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JABSTRACT
: The rates of polymerization and disproportionation
:of Pu(IV) have been studied using low concentrations:
(1.7 = 10) x 10°™ P, (0.8 = 12) x 10="M HC1 and 0.01M
ionic strength. Osmiua(ll) complexes such as the
tris-4,4'-2,2'~bipyridine complex were found to raict
‘rapidly with Pu(IV) but very slowly, if at all, with
Pu(lV) polymer, Pu(IIl), or Pu(V). Thus, it is
‘possible to determine unreacted Pu(IV) in the presence
of reaction products by using 0s(11) complexes.
Disproportionation reaction products, Pu(III) snd
Pu(V), were deternined using their reactions with
Ce(IV) sulfate. We find ~d{Pu(IV)]/dt = k'[Pu(IV)]? at
constant pH. Log k' varies from about 4.25 st pH 3 to
abgut 7.0 at pH 4.1 (units for k' are M—min~'). The
[8") lependence varies from about -2 to =3 over the pH
‘range studied. The messured rate is the sum of those
for polyrerization and disproportinnation; the lattar
reaction amounts to about 75% of the total at pH 3 and
20% at pH 4. The second-order rate constants for
disproportionation are very much larger than expected
on the basis of extrapolation from 0.2 to 1.0 HCiO,
solutions. The products of the reaction do not affect
the rate, but U(VI), sged Pu(IV) polymer, and CO,
increase the rate.

‘INTRODUCTION

The chemintry cf Pu(IV) in near-neutral solutions is proorly understood,
which makes it ver; difficult to predict behavior in groundwaters such as
those prement =i the proposed nuclrar waste repository at Yucca Mountain in
Nevada. In che absence uof strongly complening species, the principal
reactions of Pu(1V) are hydrolysis, disproportfonation, polymerization, and
finally, precipitation. The first step in the hydrolysis of Pu(IV) becomes
important at fairly high acid concentrations and satisfactory values for the
‘first hydrolysin quotient are available [l]. The quotfents for further
hydrolysis are difficult to determine because of the reactions mentioned
above, but apnarently reasonable estimates have been given by Baes and Mesmer
(1]. The rates ~f digproportionation of Pu(1V) in solutions of unit fonic
stiength and 0.2 < [H'] < 1.0M have been reported by Rahideav {2}, Theae
results may be extrapulatad to higher pH values and lower concentrations.
Hovever, these estimatas are quite uncertain and direct deterainations would
be very useful. The exiatence of polymers of Pu(lIV) {a well known, and
{mportant propoerties have been reviewed by Cleveland [3)s More recently,
‘rates of polymer formation from fairly concentrated solutions have been
stndied [4,3], and some structural details have been elucidated [6). The
importance of the Pu(lV) polymer in understanding the behavior of plutonium



‘under environmental conditions was recognized by Rai and coworkers [7), who
have veported solubility as a function of pH for “aged” polymer. The pur-
‘pose of the work reported here is *o determine the rates of disproportiona-
‘tion of Pu(IV) and the first step of polyverization in very dilute solutjons
(~107*M Pu and pH ; 3) and to stud; some of the chemical properties of the
polymer formed under these conditions.

MATERIALS AND METHODS

‘Reagents

Plutonium(IV) stock solutions. Electrorefinad plutonium-239 metal was
dissolved in 6M HCl. A portion of the Pu(I1Il) formed was oxidized to Pu(VI1)
with fuming HC10,. One equivalent of the Pu(V1) was added to two equivalents
of Pu(II1) to form Pu(IV) by the rapid reproportionation reaction. The final
HCl concentration was made M or greater t¢ minimize disporportionation anud
alpha reduction. The amounts of Pu(III) and/or Pu(VI) in the stock were
estimated by absorption spectrophotonmetry at 600 and 830 nm, respectively.

Plutonium (IV) polymer., This material was prepared by diluting Pu(IV)
stock solution with water to give a final mixture ~0.0G08M in Pu and U.05M in
HC1. This mixture was allowed to stand for about 1 week vnd ionic impurities
were removed by the use of a catior exchange column (Dowex 50 X-8). The
resulting green sol showed the visible absorption spectrum charactoristic of
the polymer (6].

Osmium(1l) complexes (8], The tris-bipyridine and tris~',4'=dimethyl-
2,2'-bipyrid‘ne complexes were prepared by published methods |9). The formal
potential o the dimethyl bipyridine complex was determined to be ~0.09 V
less than that of the unsubstituted bipyridine complex, which 1s reported to
be 0.885 VvV, [10]. This was done using potentiometric titratiomi with ceric
sulfate.

