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1. Introduction

Progress in the chemistry of actinides has long been associated
predominantly with the necessity of solving technological prob-
lems. Early chemical investigations were concerned primarily with
the reactions of actinides in acidic media, whereas the reactions in
alkaline media were little studied. However, these scarce data are
of most interest. Thus, the use of carbonate and alkaline solutions
made it possible to stabilise valence states of actinides, which are
either unstable or difficult to prepare in acidic media. For
instance, Am(IV) was stabilised and Cf(Vv) and Cm(VI) were first
obtained in carbonate media. The most prominent example is the
discovery of heptavalent neptunium, plutonium and americium,
which gave impetus to the outburst of studies of alkaline solutions
of actinides in the late 1960s and in the early 1970s. In recent years,
interest in redox reactions of actinides in alkaline media was
rekindled. The reason is that there is an acute need to solve a
number of problems associated with storage and processing of
alkaline waste of radiochemical industry, which were accumulated
in large amounts at plants both in Russia and abroad. Extensive
studies in this field gave new interesting results, which are not only
of applied but also of scientific importance.

In the last decade, the properties of actinides in carbonate and
alkaline media were surveyed in reviews. For example, the
compositions and structures of carbonate complexes in solutions
and in the solid state were covered in detail in the review;!
however, no consideration was given to redox reactions. The
report > was devoted to the chemistry of actinides in alkaline
media, including redox reactions. Unfortunately, this report is not
easily accessible to Russian researchers. Besides, the results of
more recent investigations were published in the literature.

V P Shilov, A B Yusov Institute of Physical Chemistry, Russian Academy
of Sciences, Leninsky prosp. 31, 119991 Moscow, Russian Federation.
Fax (7-095) 952 53 08. Tel. (7-095) 330 41 70

E-mail: Shilov@ipc.rssi.ru (V P Shilov), loussov@ipc.rssi.ru

(A B Yusov)

Received 20 March 2002
Uspekhi Khimii 71 (6) 533 —558 (2002); translated by T N Safonova

465
465
465
473
486

The aim of the present review is to systematise and analyse the
available data on redox reactions of uranium, neptunium, pluto-
nium, americium and curium in bicarbonate, carbonate and
alkaline solutions.” We do not consider the data on photochemical
and radiochemical reactions, which were generalised in the
publications >4 in sufficient detail. Studies of electrochemical
reactions involving actinide ions are also beyond the scope of
our review.

I1. Redox potentials

To predict the possibility of a particular redox reaction occurring,
the data on redox potentials (hereinafter referred to as potentials)
of actinide pairs in carbonate and alkaline media are required. The
measured and estimated (calculated) formal potentials (i.e.,
potentials at equal concentrations of the oxidised and reduced
forms) are given in Table 1.

II1. Reactions in carbonate solutions

It can be seen from Table 1 that tri- and tetravalent uranium,
neptunium and plutonium can be oxidised by molecular oxygen,
whereas trivalent neptunium and plutonium can also be oxidised
by water (in the pH range of 9—12, the potentials of the O»/H,O
and H,O/H; pairs vary from 0.70 to 0.52 V and from —0.53 to
—0.71 V, respectively).3® Besides, U(V), Pu(v) and Am(1V) are
unstable in disproportionation reactions, Np(VI) must oxidise
Np(1V), whereas Am(VI) can oxidise Am(II1) and Am(IV).

1. Disproportionation and reproportionation reactions

a. Disproportionation of actinides(V)

The kinetics of disproportionation of U(V) in carbonate solutions
was examined by cyclic chronopotentiometry.?® It was found that
U(V), which was generated on the electrode surface through
reduction of U(VI), rapidly disappeared in solution. This process
is best described by a model on the basis of the second-order
reaction

T It should be noted that the reaction mechanisms were not considered in
most of original studies and it is impossible to make justified conclusions
about these mechanisms based on the available data. In this connection,
we write the reaction equations in the formal form, i.e., denote actinide
ions as Np(VI), Pu(1v), etc. In addition, many reactions proceed in rather
broad ranges of pH or alkali concentrations due to which the valence state
of the actinide ion may vary.
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Table 1. Formal potentials of actinide pairs.

Solution Potential of the pair /V Ref. Solution Potential of the pair /V Ref.
(relative to the normal hydrogen electrode) (relative to the normal hydrogen electrode)
VII/VI VIV VIV IV/II VII/VI VIV V/IvV IV/IIT
Uranium Plutonium
0.1 M NaHCO;3 —098a — — 5 1 M (NaHCO; + — — 0.3-0.35¢  —
1 M NaHCO3; —0.63b  — — 5 +Na,COs3)
0.05 M Na,COs3 —0.671 — — 6 (pH 11.0)
0.75 M Na,COs+ —-0.527 - - 7 0.1 M K»>CO3 - 0.30 - - 13
+0.6 M NaClO4 1 M K»>CO; — 0.32 0.6 —0.495 8,13
0.1-3 M NayCOs -0 - - 5 I M NaOH 0849  0.23 - - 20,25
1 M K»>CO; —0.6 0 —2.08 8 _ 0.21 _ —095 26
1 M NaOH —0.65 — —2.6 9,10 4 M NaOH _ _ 0.44 _ 25
Neptunium — 0.26-0.29 — 27
0.05 M NaxCOs - 0445 - - 6 4.6 M NaOH 0715 - - - 2
1 M Na,CO; _ 0.44 _ _ 11 7.9 M NaOH - 0.21 - - 28
2 M NayCO; _ 0.47b.¢ _ —144 12 10.1 M NaOH 0.540 0.20 — — 20, 28
2 M NayCOs _ 0275  _ _ D 4 M LiOH —~ 0255  — - 22
(pH 13-14) Americium
0.2 M K,COs - 0.43 - - B I M NaxCO; - 0.9 - 0.924 29,30
0.8 M K»COs3 — 0.44 - — 13
I M K>CO; - 0.44 0.1 —132 8 2 M NaxCOs - - 0.887 30
_13b 12 2 M (NaHCO; + — — — 0.92 31
3 M K»COs - 044 - - B +Na;C03)
1 M NaOH 0.582  0.18 - - 14,15 (PH 9.7)
0.587 0.12 0.13 —1.8 16,17, 2 M (NaHCO3 + - 0.975 - 0.89 30, 32,
18, 19 +Na>CO3) 33
4 M NaOH 0.462  — — - 20 (pH 10) 0.93 - - 32
10.4 M NaOH 0.225 — - - 20 1 M K>COs - 0.90 0.5 0.86 8,13
1 M LiOH 0.604  — - - 2 2.82 M (KHCOs+  — - 0.99 34
2.5 M LiOH - 0.1527  — - 22 +K2CO3)
4 M LiOH - 0.1498  — - 22 (pH 8.87)
Plutonium 2.82 M (KHCO;+ — - 0.81 34
+ K2C03)
0.05 M Na,COs3 — 0.334 — — 6 (pH 11.2)
1 M Na>CO3 - 0.33 - - 23 1 M NaOH 1.05 0.65 - — 35,36
2 M NaxCOs3 — 0.35¢ - — 24 0.68 0.25-0.50 <0.25 37
2 M Na,CO3+ — 0.33¢ — — 24 Curium
+1 M NaOH
M Na2C03+ _ 0.31¢ _ _ 24 1M K2C03 — — 0.5 1.6 8
1 M NaOH - - — 0.7 10
+2 M NaOH

2 Determined by polarography. ® Determined by cyclic voltammetry scan. ¢ The diffusion potential between a 2 M Na>COj solution and a saturated
calomel electrode was ignored. 4 Estimated by us based on the data of the study;?* under these conditions, an equilibrium mixture of Pu(vI), Pu(V) and

Pu(1v) was formed.

- e, m

d
where k4 is the rate constant of disproportionation.

The rate constants for disproportionation of U(V) ina 1 M
NaHCOs; solution (pH 8.57, T = 25 °C) remains unchanged as
the concentration of U(VI) is varied in the range from 1 to
10 mmol litre=!. An increase in pH ¥ leads to a decrease in the
constant kg both at a constant CO3~ content (17 mmol litre= 1)
and at a constant HCO3 content (0.68 mol litre—!). In the pH
range of 8.57-9.23, the constant k4 varies from ~15-20to 2-3
litre mol =1 s—1.

The following mechanism of the process was proposed:3°

U(VD0x(CO3);™ + & — U(V)0x(CO3)3, (@)

i In bicarbonate—carbonate solutions, pH is generally controlled by
changing the ratio between [CO%’] and [HCO3].

U(V)05(CO3)3”~ + HCO3 £ ?3)
== U(V)Ox(HCO3)(CO3)>*~ + 2C03%",

U(V)02(CO3)3~ + U(V)Ox(HCO3)(CO5)>— LN @
— U(VD)Ox(CO3)¥™ + UIv)0o(HCO3)(COs)*—,

U(1V)Oo(HCO3)(CO3)3~ — stable form of U(IV).

The experimental logkq —1og[HCO5 ] plot yields a straight line
with a slope of 0.84 4-0.06. Consequently, the reaction order with
respect to the bicarbonate ion is close to unity. The slope of the
plot of kg4 vs. the concentration of free carbonate ions (on the
logarithmic coordinates) is equal to —1.87 £0.1, i.e., is close to
-2

It should be emphasised that the reaction (2) proceeds on the
electrode surface, whereas the reactions (3) and (4) take place in
solution. In 0.25—1 M NaHCOs solutions, the solvated electron
can lose the ‘reducing’ properties. Thus, it was found that Np(V)
was oxidised to Np(VI) upon vy irradiation of its aerated or argon-
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saturated bicarbonate solutions. This oxidation did not take place
in a solution of Na,COs3, whereas irradiation of Np(VI) led to its
reduction.*?

Disproportionation of Pu(V) was not examined. It was only
noted that Pu(V), which was generated upon electrochemical
reduction of Pu(VI) in a bicarbonate solution, underwent dispro-
portionation with a high rate and exclusively Pu(Iv) was accumu-
lated in the solution.?> An increase in pH slows down
disproportionation of Pu(V) [like disproportionation of U(V)].
At pH 11.0, the process is completed in 6—8 h. The hexa-, penta-
and tetravalent plutonium ions were found in the equilibrium
mixture, i.e., the following reaction took place

2 Pu(V) === Pu(VI) + Pu(Iv). 5)

b. Disproportionation of Am(1V)

Americium(IV), which was prepared in bicarbonate-carbonate
solutions by electrolytic oxidation of Am(III), was reduced with
water (the first-order reaction with respect to americium) and
underwent disproportionation (second-order reaction).3? 33

4Am@1V) + 4H,0 —> 4 Am(11) + O, (©6)

Am(IV) + Am(IV) —= Am(II) + Am(v). 7

Ina 1.3 M NaHCO3; + Na>COs solution (pH 10), the activation
energy of the second-order reaction in the temperature range of
30-65 °Cis 100.8 4.0 kJ mol—1.

Ina 1.5 M NaHCO; + Na,COs solution, the rate constant for
disproportionation of Am(IV) was measured at different pH by
spectrophotometry.*! Americium(1V) was prepared by irradiating
a solution of Am(III) containing the BrO~ ions with UV light.
After termination of irradiation, Am(1V) was transformed sponta-
neously into Am(IIT) and Am(V) according to the reactions (6) and
(7) in a time varying from a few minutes to 3—4 days (depending
on pH). The conversion of Am(IV) into Am(III) was 50% —65%.

Taking into account the final proportion of Am(I1l), it can be
concluded that the second-order reaction (7) prevailed. The rate
constant of this reaction increased from 6.6x1072 to
262 litre mol—! s—! as pH was increased from 10.39 to 12.13.

In a 1.5 M KHCO;3 + K,COs5 solution, 2kq increased from
6.6 x 10—2 to 450 litre mol—! s—! as pH was increased from 8.40
to 11.70.

Judging from the slopes of the plots of 2kq vs. pH (on the
logarithmic coordinates), the disproportionation reaction of
Am(1V) in KHCO3; + K,CO3 and NaHCO3 + Na,COj3 solutions
is second order with respect to the OH ~ ions. This is attributable
to the fact that the first step involves hydrolysis of americium
carbonate complexes:

Am(CO3),(H0)" ¥~ + OH™ == ®)
—= Am(OH)(CO3),(H.0)>" ¥~ + H,0,

m—1

2 Am(OH)(CO3),(H,0)0" "™ == ©)

m—1

== Am(H,0)(CO3);" + AmO,(H,0),(C0O);” + zCO3 .

If the concentration of K,CO3; in a KHCO; + K>COs3
solution is higher than 3 mol litre—!, disproportionation of
Am(IV) proceeds much more slowly and this reaction is very
slow at a concentration of 4.0—-5.88 mol litre~!. Apparently, this
is associated with an increase in the number of the carbonate
groups in the coordination sphere of Am(IV) resulting in a
decrease in the potential of the Am(IV)/Am(IIl) pair and an
increase in the potential of the Am(V)/Am(1V) pair. As a con-
sequence, the equilibrium of the reaction (9) is sharply shifted to
the left and Am(1V) becomes stable.

c. Reproportionation of Np(IV) + Np(VI)
The reaction

Np(1v) + Np(VI) —»> 2 Np(V) (10)

was examined in 1.7—4.0 M K»>COj solutions by spectrophotom-
etry (4 = 490 nm).*?> The concentrations of Np(VI) and Np(IV) are
lowered according to the equation

d[Np(v)] __ d[Np(v)]
dr dr

The apparent rate constant of the reaction k' remains virtually
unchanged upon a twofold change in the concentrations of Np(VI)
and Np(IV) and decreases by a factor of 4 as the K,COj3 content is
increased from 1.71 to 4 mol litre~!. The authors of the cited
study 4* attributed this fact to an increase in the number of the
carbonate groups in the complex Np(IV) ion [like in the Am(IV)
ion, see above], which hinders charge transfer.

In the temperature range of 52—76.5 °C, the activation energy
of the reaction (10) in K>COj; solutions is 103 £2 kJ mol~1!,
which is virtually equal to this value (104 kJ mol—') for the
reproportionation reaction Np(IV) + Np(VI) in solutions of
HCIO4 and HNO3.

In the presence of sulfate ions, the reaction (10) slows down.
The addition of SO~ (0.21 mol litre—!) to a 2.08 M K»>COs
solution led to a decrease in k' from 1470 to
390 litre mol—! min—'. Hence, the sulfate ion has a more sub-
stantial effect on the reaction rate than the carbonate ion. This fact
remains to be explained.

= K INp(VDIINp(IV)].

