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THE FORMATION OF PLUTONIUM COLLOID BY THE
THE ALPHA-REDUCTION OF AQUEOUS SOLU~IONS

OF Pu(V) AND Pu(VI)

D. E. Hobart, T. W. Newton, and P. D. Palmer

Isotope and Nuclear Chemistry Division
Los A Iamos National Laboratory

Los Alamos, New Mexico 87545 USA

1NTRODUCTIO!N

The mast common isotope of plutonium, 23*Pu, emits alpha particles with

111For pluto-an average energy of 5.15 Me\: and has a half life of 24,36CI y~ars.
nium in solution, this self-irradiation has important effects in any long term ex-
periment, The:te effects, for acid solutions, have been reviewed elsewhere.12’31 The
alpha- radiolysis of water produces H202 and the radicals H, OH, and H02, all of
which are capable of reacting witn the various oxidation states of plutonium. in

perch loric acid solut ions 23{’Pu(VI) is reduced to Pu(V) at a rate of about ].s% of
the total plutonium concentration per day. The Pu(V) formed disappears by dis-
proporticmat ion; there is no evidence that it is reduced by the radiolysis products,141

Only fragmentary results on alpha-particle-ind oced reactions of plutonium have
been reported for solutions with pH values near 2.151Further work is needed because
this is the region in which the most reliable determination of the solut)ility of PU02
has been carie(.1 out.lc: In addition, the effects of alpha radiation in this pH region
are expected to differ from those in more acidic solutions because Pu(V) is much

more stable and the Pu(l\’) colloid forms relatively rapidly from Pa, ~7-9~

Thus ~he overall reaction

2PUO: -- Puo:’ + Puo~ (,.,]) (1)

and possibly its reverse may be vxpected to be important in describing alpha-particle

eflects under conditions where colloidal Pu(IV) can form,

The equilibrium for reaction (1) i~ given by

[Puo;”]——-Q’=p,,q]2 (2)

and is relatml to the volubility product, [Pu4+]/OH’ \’, for colloidal Pu(IV) by
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way of the disproportionatim equilibrium

2PuO~ + 4H+ — PU4+ + I%@;+ + 2H20 (4)

Log Q3 for reaction (3) is calculated to be 4.290, haed on the formal potentials
11~1and 1.893 at zero ionic strength, based on the ionic strengthin 1 M HC104

dependence found for the analogous uranium reaction.{’ 1
We shall define Q’ es an experimental concentra! ion quo( ient having the form

of equation (2) but not necessarily reflecting an equilibrium condition. Several

previous reports contain data that can be ~sed to calculate Q’, for reaction (1).
Due to the slowness of the reaction and possible radiation effects, it is not clear that
equilibrium was reached in these experiments. The results of these calculations are
sum]narized in Table 1. The values calculated for log Q’ range from 1.41 to 4.10.

TABLE I

L.*EQ’ ValueF Calculated from Literat urc Data

Total Pu Time
P [’one,(M) (days) pH log Q’ Author \Ref. ~—. -

1 1.53 Y 10-~ 4.2 1.28”
8.3
12.$
18.8

-() !!, (J2 ~ lo :1 0.5 I,0’
0.625

012 9,4 k 10- g 0,5 122”
0.6?5

0,1 9,3 h 10-~ 0.5 A,4(Y’
0625

(i k ]()-” 83 1.0

1.2
145
1 no
2.00
2.:u-l
280
3,10
3,40

10 3.7
II
1:$
1$
’20

10 (),04’1

R&i /():

3.75 Kamha 112~
3.80
3.83
387

256 (’o~lanso

2.54 ●1 al., 17~
2.88
2.85

Ii>4
;* 4“

2!1H I
4.19
3nn3
350
i.m
410
3832 ,,
3.75
:~,?~

141’ Ms4ir
1,56 ?1 al., 1131
1.78
1.97
230

d

I
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In this paper we describe concentration changes caused by chemical and alpha-
induced rac!iolytic reactions in various oxidation state pure solutions of Pu (VI),
Pu(V), or Pu(lV) colloid or mixtures of these oxidation states at pH values > ]
for a period of nearly two years. The rates of approach to steady-states and the
resulting Q’ values were determined in order to find the crmditims under which
equilibrium in reaction (1) might be attained and to learn about the underlying
reactions. Computer calculations were used to compare the data with the r=ults
required from proposed reaction schemes.