Other Reagents., Ce(IV) from the G. F, Smith Chemical Compan' was made
up in 8M H,50,. Hydroquinone was vacuum sublimed and dissolved 1. distilled
water. Pyridine wan repurified by distillation, and a 10X by volume solution
was made by dilution with distilled water.

Analvtical Methods

" The plutonium concentrations encountered were too low for direct spec-
trophotometry, so indirect methodas based on osmium(Il) complexes were devel-
oped. These complexes react quite rapidly with monomeric Pu(lV) but very
slowly with the products of disproportionation or polymerization reactions,
For example, the apparen. second order rate constant tor the reduction of
Pu(1V) by the dimethyl bipyridine complex {s about 1.5 x 10*HM='acc™! at room
tewperature and a oH of 3. The ligande on the osmium are osmentially
nonlabile, and there {s no evidence that they can dinmociate and react with
the platonivm.  Because the osmium(Il) complexes have molar abmorptivities of
about 1.3 x 10*M' tem=! {n the viaible reglon, compared with value <HOOM™'em™!
for the znrreapnnulng 0s(11Y) complexen, very dilute solutions of Pu(IV) can
be analyted spectruphotometrically.

An fon exchange mothud was used to fdentify the Pu(lll) and Pu(V) formed
by diaproportionation. This was done by meane of small fon exchange columns
conteining zirconium phonphate, an suggested by Gehmecker ot al. [11]. 1In
this method, a mample inx placed on the top of the column and eluted witl,
succesnive 2-mt portions of HCL of increasing concentration. Each portion in
collected meparately from the bottom of the column, taken to drynenn, heated
to ahout J00°C, and alpha=-counted. Elutfon occurs in smeveral distinct banda.
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- ine total reducing agent formed in the experimental solutions was deter—
‘mined using Ce(IV) in dilute H,50,. This reagent reacts rapidly with Pu(IIl)
.and Pu(V) but only slowly, if at all, with Pu(IV) and the Pu(IV) polymer. A
small excess of Ce(IV) in 8M H,S0, was added io the solution and back-
titrated spectrophotometrically at 320 nm with standardized Pu(IIl) solution.
‘The acid in the Ce(IV) reagent was chosen to take the final solution sbout
‘0.5M in H,SO,.

‘Procedure

Solutions for the kinetic experimente were prepared by adding small
‘wmeasured volumes of Pu(IV) in 3M HCl to much lerger volumes (typically 60 mt)
-of 0,0IM HCl containing enough pyridinc to give the desired pH. Unreacted
Pu(IV) was determined as a function of time by adding 0s(IIl) complex to re-
auce the Pu(IV) and quench th» reaction. The 0s(II1Xl) complex that formed,
and hence, the Pu(lV) present at the time of quenching, was determinei from
the increase in absorbtance after adding excess hy.iroquinone, which rapidly
reduces the 08(I11). For runs with pH values greater than ~3.5, it was
necessary to quench the reaction with 0.3 meq of HCl just befor. adding the
08(11). This excess acid was neutralized with 0.3 meq of NH OH before adding
the hydroquinone. The veaction vessels were special 10-cm absorption cells
equipped with magneticall, driven Teflon-covered stir bars. Abscrbance was
determined at 23 t 1°C by using a Cary Model 17D spectrophotometer., After
essentially all the monomeric Pu(IV) had reacted, the totel reducing agent
that formed was determined by using Ce(IV) as described atove.

Extrapolation of Disproportionation Data

Rabideau et al. [2b] have given a two-term rate law for the dispropor-
tionation of Pu(IV) at 25°C and I = 1.0M. We have ex.rapolated the two rate
constants to 1 = 0,0lM by ueing an extended form of che Debye-Hiickel Equstion
with parameters euitable for oxildation-reduction reactions (12). The
‘regulting rate law is

5

—e(PuCIv)]/7de = 2¢7.1 x 107073 4 5.3« 1072 7Y ) leeet. (1)