(1

2. Reactions analogous to disproportionation and
reproportionation

a. Reactions of Am(IIT) with Am(VI)

Judging from the potentials of the Am(VI)/Am(V) and Am(IV)/
Am(III) pairs in carbonate-bicarbonate solutions (see Table 1),
Am(VI) can oxidise Am(IIT)

Am(III) + Am(VI)‘L_‘Am(IV) + Am(V). (12)

Actually, Am(1Iv) and Am(V) are accumulated in solution
when equimolar carbonate solutions containing tri- and hexava-
lent americium (6.2 x 10=% M) are mixed in different propor-
tions.?0 If the difference between the formal potentials is 60 mV
([CO%’] = 1 mol litre '), the rate constant

[Am(1v)[[Am(v)]

~ [Am(m)][Am(v1)]

must be equal to 10 (the experimental value is 11.2 + 1.5).
Hence, four valence forms, viz., Am(111), Am(1v), Am(V) and
Am(VI), can coexist in solutions with pH 9.5-10.5.

b. Reactions of Np(V) with Am(V)
The reaction

Np(V) + Am(V) — Np(VI) + Am(III)

was studied by spectrophotometry from the intensity of light
absorption of Am(III) (4 = 508 nm) and Np(VI) (470 nm) in
0.45-1.71 M Na,COs solutions.**> The Am(Ill) concentration
was increased half as rapidly as the Np(VI) concentration.
Hence, the following equation was proposed for this reaction:

2Np(V) + Am(V) = 2 Np(V1) + Am(l1L), (13)
and a change in the concentrations of the reacting compounds is
described by the equation

dAm(v)] _ 1d[Np(v)]

dt 2 de

— K[Am(v)][Np(v)]. (14)

The validity of the Eqn (14) is confirmed by the fact that the
constant k' (T = 64 °C) is independent of the initial concentra-
tions of Np(V) (0.65-1.9 mmol litre—!) and Am(V)
(0.65—1.3 mmol litre—"). The reaction rate (the order with
respect to the CO? ions n = —1.53) decreases monotonically as
the Na>COs content is increased. In the temperature range of
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50.5-69.7 °C, the activation energy is 60 &4 kJ mol—! regardless
of the Na,COj3 concentration.

Most likely, the process starts with dissociation of the Am(V)
and Np(V) carbonate complexes [like in the case of disproportio-
nation of U(V)]. Hence, we believe that at a constant ionic strength
of solution (), the reaction order with respect to CO3~ would be
more close to —2. In this medium, pentavalent actinides can exist
as tricarbonate complexes.! In this case, it can be assumed that the
following reactions proceed:

Am(V)05(CO3)]” —» Am(V)0o(CO:)3~ + CO%, (15)
Np(V)02(C0O3);” —> Np(V)0x(CO3);~ + CO3 . (16)

Next, the following charge transfer processes take place

Np(V)05(CO3)3~ + Am(V)0x(CO3)3~ ==7Z, a7
7 Slow, Np(V)O»(CO3)5~ + Am(1V)(COs); , (18)
Np(V) + Am(1v) fast, Np(VID) + Am(11), (19)

where Z is an activated complex.

c. Reactions of Am(1I1) with Np(VII)

In a 2.82 M KHCO; + K»>CO; solution, the potential of the
Am(1V)/Am(I1I) pair varies from 0.99 to 0.81 V as pH is increased
from 8.9 to 11.2.3* In carbonate and bicarbonate media, the
potentials of the Np(VII)/Np(VI) pair vary in the ranges which
are apparently comparable with the range mentioned above or are
even broader. Actually, the potential of this pairin a 1 M NaOH
solution is 0.582 or 0.587 V (see Table 1) and increases by 0.118 V
as pH is decreased by unity (u = 1),'% i.e., this potential at pH 11
and pH 10 must be no lower than 0.9 V and no higher than 1 V,
respectively. In carbonate solutions, these values may vary due to
the formation of the Np(VI) and Np(VII) complexes with the
carbonate ions, but these changes are insignificant. Hence,
Np(VII) can serve as an oxidiser of Am(III) in bicarbonate and
carbonate media. However, Np(V1I) is reduced with water under
the same conditions. The yield of Am(IV) depends on the ratio
between the reaction rates

Np(VII) + Am(I1) — Np(VI) + Am(1V), (20)
4 Np(vil) + 2H,0 —> 4 Np(VI) + O>. 21)

After the addition of an aliquot of an alkaline solution of
neptunium(VII) to a 1.5 M KHCOj solution of americium(11T), the
latter is oxidised already in the course of stirring (10— 30 s).#* The
intensity of the absorption band of Am(III) carbonate complexes
with a maximum at 507 nm decreases (in some cases, the band
even disappears). The light absorption resulting from superposi-
tion of broad bands belonging to Am(1V) and Np(VI) is observed
at wavelengths shorter than 450 nm. When the dry salt
K4Fe(CN)-3H>O was placed in a cell, light absorption at
350—400 nm was decreased and the band with a maximum at
~ 507 nm simultaneously regained its initial intensity. This unam-
biguously indicates that Np(VII) oxidises Am(IIT) to Am(IV). The
rate constant for the bimolecular reaction (20) is larger than
5 x 103 litre mol—! s—1.#* This value is many orders of magnitude
larger than the rate constant of the reaction (21) for which the
conversion of Np(VII) at pH 9.08 reaches 50% in 1.2 min.* In the
presence of a two- or threefold excess of Np(VII), Am(III) is also
oxidised only to the tetravalent state.

The same phenomena are observed in KHCO3; + K>COs3 or
NaHCO3 + Na,CO3; mixtures at pH < 10.9. At higher pH
(including 1.5 M K>CO3 or Na,COs solutions without additives
of bicarbonate), the addition of a stoichiometric amount of
Np(VI1l) leads to complete oxidation of Am(I11) to Am(IV), which
then disappears due to disproportionation [see the reaction (7)].
This is evidenced by the appearance of Am(III) in an amount half
as large as the initial value. The reaction of Am(I1I) with Np(VII)

taken in a threefold excess afforded Am(VI), which is character-
ised by light absorption at 450—600 nm. Hence, Np(VII) oxidises
not only Am(I1I) but also Am(V)

Am(V) + Np(VI[) —> Am(VI) + Np(VI). 22)

The addition of K4Fe(CN)g - 3 H>O crystals to this solution led
to a decrease in absorption at 450 — 600 nm but the absorption of
Am(IIT) was not observed, i.e., Am(VI) was reduced to Am(V).

The addition of a solution of Np(VII) in 0.01 M NaOH to a
solution of Am(Ill) in 6 M K,COs3 resulted in oxidation of
approximately one-half of the initial amount of Am(III). How-
ever, the absorption bands of Am(IV) and Am(VI) were not
observed. The concentration of Am(IIT) was not increased upon
the addition of K4Fe(CN)¢-3 H,O. Hence, Am(III) is partially
oxidised to Am(V) in this medium

Am(II) + 2 Np(VII) — Am(V) + 2 Np(VI). (23)

d. Reactions of Am(IV) with Np(IV) or Pu(IV)

In a 0.5M NaHCO; + 1 M Na,CO3 solution, americium(IV)
oxidises neptunium(1V), which is taken in an equimolar amount,
to neptunium(VI) in 1-2 min.*® The processes starts with the
reaction

Am(1V) + Np(IV) — Am(I11) + Np(V) (24)

followed by the more rapid reaction (19), because only Am(III),
Np(VI) and Np(IV) are present in the solution after the disappear-
ance of Am(IV), i.e., the process is described by the equation

Np(1v) + 2 Am(1v) = Np(VI) + 2 Am(11I).

Compared to the reaction (24), oxidation of Pu(Iv) with
americium(IV)

Am(1V) + Pu(1v) — Am(111) + Pu(V) (25)
proceeds more slowly.*” The subsequent reaction
Am(IV) + Pu(V) — Am(I1I) + Pu(VI) (26)

must proceed faster.

3. Oxidation reactions

a. Oxidation with molecular oxygen

Oxidation of uranium(V) ina I M Na>COs solution and oxidation
of uranium(lv) in a 1 M NaHCOs; solution with atmospheric
oxygen were examined in the study.’ In both cases, U(VI) was
accumulated in the reaction products. The kinetic parameters of
the reactions were not reported. The kinetics of U(IV) oxidation in
carbonate-bicarbonate solutions was investigated.*® When air
was passed with a rate of 130 mlmin—! through a
1 M NaHCOs3 + 0.25 M Na,COs solution (40 ml) containing
uranium (1.3 x 10=2 mol litre —!), U(VI) was formed with a rate
of 1.3x10~> mol litre=! min—!'. A threefold decrease in the
concentration of HCO5 + CO3~ led to an increase in the rate of
oxidation by ~30%; the addition of copper ammoniate caused
acceleration of oxidation.

Plutonium(111), which was prepared by electrolysis of Pu(IV) in
a 1 M K,COs solution, underwent oxidation with atmospheric
oxygen within a few minutes after termination of electrolysis. The
supply of atmospheric oxygen was increased on stirring of the
solution and oxidation was accelerated.>*

Dissolution of NpO; crystals in an aerated 1 M NaHCO3
solution was examined.*® The rate of dissolution of NpO, in this
solution (210 ppm per day) proved to be much higher than that in
water (2.5 ppm per day) or in a saturated NaCl solution (25 ppm
per day). Neptunium(V) was detected in bicarbonate solutions,
which indicates that NpO- is oxidised under the action of O, and
HCO;3.

b. Oxidation with hydrogen peroxide
Hydrogen peroxide was also used for uranium oxidation (a
suspension of a UO> powder in 0.5 M NaHCO3; or NH4HCO3
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solutions, T =20 °C).>° To accelerate dissolution of UO,,
Fe(CN){~ and Fe(CN);~ were added to the system. The propor-
tion of uranium oxidised during the same period was approx-
imately halved when pH was increased from 7.5 to 9, whereas a
subsequent increase in pH has no effect on the oxidation rate.

¢. Oxidation with water

Neptunium(III), which was prepared by an electrochemical
method in a carbonate solution,!?> was spontaneously oxidised
with water, which hindered the measurement of its absorption
spectrum.

d. Oxidation with ozone

In the study,>! solutions of Am(VI) and Am(V) were prepared with
the use of ozone. When oxygen containing 5% O3 was passed
through a 0.1 M NaHCOj3 solution containing a suspension of
Am(OH);3 during 1 h, Am(VI) was formed quantitatively at any
temperature in the range from 0 to 90 °C.

In a 2 M NayCOj3 solution, Am(I1I) is oxidised with ozone to
Am(VI) at room and lower temperatures. In heated solutions,
accumulation of Am(V) takes place.

Americium(V) involved in double carbonate with sodium was
readily oxidised to Am(VI) with ozone in NaHCOj solutions at
room temperature. However, ozone oxidised Am(OH); in
0.03—0.1 M KHCOj; solutions to form Am(V), which precipitated
as the salt KAmO,COs3.

The kinetics of ozonation was not studied in detail. Never-
theless, some conclusions can be made about the mechanisms of
the reactions that take place. Experiments on oxidation of Pu(III)
with ozone in aqueous 0.25—1 M HCIOy solutions enriched with
the 180 isotope demonstrated that water and ozone each supply
one oxygen atom to form the PuO3"* ion.5 Oxidation of U(IV)
with ozone is also accompanied by the transfer of the oxygen atom
from ozone (apparently, as an inner-sphere process).>* Oxidation
of Am(III) with ozone may be schematically described by the
following equations (without considering the complex formation
with the carbonate ions):

Am(II) + O3 + 20H~ —» AmO73 + O, + H,0, @27
AmO; + 03 —» AmO3t + 03", (28)
Am(IIl) + 03" —» Am(1V) + Os, (29)
Am(1V) + O3 + 20H~ —» AmO3" + 0, + Hy0. (30)

In carbonate solutions, Am(IIl) exists as the complex
AmCO{, Am(CO;); or Am(COs);” ions depending on the
composition of these solutions.>* Based on the two last-mentioned
complex ions, the crystalline compounds NaAm(COs3),-4 H,O
and Na3Am(COs)3-3H>O containing water molecules in the
coordination sphere of Am(III) were obtained.>> Oxidation with
ozone is accompanied by the replacement of the water molecule in
the coordination sphere of Am(III) followed by elimination of the
oxygen molecule [see the reaction (27)]. This mechanism was
confirmed by our experiments on oxidation of Am(IIl) with
ozone in a 5 M K,COj solution. Apparently, an increase in the
concentration of the carbonate ions leads to an increase in the
number of the CO3™ groups in the coordination sphere of Am(1IT)
due to the displacement of the water molecules as a result of which
the insertion of the ozone molecule is hindered and oxidation
occurs as an outer-sphere process to form Am(1v).

e. Oxidation with SZO§_ ions

Neptunium(V). The kinetics of Np(V) oxidation with the persulfate

ions was studied by spectrophotometry from the change in

absorption of Np(VI) at 470 nm.>® A decrease in the concentration

of Np(V) is described by the following equation
d[Np(v)]

— 0 00k + ka[NP(V)]YS208 7]

dr S8

It was found that two competitive reactions take place, viz.,
the first-order (rate constant k) and second-order (rate constant
k») processes (the zero and first orders with respect to neptunium,
respectively).

Variation in the $,03” concentration from 50 to
500 mmol litre ="' ([Np(V)] = 16 mmol litre—! at 50 °C) has no
effect on the rate constants k; and k> for Np(V) oxidation in a
0.94 M Na,CO;5 solution. As the Na,CO;s concentration 1is
increased from 0.84 to 1.92 mol litre=! (7 = 50.4 °C), k;
decreases from 4.7x10~° to 2.3x10~5 min—!, whereas the
constant ky (k, = 0.15 litre mol—! min—!) remains unchanged.

In a 0.93 M K,COs5 solution, the constants k| and k, remain
unchanged as [Np(V)]o is increased from 1.07 to 2.13 mmol litre !
and [S,0% 7)o is increased from 30 to 150 mmol litre—!, but an
increase in the KoCOj3 concentration from 0.93 to 4.50 mol litre !
(T = 51.0 °C) is accompanied by a decrease in k; and an increase
in kz .

The activation energies of the first- and second-order reac-
tions (E; and E», respectively) are 138 and 71 kJ mol—!, respec-
tively. The energy E is virtually equal to the activation energy of
thermal decomposition of S;03~ (140 kJ mol—1).57 Hence, it can
be assumed that the direct reaction of $,0%  with Np(V) in
carbonate solutions occurs simultaneously with thermal decom-
position of $,03~ followed by the reaction of the SO " radical ions

with Np(V).
o ki, slow .
S,03 28057, (32)
f,
S0;* + Cor s 502+ o7, (33)
fas
Np(V) + CO5* ~2 Np(vI) + CO%, (34)
ks, sl
Np(V) + 8,08 —222% 5 Np(vI) + SO;* + SO (35)

Neptunium(IV). Oxidation of Np(IV) with persulfate ions was
studied in 0.86—3.30 M K,COs solutions by spectrophotometry
from a change in absorption of Np(VI) (A = 490 nm) and Np(IV)
(A =800 nm).>® Typical kinetic curves for a decrease in the
amount of Np(IV) and accumulation of Np(VI) assume an S
shape. The concentration of Np(V) (calculated) passes through a
maximum, which is reached within 10— 15 min after the beginning
of the reaction.