EXPERIMENTAL

SOLUTIONS

Plutonium(lll) solutions
reduction of higher oxidation

were prepared by acid dissolution of Pu metal or by

states of Pu with zinc amalgam. Plutonium(VI) S*

lutions were prepared by perch loric acid fuming or electrolytic oxidation of lower

oxidation states. Rcw-colored Pu(V) solutions were made by electrolytic reduction
of Pu(V1) at a platinum screen cathode (+ 0.79 \’/NHE, pH > 2). Pu(IV) solu-
tions were prepared by mixing stoichiometric amounts of Pu(\’1) and Pu(I1l) c:

by electrolytic oxidation of Pu(lll) at a platinum anode (- ].] V,/NHE, pH < O).
Colloidal SOISof Pu(l\’) were made by d]lution of concentrated solutions of Pu(ll’)
in 3 M HCI to < 0.01 M HCI. These solutions were left standing for two weeks at
room temperature followed by purificat ion by ion exchange or centrifugal ion.

ANALYSIS

The \“arious oxidation states of plutonium were determined spectrophatomet. ri-
cally, Pu(\’1) was determined in HC104 solution b) using the sharp peak near 83(]

nm, Pu(l”) was determined from the increase of the Pu(I’1) peak after addition of
excess Ce(I\” J perch iorate. The Pu(IV) colloid reacts quitr slowly with Ce(l\’) so
it does not interfere with the Pu(V) analysis,

The presence of colloid was indicated b~l the characteristic green color. ? his
was confirmed spectrophotometrica lly for some samples.

INSTRUMENTATION

A Cary Model 17D spectrophotom~ter was used for spectral analysis. Ekc-
trochemical procedures were performed using an E, G.&G, PARC Model 173/]79

Potentiostat ‘Coulometer. Values for pH were determined using a Corning combi-
nation pH ek-trode and either a Corning Model 130 or a Beckman Model 4500 pH
Meter.

PROCEDURES

Oxidation state pure solutions or appropriate mixtures were made volumet-
rically and stored At room temperature. Periodically, samples were removed for
analysis as described above.
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RESULTS AND DISCUSS1ON

Thequalitative behavior of the plutonium solutions isconvenient]y shownon
ternary plots, since Pu(VJ), Pu(V), and Pu(IV)-colloid are the principal substances
pr-ent. No evidence for the presence of Pu(III) was found in these solutions. The

results of typical runs are shown in Figures 1, 2, and 3. Initially pure solutions of
Pu(l’1) form Pu(V) at first and then form the colloid. Initially pure solutions of
Pu(V) form both Pu(VI] and Pu(lV)-colloid with increasing concentrations of the
colloid as time goes on. Suspensions of colloidal Pu(lV) form small concentrations

of Pu(”tiI) and PIJ(~). After sufficient time, all the mixtures appear to become
predominantly Pu(lV)-colloid.

%tV)

Figure 1. Ternary compo~itlon plot of ini-
tially pure Pu(V) solutions.

l%(v)

//

,
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Figure 2. Ternuy composition plot of ini-
tially pure Pu(\’1) solution~,
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Figuret, Ternary composition pIot of ini-

tin!ly pure Pu(l\”) colloid solutions ●nd vari-
ous rtlixt~ws,

Jyti.(iv)
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The overall ●ffect of alpha-irradiation is to change the average oxidation state,
6%, defined as

31Pu(111)] + 4; P11(1v)] + 51Pu(V)] + 6! Pu(V1)}
03 =

Total[Pu]
(5)

Figures 4 and 5 show typical = versus time data. for various runs.
Because of the importance of the equilibrium in reaction (l), it is of interest to

examine the values of Q’, the experimental concentration quotient, versus time. A
typical plot is shown in Figure 6. For many of the runs, the values of log Q’ are close

to 4 after long time periods. Additional information is displayed in concentration

profile plots (Figures 7 and 8) of Pu(VI) and Pu(V) versus time.