However, [Pu™) = [Pu(IV)] (1 + 1K [M+l—1)“', where the K, are the hydrolyris
quotjents. Using the values lunuestcd by Baes and Mesmer {1] for I = 0Q.UIM,
wo find log K, = -0.76, -2,72, ~5.,82, ~10,02, and -15.42 tor § = ] to 5, -
reapectivelv,” These considerations lead to values for the anparent second-
order rate constant, expressed in M~min~!, of log k' = 2.67, 2,03, and 0,4
at pi = 3,0, 3.5, and 4,0 reapnctivelx. The relative concentrations of the
"reactive wpecies,” PuOH? and Pu(OH){ |, lecrease with increasing pH, which
causes the calculated decrease in rate. Tae products of disproportionation
at pR > 3 are predominantly Pu(lll) and Pu(V) because the extensive hydro-

lysis of Pu(lV) caumen the equilibrium in the reaction

Pu(lll) + Pu(Vl) = Pu(lV) + Pu(V) (2)

to lle far to the right,

RESULTS

The kinetic data obtained indicate that the rate of disappedarance of
monomeric Pu(lV) (that which reacte rapidly with Oa(11) complexes) ia pre-
dominantly second order in th- concentration of unreacted Pu(iV), A typical
plot of concentration va tiwe ia shown {n Fig. 1.



Apparent second-order rate
constants were determined as a
function of pH in the range
from 2.9 to 4.1. A plot of the
logarithm of the rate constant,
expreased in M~!lmin~!, is shown
in Fig. 2. The ra%e depends
strongly on the pH; the slope
of the curve increases trom
~1.9 at Ph 3 to ~2,9 at pH 4, In
most of the runs, the iritial
Pu(lV) concentration was in the
range (1.7 to 2.0) x 10~ %, but
in some runs, the concentrations
were 3 x 10~°M and 1.0 x 107'M.
The effect of varying initial
Pu(IV) concentration was within
the experimental error in the
determinations.

The products of the reactiou had no significant ef/ect on the rate. A
solution containing 4.2 x 107 Pu(IV) at pH 4.3 was allowed to stand until
the monomeric Pu(IV) hed disappeared, principally by polymerizat.on. More
Pu(IV) was added and its rate of disappearance was determinel as before.

The rates in these experiments agreed within 5% with those of companion runs
without product but 4t the same pH.

Aged polymer, however, caused a significant increase in the rate of
disappearance of Pu(IV). The polymer was prepared as described above, aged
at room temperature for 10 months and purified by ion exchange before use.
Rates of disappearance of Pu(IV) in solutions containing 7.8 x 10-%M of this
polymer were compared with those
from solutions with the same pH
bt without polymer. The rate
in the presence of polymer was
increased by a factor of 6.2 2
0.5.
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FIG. 1. Absorbance change vs time,
‘Solid curve for second-order rate law.
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Toth et al. [5] reported
that U(V]) reduced the rate of
polymerization in their experi-
ments at 30°C. The rate was
decreased by about 30X by 0.5M
U(VI) in a solution 0.05M in
plutonium and 0,11M 4n HNO,. We
find that the effect is much
different et lower temperatures
and concentrations. Experiments
were done at 23.5 + 0.5°C by
using 1.8 x 10=¢M Pu(IV) and 3.5
x 107 U(V1Y at pH valuem of
3.0 and 3.3. In both experi-
ments, the observed second-order
rate constants were about 40X
larger than those expected
without U(V1), Thus, at Jower
temperaturee and concentrations
the effect appears to be larger b, 1
per # of U(VI) and of oppowite
‘wign.

Because both polymerization
and disproportionation reactiuns
were oexpoctod, we used the
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" girconium phosphate method, described above, to find evidence for Pu(Ill) and
Pu(V) among the reaction products in a typical experiment. The elution
pattern waz very similar to that obtained using an equimolar mixture of
‘Pu(Iil) and Pu(V) at cssentially the same pH. No evidence was found for a
component .esembling aged polymer, which is eluted only with great diffi-
culty. Freshly formed polymer is difficult to identify because its elution
pattern is much like that of Pu(IV), which, in turn, is formed fr.m Pu(III)
and Pu(V) on the zirconium phosphate, by reproportionation.

A more quantitative estimate of the fraction of the Pu(IV) that reacted
by disproportionation was obtained by determining the total reducing agent
‘formed using the Ce(IV) method described above. Values for the fraction of
the initial Pu(IV) converted to reducing agent were more erratic than the
corresponding values for the second-order rate constant, but they decreased
with increasing pH. Average values and mean deviations were 0.75, 0.09;
0.52, 0.10; and 0.1%, 0.02 at pH values of 3.0, 3.5, and 4.1, respectively.
Uranfum/VI) increases the fraction reducing agent formed as well as
increasing the reaction rate. Ir the two experiments using 3.5 x 10'?1
U(V1), the fraction reducing agent was 0.99 and 0.90 at pH 3.0 and 3.3,
Tespectively.