At constant temperature and concentration of K,COs3, the
initial oxidation rate (V) of neptunium(1V) is independent of its
initial concentration. The rate Vj is comparable with the rate of
thermal decomposition of the S,032~ ions and is directly propor-
tional to their concentration. Consequently, the process starts
with the reactions (32) and (33) followed by the reaction

Np(1V) + CO5* — Np(V) + CO3". (36)

The rate constant for this reaction was estimated at
6.9 x 103 litre mol—! s—1.5% As Np(V) is accumulated, the contri-
bution of the reactions (34) and (35) becomes more and more
noticeable. Neptunium(VI) reacts with neptunium(Iv) according
to the reaction (10).

Neptunium(VI). In bicarbonate solutions containing Np(VI)
(1.5 mmol litre— ') and S,02 (50 mmol litre—1), Np(VI) was only
partially oxidised at 60 °C in the presence of alkali metal (potas-
sium, sodium or lithium) or ammonium cations.®® Accumulation
of Np(VII) as MNpOy4 took place within first 30 min after mixing
of the reagents, whereas subsequent storage of these reagents for
120 min led to only a slight increase in the Np(VII) content. As the
concentration of MHCO; was increased from 16 to 46
mmol litre—!, the yield of Np(VII) was increased from 17% to
44% in a KHCO3 medium (pH 7.30—-7.70) and from 18% to 29%
in a NaHCO3; medium (pH 7.30). A further increase in the
MHCOj concentration led to a decrease in the yield of Np(VII).
In aqueous solutions containing KHCO3 (93 mmol litre ') or
NaHCOs5 (46 mmol litre 1), the formation of Np(VII) was not
observed. In solutions of LIHCO3 and NH4HCO3, the maximum
yields of Np(VII) were lower.
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The following scheme of the process can be proposed. Ther-
mal decomposition of S,03™ affords the SO * radical ions [see the
reaction (32)]. Then, the following reactions proceed:

SO;* + H,O—»SO} + OH' + H*, (37

HCO3 + SO; ' —»CO5 "+ SO + H* (38)
with the rate constants of 60 and 9.1 x 10° litre mol—! s—1,
respectively.©!

At a bicarbonate concentration of 10—100 mmol litre—!, the
SO; * radical anions are predominantly consumed in the reaction
(38). However, it is known that the CO3 " radical anion cannot
oxidise Np(VI) in a carbonate medium.®?> Hence, either the SO;
radical anion or the S;O3~ ion must serve as an oxidiser of Np(VI)

Np(VI) + SO; " —s Np(VII) + SO3~, (39)
Np(VI) + S,03~ —» Np(VII) + SO7 * + SO3~. (40)

Neptunium(VII) is involved in two competitive processes. In
one process, neptunium(VII) partially precipitates as the solid
compound MNpOy, (see Ref. 63) and is stabilised. In another
process, the remaining Np(VII) is involved in a carbonate complex
and reduced with water.*?

Plutonium(1v). The kinetics of Pu(IV) oxidation with the
SZO? ions in 1.07—1.57 M Na»COs; solutions was studied by
spectrophotometry from a change in light absorption of Pu(1v)
and Pu(vI).%* The initial oxidation rates of Pu(IV) to Pu(VI)
linearly increased as the concentration of Pu(IV) was increased
from 2 to 8 mmol litre ~! according to the empirical dependence

Vo = a + b[Pu(1v)]. 41

It was assumed that two competitive processes of Pu(IV)
oxidation occurred. The rate ¥y nonlinearly increased as the
concentration of the S,03™ ions was increased. Based on analysis
of the experimental data, the following sequence of Pu(1V)
oxidation with the S;03~ ions was proposed. First, the reactions
(32) and (33) proceed followed by the reactions

Pu(1v) + CO7 " —> Pu(V) + CO%", (42)
Pu(V) + CO3* —> Pu(vI) + CO3™, (43)
CO; " + CO5 " —> products. (44)

Simultaneously, Pu(IV) reacts with the S;03~ ions that remain
undecomposed

Pu(1V) + S;03~ —» complex, (45)

Complex —» Pu(V) + SO3~ + SO;". (46)

It was assumed % that Pu(1V) is oxidised directly with the SO} *
radicals. However, this reaction plays virtually no part in this
medium. A change in the concentration of CO%f has a substantial
effect on the mechanism of the radical pathway of Pu(lv)
oxidation and is only slightly reflected in intramolecular oxida-
tion.

In the temperature range of 70—81.5 °C, the activation
energies of radical and intramolecular oxidation are 134 + 8 and
96 + 8 kJ mol—!, respectively.

Americium(IIT) and americium(V). Upon heating in a 0.1 M
NaHCOs; solution, americium(III) is oxidised under the action of
NayS,05 to Am(VI).>! In a 2 M Na,COj5 solution in the presence
of Na»S,05 (0.01 mol litre — '), americium(VI) is formed only at
90 °C.31 In a 0.1 M KHCO5 + K,COj solution, americium(III) is
oxidised under the action of the S0~ ions to americium(V),
which precipitates as the KAmO,CO3; complex.

The kinetics of Am(I1I) oxidation with the persulfate ions was
examined in solutions of K>COs (see Refs 65 and 66), (NH4)2CO3
and Na,COj; (see Ref. 66).8 The course of the reaction was
followed from a change in light absorption of Am(III)

§ Semiquantitative data on the kinetics of this process published in earlier
studies were surveyed in the review.®

(A =508 nm) and Am(VI) (/. = 688 nm®% or 550 nm%%). The
concentration of Am(IIT) was decreased with a constant rate and
this change slowed down only toward the end of the process.
Accumulation of Am(VI) started when only 10% —20% of Am(I1I)
remained in the solution. Until then Am(VI), apparently, disap-
peared due to the involvement in the reaction (12) although the
data on this process at high temperature are lacking. The higher
was the CO3~ concentration and the lower was the S,03~
concentration, the longer was the induction period. After com-
pletion of the induction period, Am(VI) was accumulated in
solution almost linearly.

The rate of Am(II) oxidation is independent of the concen-
trations of americium (in the range of 0.25—1.58 mmol litre —!)
and K,COs3 and is directly proportional to the concentration of
$,037 (12.5-200 mmol litre—1).6566 At the same time, the rate of
Am(V) oxidation, i.e., the rate of Am(VI) accumulation, increases
as the concentration of Am(V) is increased only to 0.6 mmol -
litre—! and then remains constant. The formation of Am(VI) is
accelerated as the concentration of S,03~ is increased, whereas an
increase in the K,COj3 content slows down the Am(VI) formation.

The activation energy of Am(III) oxidation is equal to that of
Am(V) oxidation. These values are 143+8 k) mol~'ina 1.9 M
K»COj solution (7 = 5883 °C),% 1434+ 8 kI mol~'ina 1.5 M
Na>COj; solution and 159+ 8 kJ mol—! in a 1.9 M (NH4),COs3
solution.%®

The following sequence of Am(111) and Am(V) oxidation can
be proposed. Thermal decomposition of S,03~ [see the reactions
(32) and (33)] affords the SOy * and COj3 * radical anions followed
by the reactions

Am(1l1) + CO3 " —» Am(1v) + CO3~ (47)
Am(V) + CO7 —» Am(VI) + CO3™, (48)

and the reaction (12). The rate constant of the reaction (47) is
2.5% 107 litre mol—1 s—1.67

To our knowledge, americium(1V) does not react with CO3”
and, hence, Am(V) may be formed only upon disproportionation
of Am(1V).

The plot of the rate constant for An(V) oxidation (An = U,
Np or Pu) with the CO3 " radical anions vs. the potential of the
An(VI)/An(V) pair yields a straight line on the logarithmic
coordinates, which is characteristic of the Marcus outer-sphere
electron transfer.® It is reasonable to suggest that oxidation of
Am(V) will be described by an analogous plot. Extrapolation of
the straight line to the potential of 0.92 V [i.e., to Am(V)] gave
logk ~ 6 (litre mol—! s—1). This value is smaller than logk for
the reaction (47) although the Am(VI)/Am(V) and Am(VI)/
Am(III) pairs have similar potentials (see Table 1) and oxidation
of both ions occurs without the structural rearrangements. Appa-
rently, the lower rate of Am(V) oxidation as compared to the rate
of Am(III) oxidation is responsible for the occurrence of the
induction period observed upon accumulation of Am(VI). Taking
into account that

kam@u[AmM(ID)] & kamwv)[Am(V)],
for oxidation of Am(III) and Am(V) with persulfate ions we have
kAm(v) ~ 0.1 kamam) -

The results obtained with the use of this ratio agree with the results
of extrapolation. Our data on radiolysis and photolysis of Am(III)
and Am(V) also indicate that these ions differ in their ability to be
oxidised in carbonate solutions. Apparently, the CO3 " radical
anions interact with Am(I1I) and Am(V) through different mech-
anisms. Oxidation of Am(V), like oxidation of U(V), Np(V) and
Pu(V), proceeds through the outer-sphere charge transfer. By
contrast, oxidation of Am(III) can be accompanied by hydrogen
abstraction from the water molecule. It should be noted that
oxidation of Am(III) with the OH" radical in HCIO4 solutions
proceeds through hydrogen abstraction from the water molecule
involved in the hydration shell about the Am(III) ion.%3
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A comparison of the calculated rates of formation of the SOy *
radical ions and oxidation of Am(III) shows that ~40% of the
radical oxidisers goes into the latter reaction. The fact that Am(I1I)
oxidation is somewhat accelerated in solutions containing more
than 2 mol litre~! of K»CO; is indicative of the less significant
role of side reactions rather than of the direct interaction of
Am(I11) with S;0% as has been suggested in the study. 66

f. Oxidation with silver compounds

Americium(IV), which is unstable in acidic media, was stabilised in
carbonate solutions. Americium(IIT) was subjected to the action of
a mixture of AgNO;3 and K»S,0s. In this case, several oxidisers
appeared in the solution

Ag(l) + S,03” —> Ag(ll) + SO; * + SO%~, (49)
Ag(l) + S,03” —> Ag(111) + 2S07™, (50)
Am(II) + Ag(ll) —> Am(IV) + Ag(I). (51)

In addition, the reactions (33) and (47) took place.

Solid AgO also oxidises Am(I11) to Am(1V).% Silver oxide was
used also for oxidation of Pu(1v) in a 45% K,COj5 solution.'% 70 In
the temperature range of 75-90 °C, complete oxidation of
plutonium occurred during 45 min. Apparently, the following
reactions proceeded:

Pu(1v) + Ag(l) — Pu(V) + Ag, (52)
Pu(V) + Ag(l)— Pu(VI) + Ag, (53)

along with the reaction (5).

g. Oxidation with C1O ~ ions

It is known that macroamounts of Pu(Iv) in a 45% K,COs3
solution are oxidised to Pu(VI) with the hypochlorite ions.”®
When heated to an above-room temperature, the reaction was
completed in 5— 10 min. The data on this process are scarce, which
does not allow one to make conclusions about the reaction
mechanism.

h. Oxidation with xenon compounds

The reactions of the americium ions with xenon compounds in
bicarbonate and carbonate media were examined in the stud-
ies.”1=73 Xenon compounds were chosen as oxidisers in view of the
fact that the potentials of the Xe(VIII)/Xe(VI) and Xe(11)/Xe(0)
pairs are higher than the potentials of the Am(IV)/Am(I1I) and
Am(VI)/Am(V) pairs. The calculated potential of the XeF>/Xe
pair in an acidic medium is 2.3 V.7* In an alkaline medium, the
potential of this pair was not determined but it was found that
xenon difluoride partially oxidises Pu(VvI) to Pu(vil)in0.2—1.2 M
NaOH solutions.” In a 1 M NaOH solution, the potential of the
latter pair is 0.85 V. Hence, XeF> must oxidise Am(III).

The addition of a XeF; solution, which was cooled to 0 °C, to
a 1.5 M KHCOj; solution of Am(III) led to oxidation of the latter
to Am(IV) in the course of stirring, which was established by
spectrophotometry. The stoichiometric coefficient n =
A[Am(1V)]/A[XeF5] is 0.23.71-72 It should be noted that this is yet
another known procedure for the chemical preparation of Am(IV)
in carbonate solutions (photo- and electrochemical methods are
not considered). Upon the addition of dry K4Fe(CN)¢-3 H,O to
the resulting solution, americium reverted to Am(IIl). In the
presence of a tenfold excess of XeF», americium(I1I) was com-
pletely oxidised to Am(IV). Other valence states were not found. In
a KHCO;+ K,COs3 solution, the coefficient n decreased as the
K>CO;3 content was increased. In a 1.5 M K»,COs solution,
n < 0.01. In this medium, Am(IlI) was oxidised by at most 5%.
In more concentrated K,COj3 solutions, americium(III) was not
oxidised.

In aqueous solutions, not only does XeF> react with reducing
agents but it also undergoes hydrolysis. The scheme of hydrolysis
was proposed in the studies %77 and was thereafter substanti-
ated.”® Taking into account this scheme and the reactions of

Am(11I) and Am(1V), the following sequence of processes occur-
ring in the course of Am(III) oxidation can be suggested. The
reactions

XeF; + H,O —> XeO + 2HF, (54)
XeO + H,O —» Xe + H,0,, (55)
XeO + H,0,—» Xe + OH' + HO3, (56)
HO> + OH- —» 05" + H,0, (57)
XeF; + 03— XeF + 0, + F—, (58)
XeF + OH- —>Xe + OH + F—, (59)
OH’" + HCO; — CO3 " + H,0, (60)
XeF' + HCO; —» Xe + F— + HCO3, (61)

are followed by the reaction (47) and then by the reactions
Am(1V) + HO; — Am(Ill) + HO; , (62)
Am(1V) + O; " — Am(III) + O;. (63)

The direct reactions of Am(IlI) with xenon compounds are
also not ruled out.

