV).
In the irradiation of Pu(III) in more concentrated HCI solutions, no H,0,
was detected, and the oxidation apparently is effected by atomic chlorine52.
This conclusion resulted from the observation that the G value for the oxi-
dation of Pu(III) to Pu(IV) in an argon atmosphere varies with the HCI
concentration according to the expression

@ = 0.35 x[HCI, M] (2.41)

in the 1 to 8 HCI concentration range. Furthermore, although chlorine has
been detected in the irradiation of Pu(III)-free HCl solutions, none was
detected in plutonium-containing solutions until most of the Pu(III) had been
oxidized, apparently because reaction of atomic chlorine with Pu(III) is more
favorable than reaction to form molecular chlorine. The G value does not
depend on the concentration of Pu(III) or on the total dose absorbed, and it is
possible to oxidize Pu(IIT) completely to Pu(IV). No Pu(VI) was detected
after irradiation under these conditions.

In HCI solutions of Pu(III) irradiated in the presence of air, the initial &
value was observed to be approximately 4 times that obtained in argon, but
decreased with increasing dose. In 6.0 M HCl the initial G value was 8.2, butata
total dose of 10*® ev/ml, G had decreased to 1.9, thereafterremaining essentially
constant for the remainder of the irradiation. Apparently, in the presence of
oxygen the oxidation of Pu(III) to Pu(IV) is accomplished both by atomic
chlorine and by HO, (produced by the reaction of atomic hydrogen with
oxygen). The decrease in G value with dose was attributed to depletion of
oxygen in the solution, thus diminishing the importance of HO, in the oxida-
tion.

Plutony! (VI) and mixtures of this species and Pu(IV)in 0.5 and 1.5N HNO,
solution are not affected by gamma irradiation at doses up to 1.8 x 1020 ev/cms3.
Plutonium (III) in HNOj, solution, however, is rapidly oxidized to the tetra-
valent state, probably because NO and NO;, formed by radiolysis of nitrates,
catalyze the oxidation by the nitrate ion.
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The effect of X-rays on the valence state of plutonium in HCIO, and HNO,
has been investigated by Popov and coworkers®® 54, In their studies, the
plutonium solutions were characterized not by the exact state, but only as
“reduced” [Pu(ILI) and (IV)] and “oxidized” [Pu(V) and (VI)]. In 0.3M
HCIO, it was found that under irradiation 10-4M plutonium solutions tend
to establish a steady-state ratio of oxidized-to-reduced forms, and the net
effect of the irradiation could be either oxidation or reduction of the plutonium,
depending upon whether the initial oxidized /reduced ratio was below or above
the steady-state ratio®3. Likewise, there was no appreciable change in oxida-
tion state when the initial ratio was equal to the steady-state ratio. Similar
results were obtained in 0.3 HClO  in the presence of 2M NaClO,, suggesting
that in this range the reaction does not involve radiolysis products of the
perchlorate ion. In both cases, the steady-state ratio corresponded to just
under 509, of the oxidized form.

In the presence of UQ,(ClO,),, the plutonium also tended to establish a
steady-state ratio, but the ratio varied depending upon the direction from
which it was approached. The degree of reduction increased with increasing
U(VI) concentration; the steady-state oxidized/reduced ratio decreased from
1.0 to 0.02 as the UO,(C10,), concentration was raised from 0.001M to 0.1,
and at concentrations of UQ,(Cl0,), of 0.3 and above essentially all the
plutonium was in the reduced form. As in HNOjy solutions, it was concluded
that reduction involved U(V), as shown in equation (2.43).

It was found that plutonium in the reduced state in 0.3 HNO, is oxidized
by X-radiation, but the yield is low (G = 0.05) and the oxidation very soon
reaches a steady state’4. The oxidation yield decreases with increasing hydro-
gen ion or nitrate ion concentrations, the latter effect undoubtedly being due to
stabilization of the reduced plutonium by nitrate formation. The mechanism
for the oxidation was believed to involve the hydroxide radical

Putt4-OH + H,0—>PuOf +3H* (2.42)

with a possible contribution from the higher oxides of nitrogen.

The radiation stability of Pu(VI) in 0.3 HNO, solutions containing uranyl
nitrate was reported to depend on the concentration of the latter. At
TU0,(NO,), concentrations up to 0.3}, oxidation of the plutonium occurred;
above this concentration the plutonium was reduced by X-radiation. The ¢
value for reduction in the presence of 0.88 UQ,(NO;), was found to be 0.17
ion/100 ev. In general the reduction did not proceed to completion, particularly
in the 0.30 to 0.60M UQO,NO,), concentration range. X-ray reduction of
plutonium in this concentration range was found to commence only after
absorption of a certain quantity of radiation. These effects have been explained
in terms of two competing reactions. At low UQ4(NOj;), concentrations (below
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0.3M), oxidation takes place according to the hydroxide radical mechanism,
equation (2.42), while at higher UO,(NO,), concentrations some of the U(VI)
is reduced by X rays to U(V), which then reduces plutonium by the reaction

PuOf + U0 +4H+—~>Put++ UOZ" +2H,0. (243)

Addition of K,Cr,0, to these solutions caused X-ray induced oxidation to
take place regardless of the UQ,(NO,), concentration, probably because of
the oxidation of UOj, thus preventing the reduction reaction (2.43). [A
correction was made for the chemical oxidation of Pu(IV) by the dichromate.]
As soon as all the K,Cr,0, had been reduced, however, the behavior of the
solution was similar to that of solutions that contained no K,Cr,0,.

In 1.5 HNOj solutions containing both UO,(NO,), and K,Cr,0,, reduc-
tion of plutonium was observed to oceur, probably because of stabilization of
the tetravalent ion by nitrate complex formation in the more concentrated
HNO, solution.

The radiation chemistry of plutonium in HNOj, solutions is of particular
interest because of its process importance, and has been reviewed by Miner
and Seed?2,
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