Replacing the air in the experimental solutions with argon or carbon
dioxide influences the fraction of the Pu(lV) reduced. Experiments using
purified argon showed small but significant increases in the fraction,
whereas CO, at pH values of 3,3, 3.6, and 3.8 reduced the fraction essenti-
ally to zero. Preliminary rate experiments at pH = 3.3 comparing CO, and
air, both at atout 0.77 atm, showed that Pu(lV) disappears more than 100
times faster in the presence of CO,. A set of experiments using tank oxygen
also gave anomalous results; the fractions reduced were very similar to those
observed using argon. The argon ~ffect can be explained by slow oxidation of
Pu(II1) and/otr Pu(V) by the oxy, . in the air, but the effect of the C0O, can
not yet be explained.

D1SCUSSION

The data indicate that Pu(IV) disappears by disproportionation and by an
additional process. Ailthough direct cvidence for polymerization under our
experimental conditions {s lacking, the fact that polymer readily forms at
higher concentrations makes it highly likely that the first stage of poly-
merization ia the additiorul process. The values found for the fraction of
the tnitial Pu(IV) converted to roducing agent were used to estimate the
rutes of the individual processes, disproportionation and polymerization, as
a function of pH (Fig. 2). Disproportionation is the predominant reaction
for low c.ncentrations of Pu(IV) and pH 3, but polymerization dominates at pH
gros’er than about 3.5,

The determination of the rate constants involved the chemical analysis
of sepirate very dilute solutions am a function of time and, therefore, was
not very precige. The reproducibility and scatter of the data fndicate an
uncertainty {n the logarithm of the overall vate constants of about + 0,07,

A reliable extrapolation of the rate data to pH values considerably
higher than the experimental range will require rate laws in terma of specicn
preasent in the solutions. The hydrolysis quotients for Pu(lIV), estimated for
1 = 0,01M [1], indicate that the predominant species {8 Pu(OH), {in the pH
range from 3,1 to 4,2. The rate law for polvrmerizatinn in terms of thim
npecien in

dlpoly)/dt = (kllN*]“l

- _ .

1, 0t ™ eecom 112 )
2 3 3

where three rate constants are approximately 12,9 min ', 6.4 x 107"

min~' and 1.1 x 10-* M' min~', reapectively. Theme rate constanta show the

first term is predominant at pH 3, whereas the third term ts predominant at
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“.pH 4 and above. The indicated hydrogen ion dependencel and the values for

‘the rate constants depend on the values nisumed+for the hydrolysis quotients
-and on the somewhat arbitrary choice of Pu(OH) ;' as the reactive species.
iHowever, completely equivalent rate laws could be written in terms of other
-species.

“ It 1s spparent that the nature of the plutonium(IV) polymerization

~reaction depends strongly on the plutonium and acid concentrations. This is

-seen when our results are compared with those of Toth et al. |5). Those
authors worked at much higher concentrations, typically 0.05M Pu(IV) and
0,07 to 0.4M HNO They found that the rate of poclymer formation is auto-
-catalytic, But sfter initial stages of reaction were complete, the rate is
approxizately prcportional to [Pu(IV)]3, In our much more dilute solutions,
autocatalysis was not observed but catalysis by aged polymer was detected.
The dats in the high—-concentration range indicate a much larger inverse [H )
dependence than is observed at low concentrations, These results are not
directly comparable because the initial reactant species are different in

the two pH regions and because the former reoults do not apply to the initial

~stages of reaction.

The rate law for dlnproportionntion has the same form as that given
above but with differei..t rate constants: approximately 78 min-!, 9 x 10-%
min=!, and 2 x 10-1#? min =}, respectively. The terms in this rate law were
not observed in the work at higher acid concentrations (2}, so it 1s not sur-
prising that the observed rate ronstaut is about 30 times greater at pR 3 and
about 10 greater at pH & than the extrapolated values Ziven in a previous
‘section.

Our resulis show that studies of reactions such as the hydrolysis or
complexation of Pu(IV) at pH values greater than & will require very dilute
solutions and/or very short times. Of mcre direct importance to Pu(IV) in
the environment, our work indicates that disproportionation to give Pu(l1l)
and u(V) at pH values greater than abouvt 3 occurs much more rapidly than
earlier results would indicate. Although the Pu(IlI) would be rapidly
re-oxidized to Pu(IV) and immobilized by adsorption or precipitation, che
Pu(V) would probably remain in solutjon. In addition, at pH values greater
than about 4, polymerization is very rapid, leading to material toat is
probably -eadily adsorbed.
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