Am(111) + XeF, —> Am(1V) + XeF + F—, (64)
Am(111) + XeF —> Am(1V) + Xe + F—. (65)

Oxidation of Am(IIT) under the action of NasXeOg in carbo-
nate solutions was examined in the studies.”’-73 In an alkaline
medium, the potential of the Xe(VIII)/Xe(VI) pair is close to
0.9 V.7° This potential increases as pH is decreased and its values
in a carbonate medium is higher than 1 V. Hence, the perxenate
ion can oxidise americium(IIl) in bicarbonate and carbonate
solutions. When NasXeOg-nH>O was added to a 0.75M
KHCO;3; + K»,CO3;  solution (pH 10) containing  Am(III)
(2x10=* mol litre—!) until the concentration of the former
reached 1 x 10~% mol litre —!, the mixture turned yellow already
in 1 min. Analysis of the solution for different valence states of
americium [by spectrophotometry and by reduction with
K4Fe(CN)g -3 H>O] revealed the presence of Am(1v), Am(V) and
Am(VI). [Recall that XeF, oxidises Am(III) only to Am(IV)]. The
—A[Am(11)]/A[Xe(VII)] ratio varied from 0.3 to 0.7. In the
presence of a 30-fold excess of perxenate ions, americium was
quantitatively oxidised to the hexavalent state. The same situation
was observed in a 1.5 M KHCO3 or K»,COs5 solution. Ina 5.9 M
K>COj; solution, perxenate ions decomposed and did not oxidise
Am(III). As regards the mechanism of the reaction of NasXeOg
with Am(III), the following conclusions can be made. If the
process

CO3™ + Xe(VII) —» CO3 * + Xe(VII) (66)

took place, the subsequent reaction (47) would afford only
Am(1V), which does not react with the COj3 * radical anions. For
instance, this situation was observed upon photochemical oxida-
tion of Am(III) in the presence of $,03~, N,O, BrO— or BrOj at
pH 8.5-10.5.41-80-82 The appearance of Am(V) and Am(VI) in
solutions, where disproportionation of Am(IV) proceeds very
slowly, indicates that Xe(VIII) serves as an oxidiser of americium
to the pentavalent state

Am(111) + Xe(VIII) — Am(V) + Xe(VI), 67)
Am(V) + Xe(VIIl) — Am(VI) + Xe(VII), (68)
Am(1V) + Xe(VII) — Am(VI) + Xe(VI). (69)

Two-electron reactions can proceed, for example, through the
transfer of the oxygen atom. Americium(IV) involved in the
reaction (69) is generated in the reaction (12). Like Xe(VIII),
xenon(VII) can apparently oxidise Am(III), Am(IV) and Am(V).
In addition, it was suggested that Xe(VII) is involved in the
following processes:®3
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Xe(VII) + Xe(VIIT) — Xe(VII) - Xe(VIII), (70)
Xe(VID) - Xe(VIIT) — Xe(VI) + Xe(IX), (71)
2 Xe(IX) — Xe(VII) + Xe(VI) + O, (72)

The rate constant of the reaction (72) is 2 x 107 litre mol—! s~ 1.
The reactions of Am(I11) and Am(IV) with the perxenate ions
can also proceed by a one-electron mechanism:

Am(IID) + Xe(VII) —= Am(IV) + Xe(VID), (73)

Am(1V) + Xe(VIII) — Am(V) + Xe(VII). (74)

The ability of NasXeOg to oxidise Am(IV) was proved as
follows. Trivalent americium (0.13 mmol litre~!) in a 1.5 M
KHCO;+K,COs3 solution was quantitatively oxidised to
Am(1V) under the action of XeOs with the use of the photo-
chemical method.”! The addition of perxenate ions to the solution
led to the rapid formation of Am(V) and Am(VI). The stoichio-
metric coefficient — A[Am(1V)]/A[Xe(VIII)] was 0.2.

The potential of the XeOs/Xe pair was estimated 34 at 2.10 and
1.24 V in acidic and alkaline solutions, respectively. Hence, XeO3
could oxidise Am(III) in carbonate solutions. However, we exper-
imentally established”! that this reaction proceeded only under
UV or vy irradiation.

i. B Decay as an oxidative process

Attempts to prepare curium(VI) by chemical methods failed due to
the high oxidation potential of the Cm(I1v)/Cm(1ll) pair and,
presumably, low stability of curium(V). At the same time, there
is reason to believe that Cm(VI) in carbonate solutions must be
rather stable. Hence, another procedure for the preparation of
Cm(VI) was chosen. This procedure makes use of B decay of the
22Am isotope (half-life is 16.07 h). The compound
K3AmO,(COs3),, which was synthesised in the study,®> contains
americium with the following isotopic composition: 92% 24!Am,
1.4% 2*2Am and 6.6% 2*Am. Before the synthesis, the starting
americium specimen was purified from 2#>Cm that was accumu-
lated. The resulting compound was kept over a period from 18 to
40 h and then dissolved in a 0.1 M NaHCOj5 solution upon ozone
bubbling to oxidise Am(V) to Am(VI). Under these conditions,
curium(IIT) was not oxidised. It was expected that the daughter
curium-242 isotope, which was generated via B decay of the 24>?Am
isotope in the course of storage of K3;AmO,(COs),, would exist as
the ‘hot’ ion, which has the parent composition but whose charge
is larger by unity, i.e.,

B decay
AmO7F

CmO3" +&.

The estimation, which was carried out taking into consider-
ation all nuclear-physics processes attendant on B decay of the
22Am isotope, demonstrated that up to 60% —70% of the
daughter 242Cm isotope must be stabilised as the CmO3™ ions.
The latter can be found after dissolution of K3AmO,(COs3), . With
the aim of establishing the valence state of 242Cm, K4UO»(CO3)3
was precipitated from the resulting solution. The precipitate
captured 96 %—99% of AmO; and AmO3" ions and only
3% —5% of Cm(I11) ions. When the solution was in contact with
freshly precipitated LaF3, 97% —99% of the Cm(I1I) ions and no
more than 3% of the Am(VI) ions were sorbed. Under the same
conditions, 92%—95% of the NpOj ions (analogues of CmOj)
were sorbed. Experiments demonstrated that curium-242 was
concentrated either with penta- and hexavalent actinides [in the
K4UO»(COs); precipitate] or only with hexavalent actinides (in a
solution over the LaF; precipitate). Hence it follows that 2#2Cm
differs in chemical properties from curium(IIl), i.e., >>Cm was
obtained in the hexavalent state.

This procedure was used also for the preparation of califor-
nium(V).%¢ In carbonate solutions, the 2*°Cf isotope, which is
generated upon B decay of tetravalent berkelium-249, exists as
Cf(V) sorbed on the NasUO,(CO3)s precipitate.

4. Reduction reactions

a. Reduction with water

Neptunium(VIl). The gradual transformation of Np(VII) into
Np(VI) in carbonate solutions was studied by spectrophotometry
from a change in the intensity of absorption at 4 = 460 nm.** For
a 0.5 M KHCO3+ K»>COj3 solution with u = 1, the change in the
Np(VII) concentration is described by the equation

B d[Np(vm)]
dt

At 25 °C, the constant k decreases from 56.4x 102 to
0.79x 10~2 min—! as pH is increased from 9.08 to 11.03. The
plot of log k vs. pH yields a straight line with a slope of —0.98, i.e.,
this reaction is first order with respect to the hydrogen ions (or
reciprocal first order with respect to the OH~ ions). In the
temperature range of 25—35 °C, the activation energy of reduc-
tion of Np(VII) to Np(VI) was estimated at 33 kJ mol—!
(pH 10.0).

Instability of Np(VII) in carbonate solutions results from the
high oxidation potential of the Np(VII)/Np(VI) pair (=1 V; see
Section III.2.c). Under these conditions, the potential of oxygen
liberation from water is 0.64 V.

It is commonly assumed that the first step of H,O decom-
position under the action of strong oxidisers involves hydrogen
abstraction to form the OH’ radical. However, the oxidation
potential of the OH'/OH ~ pair at pH 10is 2.1 V. Due to the large
difference in the potentials of the above pairs, reduction of
Np(VII) with water cannot proceed through the formation of the
OH’ radical. However, another reaction, viz., oxidation of water
to H>Oxz is also thermodynamically possible. The standard poten-
tial of the H,O»/H»O pair is 1.77 V. In carbonate solutions, this
potential is lowered to 1.1—1.2 V. For the reaction to follow this
pathway, two Np(VII) ions must be simultaneously involved in
this reaction. However, this reaction is first order with respect to
neptunium. To resolve this contradiction, it was suggested 87-88
that the thermally excited Np(VII) ion and the nonexcited Np(VII)
ion form a dimer through two OH groups. This dimer subse-
quently decomposes into two Np(VI) ions and the H,O, water
molecule. Hydrogen peroxide reduces two more Np(VII) ions.

Americium(VI) and americium(IV). The overall equation for
reduction of Am(VI) with water in a 1.3 M Na,COs; solution
(pH 11.25) has the form

4Am(VI) + 40H~ = 4Am(V) + O, + 2H,0 (76)

= k[Np(vi)]. (75)

(taking into account the high pH of the medium, the hydroxy ions
rather than water molecules formally serve as a reducing agent).

At 25 °C, the rate constant for the first-order reaction was
estimated at (0.14 £0.01) x 10—# s~ !, In the temperature range of
25-75 °C, the activation energy is 63.8 =4 kJ mol~! (see Refs 32
and 33).

In a 1.3 M NaHCO3+ Na,COs solution (pH 10), the rate
constant (at 30 °C) for reduction of Am(IV) with water [see the
reaction (6)]is (0.6 0.3) x 10—* s—!. In the temperature range of
30-65 °C, the activation energy is 96.6412.0 kJ mol—! (see
Ref. 33).

Probably, the mechanisms of Am(VI) and Am(IV) reduction
with water are analogous to the mechanism of Np(VII) reduction.

b. Reduction with hydrogen peroxide

Plutonium(VI). The reaction of Pu(vI) with H»O» was studied in
0.005-0.1 M NaHCOs solutions by stopped-flow spectropho-
tometry.®° The results of this study indicate that the following
reaction takes place

2Pu(VI) + H,0, + 20H~ —»2Pu(V) + O, + 2 H,0. (77)

It was established experimentally that Pu(VI) forms a complex
with H»O». Thus, a 0.05 M NaHCOj3 solution containing Pu(VI)
(0.6 mmol litre — ') was injected into a 0.05 M NaHCOj solution
containing H,O, (3 mmol litre—!). The rate constant for the
formation of the Pu(vI) complex with H>O» (k) was estimated at
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(6.940.8) x 103 litre mol~! s—!. Doubling of the initial H,O,
concentration led to an increase in the constant k to
(7.240.7) x 103 litre mol—! s—!. The rate of disappearance of
the complex cannot be described by the first-order equation.
Reduction began with the reactions °

Pu(vl) + H,O, —> complex, (78)

Complex — Pu(V) + HO;. (79)

According to the scheme proposed in the study,®® the subse-
quent step involves the reaction of Pu(VI) with HO; followed by
other reactions. However, rather high pH was not taken into
account. Since the reaction (57) is efficient at pH 8.5, it is
apparently followed by the processes

Pu(vi) + O; ' — Pu(v) + Oa, (80)
05'+H202—> OH'+OH_+02, (81)

and then by the reactions (60) and (43).

When Pu(vI) and H,O, were taken at the initial concentra-
tions of 0.11 and 11.2 mmol litre !, respectively, the apparent
rate constant of the first-order reaction [see Eqn (79)] increased
from 1.12 to 24.2 s~! as the concentration of HCO; was
decreased from 0.05 to 0.005 mol litre—'. An increase in the
concentration of H,O; in a 0.005 M NaHCOj; solution from 11
to 22 mmol litre~! led to an increase in the first-order rate
constant from 24 to 34 s— 1.

c. Reduction with Fe(CN)?~ ions

Neptunium(VI). Reduction of Np(VI) with the Fe(CN)gf ions was
studied in aqueous solutions of Na>COs; ([Na>COs] < 0.05
mmol litre—') by the stopped-flow method.?® For the process in
a2 0.05 M Na,COs; solution,

A[Np(v1)]

2EPWYIL 10140001,
A[Fe(CN)#]

which corresponds to the reaction
Np(VI) + Fe(CN)§~ === Np(V) + Fe(CN); . (82)

The kinetics of the reaction is described by the empirical
equation

~d[Np(v)]
dr

where k' = (a + b[COF ]~ 1.

In a 0.004 M Na,COs3 solution (x was maintained at 0.2 by
adding NaCl) k' = 2.8 x 103 litre mol—! s~ ! (at 25°C). At a
constant concentration of NayCO; (0.004 mol litre— "), the
change in the ionic strength from 0.1 to 1 had no effect on k&’ but
the same increase in #ina 0.05 M Na,COj solution led to doubling
ofk'.

The mechanism of reduction involves the following reactions:

= K'[Np(v1)][Fe(CN)¢ ], (83)

k

NpO2(CO3)} + Fe(CN)™ —== A + CO?, (84)
k> k1

A —> products, (85)

where A is an intermediate formed upon the replacement of one
CO?%™ group in NpO,(CO3)3~ by the Fe(CN)#~ ion.

Plutonium(V1). The reaction of Pu(VI) with the Fe(CN)¢~ ions
proceeds °! analogously to the reaction of Np(VI) with these ions
considered above

Pu(VI) + Fe(CN)¢™ ,’l_spu(v) + Fe(CN); ™. (86)
Ky

In a 0.05 M Na,COs solution (25 °C), kf= 1214420 and
ky = (3.64 4 0.20) x 10* litre mol—! s—! for the forward (f) and
reverse (r) reactions, respectively. The empirical dependence of the

rate constant for the forward reaction on the concentration of the
carbonate ions takes the form

Inke = Ina + n1n[CO37]. 87)

At 25°C, Ina=4.74+0.11 and n = 0.80 £0.03 for = 0.2
(NaCl), [Pu(vD)] = 0.2 mmol litre~!, [Fe(CN)¢]*~ = 0.4 mmol
litre—!. The rate constant k; is virtually independent of the CO3~
concentration.

The reactions (82) and (86) have much in common. However,
it is not improbable®' that these reactions proceed through
different mechanisms. In particular, the characteristics of the
reaction (82) are inconsistent with the mechanism of the outer-
sphere electron transfer, which seemed to be most probable.

Americium(IV) and americium(VI). The reactions of Am(IV)
and Am(VI) with the Fe(CN)¢~ ions were not studied in detail.
Nevertheless, it is known that these reactions in bicarbonate-
carbonate media afford Am(III) and Am(V), respectively. Amer-
icium(V) is resistant to the hexacyanoferrate(Il) ions. As men-
tioned above, the ratio between Am(1V) and Am(VI) in the initial
mixture can be precisely established with the use of reduction with
the Fe(CN)¢~ ions followed by the determination of the reaction
products by spectrophotometry.

d. Reduction with the [T¢(DMPE)3]SO3CF3 and
[Re(DMPE);3]SO3CF3 compounds

The [M(DMPE);]SO3CF3 compounds [M = Tc, Re, DMPE is
1,2-bis(dimethylphosphino)ethane] serve as outer-sphere reduc-
ing agents. These compounds were used in studies of the reactions
with Np(VI) and Pu(VI) in carbonate solutions.®? The equilibrium
constants of the reactions

[An(V)O2(CO3)3]*~ + [M(I)(DMPE);] ¥ —=
—=[An(V)0x(CO;);]°~ + [M(11)(DMPE);]>*

(T =25°C, p=0.3,[CO3"] = 0.05 mol litre—!) were calculated.
The rate constants and the activation energies of these reactions
were determined. The rate constants of the self-exchange reactions
for the Np(VI)/Np(V) and Pu(v1)/Pu(V) pairs, which were calcu-
lated according to the Marcus equation, are 0.69 and
3.0 litre mol—! s—!, respectively, when Tc(DMPE)7 was used as
a reducing agent and are 0.64 and 8.9 litre mol—! s—!, respec-
tively, when Re(DMPE)7 was used as a reducing agent.