A careful and exhaustive consideration of the data has not resulted in a con-
vincing reaction scheme with a consistent set of rate parameters. However a model

that approximates the observed behavior would be helpful in understanding the

very complicated system involved, including the significance of the steady-state log

Q’ values, The model is described briefly below. The following assumptions are
made: (a) alpha particles react with water to form hydrogen peroxide or radicals
that are rapidi~ :unsumed in the following reactions; (b) only a single reactive in-
termediate is important; and (c) this intermediate reacts with other species in the
solution as an oxidizing agent as wei’ -s a reducing agent. The pro~’ision~l model

consists of the following reactions and rate terms:

H20 = R (5)

R + Pu(VI) = pu(~) + R’ (6)

2PU(V) = PU(VI) + PU(IV)(.,)ll) (7)

R + Pu(\’) = PV(IV)(CC,II) + R’ (8)

2R + PU(l~)(COll) = Pu(vl) + 2R’ (9)

Equation no. Rate Expression.——-. —.

(5) o(\Pu(vl); +! Pu(v)}) + clc[coll)

(6) k(i; R;i Pu(\’ l)\

(7) k7!Pu(V)]2j{’ !-k_7[Pu(VI)][H+]

Iralll) :coll::f%l(vf)l(8)

(9) kg~”R]\CoH”;
— —-—. —..-— . ..— ——... ..—.—-— ——————
where:

R standm for hydrogen p~roxide or a radical,

R’ ie the appropriate reaction product.
[Coil] stands for the concentration of colloidal Pu(IV) in mole~ of plutonium per
liter.
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T’his reaction model and modiftcatiortsof it were investigated by making the
usual steady-state approximation for the concentration of R and solving the result-

ing rate equations for the concentrations of Pu(V1) and Pu(V) versus time using the
14: The calculated plots are shown as dashed lines in FiguresRunge-Kutta method’

m 7 awd 8.

L,oo_— -. ,— ..1.. ._—– Jlb m =0
IM 10s,.)

Figure 4. Average oxidation state vcrr.us
time plots for initially pure Pu(V1) and for
Pu(Vl)-Pu(V) mixtures.

Figure 5. Average oxida(ion slate versus
time plots for initially pure Pu(lV) colloid so-
Iulions.

1 I I 1 r 1 I
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Figure 6, Log Q’ vermus time for ● number of variou? plutonium solutions,
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Figur~ 7. Pu(VJ) and Fu[V) concentra-
tion versus tinle plots for an initially pure Pu(V])
Po]ulion,

?
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Figure 8. Pu(VI) and Pu(V) concentra-
tion versus lime plots [or a Pu(Vl)-Pu(V] mix-
ture.

CONCLUSIONS

The following is a brief summary of the conclusions resulting from this study.
The simple computer model. although not completely satisfactory, does approxi-
mate the experimental data in a qualitative manner with regards to concentration
profiles, 6x, and Q’. Any value for log Q’ greater than about 3 is consistent with
the data. Stead;’-state concentrations, which may be far from equilibrium, depend

on total plutonium concentration, Some of the data suggest that the kinetic prop-
erties of the colloid formed are not constant, but depend on such factors as the age
of the colloid and the concentration at which it was formed. Our work with rolloid
suspensions shows that conventional long term volubility experiments with PUOZ
will not reach equilibrium because of alpha self irradiation. A complete report af

this work wilt be published elsewhere.1’5;
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