IV. Reactions in alkaline media

1. Disproportionation and reproportionation reactions
a. Disproportionation of Np(VI) and Am(VI)
The necessary condition for self-oxidation —self-reduction reac-
tions of hexavalent actinides is the similarity of the formal
potentials Ef for the VII/VI and VI/V pairs. In the case of
neptunium and americium, the potentials of these pairs in 1 M
NaOH solutions differ by ~0.4 V. An increase in the alkali
concentration leads to a sharp decrease in the potentials EIYH/ v
whereas E?]I/ Vare changed only slightly. Hence, penta-, hexa- and
heptavalent neptunium or americium can coexist in 10 M and
more concentrated NaOH solutions.

Upon rapid 10— 20-fold dilution with a 17 M NaOH solution,
a colourless 5x10~3 M neptunium(VI) solution turned green,
which is characteristic of Np(VII).”> The visible regions of the
absorption spectra of these solutions, which were measured after
the removal of a suspension of air bubbles, were similar to the
absorption spectrum of Np(VII). The difference was observed only
in the short-wavelength region [due to the presence of Np(VI) in
the solution]. The equilibrium

2 Np(VI) === Np(VII) + Np(V) (88)

was established at room temperature in less than 1 min. The
position of the equilibrium depends substantially on the NaOH
concentration. The determined equilibrium constants
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x — Np(V][Np(v)]
- 2
[Np(v1)]

in solutions with different compositions are given in Table 2.

Disproportionation of Np(VI) was studied also in hot NaOH
solutions.”* Under these conditions, the solubilities of neptunates
are much higher as compared to those in the cold. In addition, the
viscocity of alkaline solutions decreases as the temperature is
increased due to which the formation of a suspension of air
bubbles ceases. The determined equilibrium constants are well
reproducible.

Table 2. Equilibrium concentrations of Np(VII) and equilibrium constants
K for disproportionation reactions of Np(VI) in alkaline solutions
(T=21-23°C).%

[NaOH] 10*[Np(VDly  10*[Np(V)]  105[Np(VID], 102K
/mol litre=!  /mol litre ! /mol litre=!  /mol litre !

8.7 9.52 — 1.2 0.017
10.7 9.52 - 3.5 0.16
11.8 2.38 — 1.4 0.44
12.4 5.00 - 3.8 0.8
13.6 2.38 — 2.8 2.4
14.8 4.55 - 7.8 6.8
15.3 2.38 — 4.3 8.0
17.2 2.38 - 5.1 13.2
13.6 2.38 0.33 1.8 2.2
13.6 2.38 0.84 1.5 34
13.6 2.38 2.50 0.45 2.5

Interestingly, the equilibrium constants are virtually inde-
pendent of the temperature under the conditions studied. Con-
sequently, the activation energies of Np(VI) disproportionation
and Np(VII) reduction with pentavalent neptunium must be equal
within the experimental error.

When studying disproportionation of actinides in aqueous
solutions of KOH and CsOH and in aqueous-methanolic solu-
tions of KOH, Tananaev °° found that the nature of alkali is of
little importance, whereas a decrease in the water content is
favourable for disproportionation. For example, disproportiona-
tion in a solution containing 60 vol.% of methanol proceeds to a
noticeable extend even at [KOH] = 4 mol litre .

Disproportionation of Am(VI) was examined in the study.?® A
18 M NaOH solution (2.5-3.0 ml) cooled to 0 °C and a cooled
weakly acidic 0.03 M americium(VI) solution (0.2 ml) were mixed
in a quartz cell and the absorption spectrum of the mixture was
recorded. This spectrum had a band with a maximum at 740—
750 nm, which is characteristic of Am(VII). Since there were no
other oxidisers in the solution, the formation of Am(VII) was
attributed to self-oxidation —self-reduction of Am(VI)

2Am(VI) === Am(VII) + Am(V). (89)

Table 3. Equilibrium constants for disproportionation reaction of Am(VI)
in NaOH solutions at 0—3 °C.

[NaOH] 103 [Am(VI)[y  Equilibrium concentration K
/mol litre=!  /mol litre—! /mol litre—!
Am(VI)) Am(V) Am(VI)
8.5 1.74 not — — -
found
12.4 1.61 0.20 0.20 1.21 2.7x10-2
14.2 2.04 0.34 0.34 1.36 6.2x 102
15.4 2.30 0.80 0.80 0.70 1.3
16.6 1.37 0.45 0.45 0.47 0.9

17.2 1.39 0.61 0.61 0.17 13

The estimated equilibrium constants of this reaction are given
in Table 3.

Americium(VI) is somewhat more prone to disproportiona-
tion than neptunium(VI). In both cases, the NaOH concentration
has a similar effect on the equilibrium of the reaction.

b. Disproportionation of Pu(V)

Comparison of the potentials of the Pu(V)/Pu(lv) and Pu(VvI)/
Pu(V) pairs shows that Pu(V) must undergo disproportionation in
a wide range of alkali concentrations. The kinetics of this process
was studied by spectrophotometry.’” In experiments, Pu(V) was
prepared predominantly by reducing Pu(vl) with H,O; in an
alkaline medium

H,O, + OH- —> HOE + H»0,
2PuO,(OH);” + HO; —» (90)
—> 2PuOy(OH);” + O, + OH~ + H,0.

Then the accumulation of Pu(VI) in the solution was tracked.
When precipitating, plutonium(1V) captured a portion of Pu(V).
Taking into account the balance of all valence states of plutonium
in the solution and in the precipitate [without considering reduc-
tion of Pu(VI) with a-radiolysis products of water], it was
concluded that the following reaction proceeds in the solution:

2Pu(V) === Pu(VI) + Pu(1v). (5)
In alkaline media, Pu(V) exists as the PuO,(OH);(H,0)?~ and
PuO,(OH)3 " ions, freshly precipitated Pu(IV) exists as Pu(OH)4
(more precisely, as PuO,-nH»O) and Pu(VI) occurs as

PuO,(OH)3™ (see Ref. 2). Hence, the reaction (5) can be described
as follows:

2 PuO»(OH)3(H20)2~ === o1
=—= PuO,(OH); + PuO,*nH,0 + mOH~.

The constant 2k was estimated from the initial rate of
disproportionation of Pu(Vv)

d[Pu(v)]

5= 2k[Pu(v)).

Vo= — 92)

It was found that the rate constant sharply increased as the NaOH
concentration was decreased from 7.6 to 0.5 mol litre=!. On the
logarithmic coordinates, the plot of 2k vs. the activity of the OH~
ions yields a straight line with a slope of —2.8. However, taking
into account that the activity coefficient of Pu(V) decreases on
going from a 0.5 M NaOH solution to a 7.6 M solution, it can be
assumed that the reaction order with respect to the OH~ ions is
close to —2. Consequently, the fast step preceding the formation
of an activated complex, proceeds with the replacement of the OH
group in the Pu(V)-containing PuO>(OH)3(H,0)?>~ ion by the
H>0 molecule

PuO>(OH)3(H20)2~ + H»0 === PuO,(OH)»(H-0); + OH—, (93)

i.e., as expected, lower-charged species are involved in the reac-
tion.

The constant 2k increases as the temperature is increased.
Thus, an increase in the temperature of a 3.3 M NaOH solution
from 10 to 30 °C leads to an increase in 2k from 0.51 x 10—2 to
6.15x 102 litre mol—! s—!. The activation energy is approxi-
mately 88 kJ mol—!.

The results of experiments with Np(V) in 0.5-1 M LiOH,
NaOH, KOH and CsOH solutions at 25-80 °C demonstrated
that Np(V) remained unchanged in the conditions under study.

c. Reproportionation Np(VII) + Np(V) and Pu(vIl) + Pu(V)

As mentioned above, the potential of the Np(VII)/Np(VI) pair
sharply increases at the alkali concentration of <10 mol litre !
and the reaction (88) goes in the reverse direction
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Np(vil) + Np(V) === 2 Np(VD). (94)

An analogous reaction proceeded also with plutonium
Pu(VID) + Pu(V) == 2Pu(Vi), (95)

because the potential of the Pu(VII)/Pu(VI) pair is substantially
higher than the potential of the Pu(vI1)/Pu(V) pair in a wide range
of alkali concentrations. The kinetics of the reaction (94) in a
LiOH solution was studied by pulse radiolysis.”® It was estab-
lished that the rate constant of the reaction is independent of the
alkali concentration in the range of 0.033—2.0 mol litre~! and its
average value in a LiOH solution is (2.3£0.9)x 107 litre
mol—! s—!. In NaOH solutions, the rate constants of the reaction
are smaller. Apparently, the reaction (95) also proceeds with a
high rate.

d. Reproportionation Np(VI) + Np(1V) and Pu(VI) + Pu(1v)
The reaction

Np(1v) + Np(Vl) === 2Np(V) (10)

in deaerated 0.025—-4.0 M LiOH solutions was examined in the
study.!® The reaction was completed in the course of stirring of a
suspension of Np(IV) hydroxide in a LiOH solution with a Np(VI)
solution in the same alkali. The formal potential of the
Np(V)/Np(1V) pair was estimated from the equilibrium constants.
The addition of an equimolar amount of Pu(Vl) to a 4 M
NaOH solution containing Pu(IV) hydroxide led to the rapid
formation of Pu(V),? i.e., the following reaction proceeded:

Pu(VI) + Pu(lv) === 2Pu(V). (96)

2. Reactions analogous to disproportionation and
reproportionation

a. Reactions of Np(VI) with Pu(VII) and Pu(VI)

The reaction

Np(VI) + Pu(Vil) —»= Np(VII) + Pu(vI) ©7)

proceeds rapidly at room temperature.” This reaction is irrever-
sible at any concentrations of alkali because Pu(VII) is a stronger
oxidiser than Np(VII) and the potentials of the Pu(viI)/Pu(vI) and
Np(VII)/Np(VI) pairs change in parallel with the OH~ concen-
tration.

In alkaline solutions, Np(VI) can be oxidised not only with
heptavalent but also with hexavalent plutonium.?® The reaction

Np(VI) + Pu(vi) === Np(VIIl) + Pu(V) (98)

is reversible and proceeds with a high rate, which indicates that the
ions of penta-, hexa- and heptavalent actinides in concentrated
alkaline solutions have similar structures. According to the recent
EXAFS study,'% neptunium(VII) in alkaline solutions is involved
in the NpO4(OH)%7 ion. Hence, neptunium(VII), like Np(v) and
Np(VI), is in a tetragonal — bipyramidal environment formed by
oxygen atoms due to which the electron transfer is not accom-
panied by a substantial structural rearrangement of the ions
involved in the reaction. The position of the equilibrium depends
on the alkali concentration. In a 7.8 M NaOH solution (at 24 °C),
the equilibrium constant

_ [Np(v)]Pu(v)]
[Np(v)][Pu(v)

is 1.8 x10~2; its value increases to 14x 10~2 as the NaOH
concentration is increased to 10.1 mol litre—!.

b. Reactions of Np(VI) with Am(VI) and Am(VII)

Neptunium(VII) is rapidly formed upon the addition of a bicar-
bonate or weakly acidic Am(VI) solution to a 1 M NaOH solution
containing Np(VI) (see Ref. 36)

Np(VI) + Am(V) === Np(VII) + Am(V). (99)

The position of the reaction equilibrium depends on the
concentration of the OH~ ions. Oxidation of Np(VI) starts at
[OH~] ~ 0.016 mol litre~!. The yield of Np(VII) increases as the
alkali concentration is increased and it reaches 100% in 3—4 M
NaOH solutions. Americium(V) does not react with Np(VI) in
alkaline solutions.

The addition of a cooled freshly prepared (by ozonation)
Am(VII) solution in 3—4 M NaOH to an alkaline solution of
Np(v1) rapidly affords Np(vir) 101,102

2Np(Vl) + Am(VI) —> 2 Np(VII) + Am(V). (100)
c¢. Reactions of Pu(VI) with Am(VI) and Am(VII)
The equilibrium of the reaction

Pu(vI) + Am(VI) === Pu(VII) + Am(V) (101)

is established immediately after mixing the reagents,3® but is is
noticeably shifted to the right only at an alkali concentration
higher than 7.5 mol litre~!. Plutonium(VII) is virtually immedi-
ately formed upon the addition of freshly prepared (by ozonation)
Am(VII) to a 1 M NaOH solution containing Pu(v1)!01.102

Pu(Vl) + Am(VIl) === Pu(VII) + Am(VI). (102)

3. Oxidation reactions

a. Oxidation with molecular oxygen

Neptunium(V) and plutonium(V). Oxygen bubbling through
0.5-2 M LiOH or NaOH solutions containing neptunium(V) for
24 h did not yield Np(VI). As the alkali concentration and the
reaction time were increased, Np(V) was slowly transformed into
Np(VI) under the action of both pure O, and atmospheric oxy-
gen.'% In an aerated 8 M NaOH solution containing Np(V)
(1 mmol litre~1), ~10% of Np(V) was oxidised during 3 months.
In the same solution containing F~ (0.1 mol litre "), ~50% of
Np(V) was oxidised during one month. A change in the temper-
ature of the solution from 0 to 50 °C exerts only a slight effect on
the kinetics of Np(V) oxidation.

Plutonium(V) is also oxidised with atmospheric oxygen in 4 M
and 8 M NaOH solutions. In the latter case, the rate constant of
the reaction (1.4 x 10=3 h—1!) is smaller than the rate constant of
Np(V) oxidation (4.7 x 10~3h—1), whereas plutonium(V) ina 4 M
NaOH solution is oxidised faster than Np(V). This is, apparently,
associated with a change in the reaction mechanism. Most likely,
oxygen reacts with Pu(Iv) that is generated through disproportio-
nation of Pu(Vv).

Neptunium(1V) and plutonium(1V). A freshly precipitated sus-
pension of neptunium(1V) hydroxide [we will denote this com-
pound and plutonium(lv) hydroxide as NpO,-nH,O and
PuO; - n H,0, respectively] is slowly oxidised with oxygen.!%* At
23 °C, a suspension of NpO, -7 H,0 (7 mmol litre =) in 2—14 M
NaOH solutions is completely oxidised during ~1-2 days. In
addition to neptunium(V), Np(VI) is formed in substantial
amounts. As the alkali concentration is increased, the reaction
slightly slows down and the proportion of Np(VI) is decreased.

It is believed that oxygen is adsorbed on the surface of Np(1v)
hydroxide species followed by successive or synchronous electron
transfer. The intermediate that formed in the course of O,
reduction (hydrogen peroxide) is not accumulated in solution.

A suspension of PuO;,-nH>O in 0.5-4 M NaOH solutions
does not react with oxygen. Prolonged air bubbling througha 5 M
NaOH solution containing this suspension affords different ionic
forms of plutonium whose concentration is 10% higher than that
obtained upon argon bubbling.!04

b. Oxidation with hydrogen peroxide

Neptunium(1v). The addition of H,O, (100 mmol litre—!) to a
0.5M NaOH solution containing a NpO,-nH,O suspension
(10 mmol litre~ ") at 20 °C gave rise to a dissolved Np(V) peroxide
complex. Oxidation of Np(1V) was completed in less than 10 min.
Then Np(V) gradually precipitated.!0>
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In NaOH 1-16 M solutions, the formation of Np(V) starts
once the reagents have been mixed but the reaction rate decreases
as the NaOH concentration is increased. The Np(V) peroxide
complex is stable over a long period and the solid phase does not
appear for at least 3 h.'93

The formation of Np(V) slows down as the H»O» concen-
tration is decreased. At [H,O>] = 5 mmol litre !, 9% of Np(1V)
remains in the precipitate after completion of the reaction. Taking
into account that hydrogen peroxide in an alkaline medium exists
as the HO; ion, it may be written

2NpO, nH,0 + HO; —> 2NpO,0H + OH~ + mH,0. (103)

Decomposition of H>O; proceeds as a competitive reaction.

The formation of Np(V) (and precipitation) is accelerated as
the temperature is increased from 20 to 60 °C.

Plutonium(1v). When a 1 M NaOH solution containing a
freshly precipitated PuO,*nH>O suspension (1 mmol litre 1)
and H,O, (10 mmol litre—!) was kept at 20 °C for 7 h, the
concentration of plutonium in the ionic form remained the same
as thatin a check experiment performed in the absence of H,O-. In
more concentrated alkaline solutions, the higher is the NaOH
concentration, the higher is the rate of Pu(I1v) oxidation. Thusin a
12 M NaOH solution containing PuO, * n H>O (10 mmol litre )
and H>0; (50 mmol litre '), the Pu(V) peroxide complex was
detected in an amount of 0.4 mmol litre —! already after 8 min.!0°

Slow oxidation of Pu(Iv) with hydrogen peroxide in a 1 M
NaOH solution takes place upon the addition of a trivalent iron
salt (to the concentration of 0.1 mol litre—!). The addition of
Co(11) and Cu(I1) salts has a weaker effect on oxidation of Pu(1v)
with hydrogen peroxide. No effect of Ni(II) was observed.!%3

Americium(IIT). Oxidation of Am(OH); to Am(IV) under the
action of hydrogen peroxide was first presented in the paper.!0®
These data are confirmed by the results of a more detailed
study. 17 An acidic solution of Am(IIT) containing H,O, was
neutralised with ammonia. The precipitate that formed [presum-
ably, Am(III) hydroperoxide] was treated with a concentrated
ammonia or KOH solution to obtain Am(IV) hydroxide. The
process was accelerated upon heating to 90 °C. At this temper-
ature, Am(IvV) hydroxide was obtained in quantitative yield
according to several procedures:

— by treatment of Am(OH); with a H>O, and KOH solution;

— by treatment of Am(1IT1) hydroperoxide with a H,O, and
KOH solution;

— by treatment of Am(IIl) hydroperoxide with a KOH
solution.

c. Oxidation with ozone

Neptunium(VI) and neptunium(V). Neptunium(VII) was first pre-
pared by oxidation of a suspension of sodium or potassium
neptunates with ozone in 0.5-3.5 M alkaline solutions.!08.109
The kinetics of the reaction of ozone with Np(VI) depends on the
state of the latter. In the case of ozonation of neptunate suspen-
sions in NaOH (or KOH) solutions, the rate of Np(VII) formation
depends on the mode of ozone supply and the properties of the
solid phase. Thus, the rate of Np(VI) oxidation is decreased upon
prolonged storage of the precipitates. In the study,!* it was
suggested that a suspension of Np(V) hydroxide in NaOH
solutions be used in these reactions. In the course of ozonation,
Np(V) is oxidised to soluble Np(VI), which is transformed into the
heptavalent state. The maximum concentration of Np(VII)
obtained in NaOH (or KOH) solutions is 6—8 g litre=!. The
Np(VII) content of 30 g litre—! was achieved upon ozonation of
neptunates in 2—3 M LiOH solutions ''° due to high solubility of
lithium neptunates.!!!

The kinetics of Np(VII) formation in alkaline solutions con-
taining Np(VI) ions is determined by the rate of ozone supply and
intensity of stirring, i.e., by diffusion factors.!9% 112113 At Jow
concentrations of the reagents, the reaction of Np(VI) with O3 is
kinetically controlled. The accumulation of Np(VII) obeys the
equation '12

d[Np(vi)

Pl — KNp(v)J[OH %[0y,

(104)

In the temperature range of 0—20 °C, the activation energy is
close to 20 kJ mol—'.112

An analogous dependence of the rate of Np(VII) accumulation
on the ozone concentration was found in the study.!!3 In a
solution with a constant LiOH concentration, the rate of oxida-
tion (V) of Np(vI) (10 mmol litre ') at a constant rate of ozone
supply remains unchanged, i.e.,

V= 7d[Np(VHH = const.

dt

The plot of V' vs. the LIOH concentration yields a curve with a
maximum at [OH~] ~ 1.5-2 mol litre~!. It was proposed that
the OH" radical ''? or the O~ radical ion'!® serve as a direct
oxidiser of Np(VI). However, in our opinion, the O3 " radical
ion '* serves as an oxidiser. Thus as the LiOH concentration is
lowered beyond 1 mol litre—!, the rate of Np(VI) oxidation
decreases due to acceleration of O3 * decomposition giving rise to
0;".

Neptunium(VI) is oxidised with ozone even at pH 9—10
although the reaction rate is noticeably lower.!''> Moreover,
heptavalent neptunium is partially generated upon ozonation of
a NpO,OH suspension in water.!1°

The completeness of Np(VI) oxidation with ozone in alkaline
solutions depends on its concentration. For example, Np(VI) was
oxidised by 80% at its concentration of (2—4)x 10~ mol
litre = 1,112 whereas 98% —100% of Np(VI) was oxidised at the
concentration of 3 x 10—3 mol litre—1.113

Neptunium(Iv). When a mixture of O, and O3 (0.7 vol.%) is
passed through 0.5—-1 M NaOH solutions containing a suspen-
sion of NpO; 7 H>O (1 mmol litre ~ '), neptunium(1V) is oxidised
to Np(V) and Np(VI) already within minutes after the onset of the
process and the suspension is dissolved. Further ozonation affords
Np(VII). Accumulation of Np(VII) is accelerated as the alkali
concentration is increased. In a 14 M NaOH solution, neptunium
is quantitatively transformed into the heptavalent state already
within 8 min after the onset of oxidation.!04

Ozone can directly oxidise tetra-, penta- and hexavalent
neptunium. However, in a strongly alkaline medium, ozone
initially reacts with the OH~ ions to form the ozonide ions. In
this case, the reactions may be described by the scheme 7

(105)

03+ OH- —» O3 + OH’, (106)

OH + OH- == O~ + H0, (107)

0" +0, —> 05", (108)
or the scheme '8

03+ OH- —» O, + HO3, (109)

03+ HO; —» O3 + HO;. (110)

HO; +OH~ —> O; ' +H,0, (57

O3+OEI—>O§.+02. (111)
The ozonide ions oxidise all valence forms of neptunium to the
heptavalent state. The process starts with the reaction

NpO>-nH0 + 05 ' —» NpO»(OH) + O, + OH— + mH,0.  (112)

Neptunium(V) is oxidised both in the solid phase and after the
formation of the soluble NpO(OH)!™ complex (n = 2-3). In
this case, the following reactions proceed

NpO,(OH)\ ™+ 07 + H,0 —» (113)
—> NpO>(OH)F™ + 0> + (n—2)OH -,
NpO»(OH);” + 03 ° —> NpO4(OH)3™ + 0, + H,0 (114),

the rate constants are (2.140.3) x 10° and (2.1 £0.2) x 103 litre
mol—! s~ respectively.!!#
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Accumulation of Np(VII) occurs after the disappearance of
Np(1v) and Np(V).

Plutonium(V1). Like Np(VII), heptavalent plutonium was first
prepared by ozonation.!0%: 119 Presently, this procedure is com-
monly used for the preparation of pure Pu(VII) solutions with
different concentrations.

The reaction of Pu(vl) with O3 in alkaline media proceeds
analogously to the reaction of Np(VI).!!3 In homogeneous sol-
utions, the reaction rate is determined by the diffusion factors. In
the mode of steady ozone supply, the rate of this reaction is
described by the zero-order equation

V= M = const.

dt

The completeness of oxidation of Pu(Vv1) (7.5 mmol litre ~1!) in
alkaline solutions ([NaOH] < 1 mol litre—') depends on insta-
bility of Pu(VII) whose reduction with water is accelerated as the
concentration of the OH ~ ions is decreased.!?0

Plutonium(1V). Oxidation of Pu(Iv) with ozone was examined
in the study.' A suspension of PuO,-nH,O (0.3-0.5
mmol litre~!) in a 0.5-8 M NaOH solution was oxidised with a
mixture of O, and O3 (0.7 vol.%). The resulting Pu(vil) and
Pu(vl) rapidly reacted with Pu(1v). Hence, accumulation of
Pu(vil) becomes possible after the complete disappearance of
Pu(1v). In a 1 M NaOH solution, Pu(VII) is formed most rapidly
(84 min), whereas the time of this reaction increases to 300 min
(and more) in an 8 M NaOH solution.

The oxidation process involves the reactions (106)—(108) and
reactions analogous to (112)—(114).

Americium(vl). When a gas mixture containing O3
(20— 50 mg litre— ') was passed through a cooled (0 °C) solution
of americium(VI) in 3—4 M NaOH during 30— 60 min, the colour
and absorption spectrum of the solution were changed.!0!.102
After the addition of the resulting freshly ozonated alkaline
solution of americium to an excess of Pu(vl) in 1 M NaOH,
plutonium immediately took on the colour characteristic of
Pu(VII). The absorption spectrum of the resulting solution agrees
satisfactorily with the absorption spectrum of pure Pu(VII).

Itis known 37 that Am(VI) does not oxidise Pu(VI) in solutions
containing NaOH at a concentration lower than 3 mol litre — 1.
Hence, the formation of Pu(VIIl) in the experiments described
above indicates that americium(VI) is transformed into Am(VII)
upon ozonation of its alkaline solutions. Heptavalent americium
reacts with Pu(VI) according to Eqn (102). The yield of Am(VII)
upon ozonation can be estimated from the amount of Pu(VII)
formed. In different experiments, its value varied from 40% to
60%. The same results were obtained in the study of the stoichi-
ometry of the reaction (100).

Americium(1I1). Oxidation of Am(IIT) was examined in a wide
pH range.'?! Ozone oxidises Am(OH); to Am(VI) both in neutral
and alkaline (1 M NaOH) media. In a 1 M NaOH solution,
oxidation proceeds slowly. Therefore, it is necessary to lower the
temperature to 0 °C for the enhancement of solubility of Os. In a
0.1 M NaOH solution (at 25 °C), Am(OH); is oxidised with a
moderate rate to form Am(VI), which gives a soluble yellow
complex. The absorption spectrum of this complex is identical to
the spectrum of the solution, which was prepared by adding alkali
to an acidic solution of AmO§+. In water, Am(III) is oxidised by
passing ozone for 1 -2 h (7' = 90 °C). In the course of ozonation,
pH of the solution must be no lower than 5.

Apparently, the mechanism of Am(III) oxidation in solutions
with pH lower than 12 is analogous to the mechanism of oxidation
in carbonate solutions. This mechanism involves the inner-sphere
transfer of the oxygen atom from Os as the first step. The general
scheme of oxidation is as follows:

(115)

Am(OH); + O3 —» AmO>OH + O, + H:0, (116)

AmO-0H + O3 + OH- —»> AmO,(OH), + 05", (117)

Am(OH); + 07° + H:0 —»> AmO, nH,0 + O, + OH—, (118)

AmO;-nH>O + O3 —> AmOz(OH)z + O, + (n— l)Hzo (119)

In alkaline solutions (pH > 12), the reactions (106)—(108),
(118) and (119) and also the reaction

AmO,-nH,0 + 07° —» (120)

— > AmO,OH + O, + (n— 1) H,0 + OH~

are the major processes.
Americium(V) is oxidised in both the solid phase and in the
dissolved form existing as the AmO»(OH). ™" complex (n = 2-3)

AmO,(OH)'"™ + 07" + H,0 —> (121)
— > AmO>(OH)}™ + O, + (n—2)OH .

At 0 °C, Am(VII) is formed in 3—4 M NaOH solutions

AmO,(OH);” + 03" —> Am(VII) + O,. (122)

d. Oxidation with SZOQZ{ ions
Neptunium(VI). The kinetics of Np(VI) oxidation was examined in
0.1-0.7 M NaOH solutions at T > 50 °C.'22 The initial reaction
rate did not depend on the Np(VI) concentration (up to
0.3 mmol litre=") and increased in directly proportion to the
SZO§’ concentration (the latter was increased from 25 to
300 mmol litre—1)
d[Np(vi)] d[Np(v1)] o
dt - dt - k[SZO8 }

(123)

In a 0.2 M NaOH solution heated to 60 °C, the rate constant
of the reaction is 2x 10~* min—!. At [OH~] = 0.7 mol litre !
and u =1, the activation energy is 140 kJ mol—!, which is
consistent with the activation energy of thermal decomposition
of the persulfate ions.>’

The first step of Np(VI) oxidation with the persulfate ions in
0.2—0.7 M NaOH solutions involves decomposition of the S,03~
ions [reaction (32)] followed by the reaction

SO; "+ OH- —» SO} + OH'. (124)

The fast reactions (124), (107) and (108) afford the O3 " radical
ions, which oxidise Np(VI) to Np(VII) according to the reaction
(114).

Calculations demonstrated that the rate of Np(VII) accumu-
lation in a NaOH solution is three times lower than the rate of
formation of the SOy * radical ions. Consequently, decomposition
of O3 " is of considerable importance in this process, as in the case
of Np(VI) oxidation with ozone at [OH~] < 1 mol litre~!. The
rate of Np(VII) accumulation decreases as the alkali concentration
is increased to 0.9 mol litre—!. The plot of Np(VII) accumulation
in a 1 M NaOH solution (¢ = 2) goes through a maximum. In
3—4 M NaOH solutions, neptunium(VII) is not formed at all.

Apparently, decomposition of S,03” in alkaline solutions
proceeds not only through thermal decomposition [reaction (32)]
but also under the action of the OH ~ ions, reducers being formed
in the latter case. This pathway becomes dominant in 3—4 M
NaOH solutions. On a further increase in the alkali concentration
to 5—6 mol litre—!, the formation of Np(VII) resumes. Under
these conditions, the mechanism of decomposition of persulfate
ions is, evidently, changed once again. An increase in the ionic
strength of solution has virtually no effect on the rate of Np(VI)
oxidation in a 0.2 M NaOH solution but the reaction rate is
decreased in a 0.7 M NaOH solution.

Hydroxides of some d elements serve as catalysts of the
Np(VIT) formation. In a 4 M NaOH solution, the S;03™ ions
oxidise N(VI) even at 20 °C in the presence of Fe(Ill), Ag(l),
Cu(11), Ni(11) or Co(I) salts in concentrations of 5x 1073,
Ix10-3 5x107% 1x10-7 or 2x 108 mol litre !, respec-
tively. In alkaline solutions containing Ni(1I) or Co(II) com-
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pounds, Np(VII) is completely reduced during 15-20 h. After
storage for one day, silver(I) salts retain catalytic activity.

Ina 0.5 M NaOH solution, the catalytic activity of the d-metal
ions is less pronounced.

In the temperature range of 30— 50 °C, the activation energies
of Np(VI) oxidation in the presence of the Ag(I) and Co(II) ions are
67 and 42 kJ mol—!, respectively.

Neptunium(IV). In deaerated 0.5—14 M NaOH solutions con-
taining a suspension of hydrated Np(1v) oxide (7 mmol litre '),
Np(V), Np(VI) and Np(VII) are successively accumulated under
the action of S,027.123 All steps of oxidation are accelerated as the
concentrations of NaOH and S,03~ are increased and the temper-
ature is raised. In a 4 M NaOH solution containing S,O03~
(20 mmol litre — 1), the transformation of neptunium(IV) into the
dissolved Np(VvI) form proceeds by 95% at 21 °C during
11-12 min. After the next 5—7 min, Np(VII) is generated. In a
4 M NaOH solution, the activation energy of Np(VI) oxidation
with persulfate ions is 68 kJ mol—!. In the presence of insufficient
persulfate, Np(vV) and Np(vVI) were found in the solution
(T = 36 °C) after completion of the reaction.

The oxidation process involves the following reactions [Np(V)
and Np(VI) react both in the solid and liquid phases after the
formation of soluble complexes]:

Np(1v) + $203~ —> Np(V) + SO;* + S03 ", (125)
Np(V) + S,03~ — Np(VI) + SO;* + SO%", (3%
Np(VI) + S,037* — Np(VII) + SO * + SO ™. (40)
Then, the reactions (124), (107), (108) and (112)—(114)

proceed.
Plutonium(vI). It was found '** that the reaction of Pu(VI)
(0.75 mmol litre=1) with the S,02~ ions in KOH solutions
afforded Pu(VII), which was accumulated according to the kinetic
equation (reaction is zero order with respect to plutonium and first
order with respect to S;037)
d[Pu(v)] d[Pu(vr)] .

(126)

In a 1 M KOH solution, the activation energy of Pu(VI)
oxidation is 146 kJ mol—!, which is similar to the activation
energy of thermal decomposition of the persulfate ions. Oxidation
proceeds with the participation of the O3 " radical ions [see the
reactions (32), (124), (107) and (108)]

PuO,(OH)}” + 07" —> 127)

—> PuO4OH)~ + O, + H,0.

In hot KOH solutions containing the S,03~ ions, oxidation of
Pu(VI) is accompanied by reduction of Pu(VIiIl). As the KOH
concentration is increased from 0.2 to 1.2 mol litre—!
([S2037]1 = 0.1 mol litre—!, T = 80 °C), the rate of Pu(VII) accu-
mulation initially somewhat increases, peaks at the KOH concen-
tration of 0.5 mol litre —! and then decreases. The yield of Pu(VII)
{the [Pu(VID]/[Pu(VI)]o ratio} is linearly increased as the KOH
concentration is increased to ~ 1 mol litre—! and then is sharply
decreased. At a low alkali concentration, the rate of Pu(VII)
reduction with water increases and, hence, its yield is decreased
under these conditions. An increase in the KOH concentration
leads to the enhancement of stability of Pu(VII) and an increase in
its yield. In solutions with [KOH] > 1 mol litre !, oxidation of
Pu(VvI) ceases. This is attributed to catalytic decomposition of
$,03~ to form reducers. One would expect a change in these
dependences at other temperatures and concentrations of persul-
fate ions.

Plutonium(1v). Hexavalent plutonium is accumulated in
0.5-8 M NaOH solutions containing a suspension of freshly
precipitated hydrated Pu(lv) oxide and S,03" (10—50
mmol litre~1). At [NaOH] > 4 mol litre~!, Pu(VII) is also gen-
erated.'?® The rate of dissolution of hydrated Pu(1V) oxide

increases as the concentrations of NaOH and S20§’ are increased
and the temperature is raised from 23 to 62 °C. The following
solid-phase reactions are of importance in oxidation and dissolu-
tion:

Pu(lv) + S,03~ —> Pu(V) + SO; " + SO7 ", (128)

Pu(V) + $,03~ —> Pu(VI) + SO; ' + SO3™. (129)

Simultaneously with these reactions, Pu(V) goes into the
solution where it is also oxidised to Pu(VvI) and undergoes
disproportionation. Plutonium(VI) reacts with PuO,*nH>O. In
4-8 M NaOH solutions, Pu(VI) is oxidised

Pu(VI) + S,03~ —» Pu(vil) + SO; * + SO3". (130)

In addition, O3 " is formed under these conditions and reactions
involving this radical proceed.

Americium(I11). Oxidation of Am(OH); (a pink suspension)
with the 82022;7 ions in an alkaline medium affords a black or dark-
brown precipitate of hydrated Am(1V) oxide.'% The reaction of
Am(OH); (5 mg) with excess K»S,0g in a 0.1 M NaOH solution
on a boiling water bath (2 h) gave rise to an olive-brown
precipitate. The examination of products of its dissolution in
acid demonstrated'?! that the average oxidation number of
americium is 4.53, i.e., the precipitate contains not only Am(1V)
but also americium in higher oxidation states.

Pure Am(1v) was prepared by adding Am(III) to a hot 7 M
KOH solution saturated with K»S>Og. Then the reaction mixture
was kept at 90 °C for 1 h. The precipitate was washed with water
to remove an excess of the oxidiser. The average oxidation state of
americium in hydrated oxide is 4.0 +0.1.12!

e. Oxidation with C1O ~ ions
Neptunium(IV). In deaerated 0.5—16 M NaOH solutions contain-
ing NpO- * n H>0, the successive formation of Np(V), Np(VI) and
Np(VII) takes place under the action of the CIO~ ions.'?® The time
dependence of the Np(VI) concentration in solution passes
through a maximum. Initially, a supersaturated solution of
Np(V1) is formed from which Np(VI) hydroxide gradually precip-
itates. Neptunium(VII) is formed in a 2 M NaOH solution
(T = 25 °C) at [CIO~] = 48 mmol litre~!. In more concentrated
alkaline solutions, a lower concentration of the hypochlorite ions
is sufficient for the formation of Np(VII). The activation energy of
the Np(vll) formation is 34 kJ mol—! (T = 25-60 °C). The
oxidation reactions of Np(1V), Np(V) and Np(VI) are accelerated
as the temperature is raised and the concentrations of alkali and
hypochlorite ions are increased.

The oxidation process involves the following steps:

NpO>-nH,0 + OH- + CIO~ —> (131)

— > NpO»(OH) + CIO2—*+ m H:0,
NpO,-nH,0 + ClO>~* —» (132)

— > NpOy(OH) + CI- + OH~ + mH,0.

Itis not improbable that Np(1V) is oxidised due to the transfer
of the oxygen atom taking into account that oxygen is involved in
the oxygenated Np(V) and Np(VI) ions

NpO,-nH,0 + ClO~ —» (133)
— > NpO»(OH) + Cl- + (n—1)H>0.
Then the reaction (10) proceeds in the precipitate.
The mechanism of neptunium oxidation can be conclusively

established with the use of the '30-labelled hypochlorite ions.

In a precipitate, neptunium(V) reacts with ClIO~
NpO,OH + ClIO~ + OH~ —s» NpOy(OH), + ClO2—, (134)

NpO-OH + CIO2—* + H,0 —» NpOo(OH),+Cl- +OH~. (135)

In solution, the latter reaction proceeds differently
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NpO,(OH),~ + ClO2~ "+ OH~ —= NpO»(OH);™ + Cl—.  (136)
Neptunium(VI) is, in turn, oxidised to Np(VII)
NpO,(OH)}™ + CIO~— + 20H- —» (137)
— > NpO4OH)}™ + ClIO2—*+ 2 H-0,
NpO,(OH);™ + CIO2~* —> NpO4«OH)3™ + CI- + H,0. (138)

Reproportionation of Np(VIl) and Np(V) [reaction (94)]
occurs in a dilute alkaline solution, and disproportionation of
Np(VI) takes place in 9—16 M NaOH solutions.

Neptunium(VI). In 1 -4 M LiOH solutions or 1 -8.5 M NaOH
solutions, neptunium(Vvi) is oxidised with K,IrClg .'?7

Np(VI) + IrClZ~ —> Np(VIID) + IrCI3~. (139)

Neptunium(VII) thus prepared slowly disappears because
IrCI3™ is hydrolysed and the resulting Ir(11I) hydroxide reduces
Np(VvID).

The addition of a NaClO solution to an alkaline solution of
neptunium(VI) containing iridium hydroxides leads to the slow
formation of Np(VII) because iridium is transformed into higher
oxidation states under the action of the CIO~ ions. The ClIO?—*
radical ions that are formed react with Np(VI) [see the reac-
tion(138)].

Plutonium(1v). The hypochlorite ions oxidise a suspension of
freshly prepared PuO;*n H,O even at room temperature.'?® In a
precipitate, plutonium is transformed into a hexavalent state.
Plutonium(Vl) remains partially in solution. Plutonium(VII)
appears at the NaOH concentration of about 10 mol litre .
The rate and completeness of dissolution of Pu(1v) (6.8
mmol litre—!; 60 °C, [CIO~] = 12 mmol litre—!) are increased
as the NaOH concentration is increased. In a § M NaOH solution,
92% —94% of plutonium is dissolved. The initial rate of accumu-
lation of plutonium in solution increases as the CIO~ concen-
tration and temperature are increased.

Oxidation of Pu(1V) proceeds analogously to oxidation of
Np(1V) and involves the reactions

PuO,-nH,O + OH~ + CIO~ —> (140)
—> PuO,(OH) + CIO?>~ * + mH,0,
PuO;-nH0 + CIO?*~* —> (141)

— > PuO»(OH) + ClI- + OH— + (n—1)H0,

which take place in the solid phase. In 0.4—1.5 M NaOH solu-
tions, plutonium(V) either undergoes disproportionation or is
oxidised

PuO»(OH) + CIO~ + OH- —>» PuO,(OH), + CIO2—*,  (142)
PuO(OH) + CIO?~ * + H:0 —» (143)
— > PuOy(OH), + CI—+ OH".

Plutonium(V) and Pu(vr) partially go into solution where they
are further oxidised

PuO,(OH);” + CIO~ + 20H~ —> (144)
—> PuO4OH)~ + ClIO>~ + 2 H,0,
PuO,(OH);™ + ClO2~* —> PuO4OH)~ + Cl- + H,0.  (145)

Oxidation of Pu(IV) can also occur through the transfer of the
oxygen atom from ClIO~

PuO,-nH0 + CIO~ —» PuO»(OH), + Cl- + (n— 1) H,0. (146)

Americium(IIT). Precipitation of a pink suspension of Am(III)
in an alkaline solution containing ClO~ afforded a dark precip-
itate.!?® This process was studied in detail.'?! In a 0.2 M NaOH
solution containing CIO~ (0.2 mol litre —!), Am(OH); was trans-
formed into hydrated Am(1v) oxide at 100 °C during 30 min.

f. Oxidation with BrO — ions

Neptunium(VI). In alkaline solutions containing Np(VI)
(0.2 mmol litre — 1), neptunium(V1) is oxidised with the hypobro-
mite ions upon heating to 70 °C.'>° In 1.74-6.5 M NaOH
solutions, the kinetics of the reaction is described by the empirical
equation 3¢
d[Np(vi)] _ d[Np(v1)]

d dr k[Np(v1)][BrO~]**[OH"]"®,

(147)

where k = (6.65+0.35) x 10=2 litre?>2 mol—22 min—! at 70 °C.
Ina 6.5 M NaOH solution, the activation energy of the reaction is
87.5kJ mol=! (T = 50.7-70 °C).

The rate of Np(VI) oxidation with the BrO— ions depends on
the OH~ concentration in a complicated manner, which reflects
both the participation of hydroxyl ions in the formation of an
activated complex and the effect of the ionic strength of solution.
The fractional order of the reaction with respect to the BrO ~ ions
results from the fact that the processes

NpO,(OH);” + BrO— + 20H~ —» (148)
—> NpO4(OH)3™ + BrO?~ "+ 2H,0,
NpO2(OH)}™ + BrO2—* —» NpO4OH)}™ + Br—+ H.O  (149)

are accompanied by the reactions of Np(VI) with radical products
of BrO~ decomposition.

Oxidation of Np(VI) with the hypobromite ions is accelerated
upon the addition of d-metal salts. In dilute alkali (0.5 mol
litre 1), the formation of Np(VII) was observed only in the
presence of 2.5x 10> mol litre=! of Cu(l) or (1-5)x 10—
mol litre = ! of Ni(II) or Co(II).

Neptunium(1V). In deaerated 0.8—16 M NaOH solutions con-
taining a suspension of NpO,*nH,O (5 mmol litre '), Np(V),
Np(vi) and Np(vil) are formed in the presence of BrO—.13!
At 25 °C, the rate of Np(VII) accumulation is approximately
proportional to the NaOH concentration and the process is
accelerated as the BrO— concentration is increased. In the temper-
ature range of 25—-40 °C, the activation energy of this reaction is
32 kJ mol—!. Oxidation is most likely to occur according to the
reactions analogous to the reactions (131)—(136) followed by the
reactions (10), (148) and (149).

Plutonium(vI). Oxidation of Pu(vI) (0.85 mmol litre —') with
the hypobromite ions was studied in 10.4—12.4 M KOH solutions
at 50-90 °C.'2# The completeness and rate of oxidation are
increased as the concentrations of alkali and KBrO are increased
(7-100 mmol litre~1). The initial regions of the kinetic plots yield
straight lines, which are indicative of oxidation of Pu(vI) with
radical products. The activation energy, which we estimated from
the results of the study,'?*is 45— 50 kJ mol .

The addition of Co(II) and Ni(II) salts to 10~3 mol litre !
leads to substantial acceleration of BrO— decomposition and
Pu(VII) accumulation, which suggests that these processes corre-
late with each other.

Plutonium(1v). In 0.8—16 M NaOH solutions containing a sus-
pension of PuO;-nH>0O, Pu(vl) is accumulated both in the
precipitate and solution under the action of the hypobromite
ions.!3! Plutonium(VII) is formed in 12—16 M NaOH solutions.
The rates of all steps increase as the concentrations of alkali and
the oxidiser are increased. The activation energy of the Pu(VI)
formation in solution is 23 kJ mol~! and the activation energy of
the Pu(VII) formationina 16 M NaOH solutionis ~35 kJ mol~.
Oxidation of plutonium(1V) proceeds analogously to oxidation of
neptunium(Iv).

g. Oxidation with Fe(CN)gf ions
Neptunium(VI). The reaction

Np(VI) + Fe(CN)}™ === Np(VII) + Fe(CN)}~ (150)
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is reversible and its equilibrium depends substantially on the
concentration of the hydroxyl ions. In 1-4 M KOH solutions,
the equilibrium constant is proportional to [OH ~]%, whereas this
constant in solutions with u = 4 is proportional to [OH~]3.°*In a
3.2 M KOH solution, the equilibrium constant (at 23 °C) is
2.0+£0.2. At the concentrations of the reagents of ~0.1 mmol
litre !, the rate of the reaction (150) is described by the equa-
tion 132

d[Np(vi)] d[Np(v1)]

de de

Ina 1.5 M KOH solution (at 10 °C), the ionic strength exerts
only a slight effect on the rate constant. Thus the constant k
changes from 170 to 215 litre mol~! min—! as p is increased from
1.5 to 3 (KNO3). The constant k; changes almost directly propor-
tional to the concentration of the hydroxyl ions, viz., it increases
from 215 to 400 litre mol—!' min—! (u = 3) as the concentration
of OH~ is increased from 1.5 to 3 mol litre~!. In a 3 M KOH
solution, the activation energy of the reaction (150) is
39 kJ mol—! (10-25 °C).

Neptunium(1v). In a 0.5 M NaOH solution containing a
NpO2-nH>O suspension (5.1 mmol litre=!') and K3Fe(CN)g
(50 mmol litre 1), Np(VI) is formed in less than 15 min.'%* In
6—14 M NaOH solutions, neptunium(VI) is further oxidised to
Np(VII).

Plutonium(Vv1). The reaction of Pu(VIl) with Fe(CN)gf pro-
ceeds at a noticeable rate at [KOH] > 8 mol litre='.'13 Ina 12 M
KOH solution containing the ferricyanide ions (2 mmol litre 1),
Pu(vI) (0.5 mmol litre—!) is completely oxidised. The reaction
rate is high even in the cold. However, the resulting Pu(VII)
solutions appeared to be unstable. Apparently, the cyanide ions
that are generated upon hydrolysis of Fe(CN);~ and Fe(CN)¢
serve as a reducing agent.

Plutonium(1v). In a 0.2 M NaOH solution containing a
suspension of freshly precipitated PuO; -7 H,O (1 mmol litre '),
Pu(v1) (0.08 mmol litre ') was accumulated within 10 min after
the addition of K3Fe(CN)¢ (3.3 mmol litre —!). During the same
period of time, the concentration of Pu(VI) reached 0.6 and
0.75 mmol litre=! in 1 M and 14 M NaOH solutions, respec-
tively.104

Americium(III). In alkaline solutions, Am(III) is oxidised with
an excess of the ferricyanide ions to Am(V). This reaction affords
the soluble (AmO,;)3;Fe(CN)g complex, which gradually decom-
poses to give a precipitate of NaxAmO2(OH)s* H,O. Hydrated
Am(IV) oxide is formed at equal concentrations of Am(IIT) and
K;3Fe(CN)g. 134

= k; [Np(v1)][Fe(CN); .

h. Oxidation with CrO?f ions

Ina 1 M NaOH solution, the potential of the CrO}~/Cro3- pairis
estimated at 0.1 V.13% Hence, the chromate ions can partially or
completely oxidise Np(IV). At room temperature, a suspension of
NpO;z:nH>01in 0.5—2 M NaOH solutions is slowly oxidised with
potassium chromate (the reaction does not proceed to completion
during several hours).!% The resulting Np(V) almost completely
remains in the precipitate. The completeness of oxidation is
increased as the alkali concentration is increased. In a 14 M
NaOH solution, the quantitative transformation of Np(1V) into
Np(V) can be achieved already during 1 h. Plutonium(1v) does not
react with chromate ions in the range of NaOH concentrations
from 0.5 to 14 mol litre—1.104

i. Oxidation with MnQO; ions
The standard potential of the MnO, /MnOj  pair is 0.56 V.133
The formal potential increases as the ionic strength of the solution
is increased. Hence, the MnOj ion must oxidise Np(IV), Np(V),
Np(VI) and Pu(1v), Pu(v), Pu(vi).

Neptunium(VI) and plutonium(VI). The reactions of Np(VI) and
Pu(vI) with MnOj are reversible 9% 136

Np(VD) + MnO; === Np(V1I) + MnO}", (151)

Pu(VI) + MnO; === Pu(VIl) + MnO}", (152)
their equilibria are rapidly established at 20—25 °C and depend on
the alkali concentration. Neptunium(VI) is oxidised in 3—4 M
NaOH solutions but the formation of Np(VII) is generally
accompanied by the side reaction, viz., gradual reduction of excess
MnOj ions with water to MnO3~. The potential of the Np(VII)/
Np(VI) pair sharply increases as the alkali concentration is
decreased, whereas the potential of the MnO4~/MnQ3" pair
remains virtually unchanged. Because of this, neptunium(VII)
rapidly oxidises MnO3~ to MnOj in solutions with pH 11.

At high concentrations of alkali, the equilibrium of the
reaction involving plutonium is shifted to the right. Plutonium(VvI)
is oxidised with the MnO, ions only in 10—14 M NaOH solu-
tions.!3¢ The process is accompanied by the side reaction, viz.,
reduction of excess MnOj ions with water to MnO3 ™. Dilution of
alkali to 2—4 mol litre ! leads to rapid oxidation of the man-
ganate ions with plutonium(VII) to MnOy .

Neptunium(1v). In 0.5—-1 M NaOH solutions containing a
NpO2-nHO suspension (5 mmol litre—!), neptunium (IV) is
oxidised with a fourfold excess of potassium permanganate to
Np(V1) during 10 min. Approximately a half amount of Np(VI)
remains in the precipitate, whereas the remainder of Np(VI) goes
into solution. In 2—14 M NaOH solutions, neptunium passes
entirely into solution during the same period of time. At
[NaOH] > 6 mol litre=!, Np(VII) was also found in the solu-
tion.104

Plutonium(1v). In a 0.5 M NaOH solution containing a freshly
precipitated suspension of hydrated Pu(Iv) oxide (1 mmol lit-
re~ "), 10% of dissolved Pu(VI) appears within minutes after the
addition of a threefold excess of permanganate ions. The Pu(VI)
concentration is not increased with time. An increase in the NaOH
concentration is accompanied by an increase in the proportion of
dissolved plutonium. In a 14 M NaOH solution, 60% of pluto-
nium is already dissolved.!%*

Americium(I11). In alkaline solutions, a suspension of
Am(OH); is oxidised with the MnO, ions to give hydrated
Am(1V) oxide.!?3

j. Oxidation with FeOy ™ ions

Ina 1 M NaOH solution, the potential of the Fe(VI)/Fe(III) pair is
0.8 V.135 This value is higher than the potentials of the Np(V)/
Np(1v), Np(VI)/Np(V), Np(VII)/Np(VI) and Pu(V)/Pu(1v), Pu(vi)/
Pu(V) pairs in alkaline solutions with the same concentrations.
The FeO3™ ion can oxidise Np(1v) and Pu(1v), but the multi-
electron transition from Fe(VI) to Fe(Il) is accompanied by the
structural rearrangement, which is reflected in the rates of the
processes.

Neptunium(IV). A suspension (5.1 mmol litre~") of hydrated
Np(1v) oxide in a 0.5 M NaOH solution is slowly oxidised to
Np(V) and Np(VI) under the action of a 10-fold excess of KoFeOy .
An increase in the NaOH concentration is accompanied by
acceleration of the process. In a 16 M NaOH solution, neptuni-
um(IV) disappears during several minutes and Np(VII) is formed
along with Np(V) and Np(vI).'04

Plutonium(Iv). In the presence of potassium ferrate
(20 mmol litre~1'), a freshly precipitated suspension of hydrated
Pu(1v) oxide in a 0.5 M NaOH solution is slowly dissolved. At
[PuO,*nH,0] = 1 mmol litre~!, 5.7% of plutonium goes into
solution after its storage in the presence of an oxidiser for two
days, whereas only 1.5% of plutonium passes into solution in the
absence of an oxidiser. In a 14 M NaOH solution, 21% of
plutonium goes into solution during the same period of time.!%4

k. Oxidation with XeO§~ ions

Neptunium(VI). In alkaline solutions, neptunium(VI) is oxidised
with the XeO?~ ions only upon heating. In a 1 M KOH solution
(at 70 °C), 50% of Np(VI) is oxidised with the Xeng ions already
in 15min ([Np(vD)] = 0.2 mmol litre 1, [Xeng] = 1 mmol
litre—1).!2% The reaction rate somewhat increases as the alkali
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concentration is decreased. The addition of the perxenate ions to
weakly acidic or neutral solutions of Np(VI) does not afford
heptavalent neptunium.

Plutonium(VI). In 0—12 M NaOH solutions, plutonium(VI)
does not react with the perxenate ions.!!® This is to some extent
associated with a decrease in solubility of NasXeOg in concen-
trated NaOH solutions. In hot concentrated KOH solutions,
plutonium(VI) is partially oxidised with xenon(VIII), but Pu(VII)
is formed in low yield.

1. Oxidation with xenon trioxide

In alkaline solutions, xenon trioxide reacts with Np(VI) more
actively than the perxenate ions.!?* A 1 M KOH solution contain-
ing Np(VI) gradually turns green upon the addition of XeOs even
in the cold. The reaction proceeds during 3 h. Oxidation of a half
amount of neptunium(VI) occurs in a matter of minutes and
during ~ 1 min on heating to 50 and 70 °C, respectively. Oxida-
tion of Np(VI) slows down when the alkali concentration is
decreased to 0.25 mol litre !, whereas an increase in this concen-
tration leads to acceleration of oxidation. In 10—11 M NaOH
solutions, Np(VI) (0.2 mmol litre ~ ') is completely oxidised with a
tenfold excess of XeOs at 20 °C during 35 min.”* When Np(VI)
and XeOs are present in equal concentrations, approximately a
half amount of hexavalent neptunium is oxidised during the same
period of time.

The reaction of Np(VI) with XeO; in alkaline solutions is
accompanied by a side process, viz., decomposition of the oxidiser
to form perxenate, which can also be involved in oxidation of
Np(VD).

m. Oxidation with xenon difluoride

Xenon difluoride oxidises Np(VI) only in solutions containing
alkali in a moderate concentration.’®7> When the reactions are
carried out with the use of solid XeF,, Np(VIIl) is formed in
solutions containing NaOH in a concentration from 0.01 to
1.7 mol litre—!. For achieving quantitative oxidation of Np(VI)
in 0.2—1.0 M NaOH or KOH solutions, it is necessary to use a
200-fold excess of solid XeF,.”> Aqueous solutions of XeF, are
more efficient and can oxidise Np(VI)in 5 M KOH solutions. (The
reaction proceeds rapidly.”#)

Xenon difluoride can reduce Np(VII). Thus, the addition of
XeF> (5-200 mg) to a 1 M NaOH solution (20 ml) containing
Np(vi) (0.2 mmol litre '), which was prepared by ozonation,
afforded Np(VI) in 3% — 12% yields.

The addition of microconcentrations of Co(IT) and Ni(II) salts
has no noticeable effect on oxidation of Np(VI) with xenon
difluoride in a 0.5 M NaOH solution. In the presence of Cu(Il)
salts (10~ mol litre ~ '), neptunium(VI) is not oxidised.

When 0.2-1.2 M NaOH solutions of Pu(VI) were treated with
a 5—200-fold excess of XeF2, a colour characteristic of Pu(VII)
solutions appeared for only a short period (10 min). Within 3 min
after the addition of XeF,, the yield of Pu(VII) was no higher than
10%.75 Oxidation of Pu(VI) was not observed in alkaline solutions
at a concentration higher than 2 mol litre~'. Upon the addition
of XeF>t00.5-3 M KOH or NaOH solutions containing Pu(V1I),
which was prepared by ozonation, the mixture rapidly turned
colourless and the absorption spectra of the solutions were
identical with the absorption spectrum of Pu(VI).

n. Oxidation with silver oxides
Neptunium(VI). Neptunium(VII) was prepared in alkaline solu-
tions with the use of Ag>,O and AgO.%? Oxidation of Np(VI) with
silver(I) oxide proceeds at a noticeable rate only in solutions
containing alkali in a concentration higher than 8 mol litre —!. At
room temperature, the reaction rate was low. It is recommended
that the solutions be heated to at least 50 °C. At 60 °C, the process
was completed in 15—20 min.

Heating of 9 M and 12 M NaOH solutions containing Np(VI)
(0.5 mmol litre 1) and freshly prepared Ag,O (10 mg ml—1!) to
60 °C afforded Np(vIl) in 10%—-15% and 70% —80% yields,

respectively. The yield of Np(VII) was approximately halved as
the amount of Ag,O was decreased from 10 to 2 mg ml—!. The
completeness of Np(VI) oxidation was somewhat improved as the
temperature was raised to 90 °C.

Oxide AgO oxidised Np(VI) even in a 0.1 M KOH solution.
The reaction rate was high even at room temperature. In solutions
heated to 50 °C, the reaction equilibrium was established in
3—5min. In 2—3 M solutions of alkali, an excess of silver(Il)
oxide oxidised 92% —93% of the total amount of Np(VvI1).%3

Plutonium(VI). Silver(1I) oxide oxidises Pu(VI) only at an alkali
concentration higher than 8 mol litre='.13¢ In an 11 M NaOH
solution, the yield of Pu(vIl) is close to 100%. In the cold, the
reaction rate is low. At 80—90 °C, oxidation of Pu(VI) is com-
pleted in less than 15 min.

o. Oxidation with 10y ions, copper(11I) periodate and sodium
bismuthate

Neptunium(VI) is oxidised with the periodate ions only in hot
alkaline solutions.'?® At 85 °C, a half amount of Np(VI)ina I M
KOH solution containing KIO4 (0.1 mol litre=') and Np(vI)
(0.2 mmol litre—!') was oxidised during 25 min, whereas the
reaction in a 5 M KOH solution was completed in ~ 10 min.

Plutonium(VI) is not oxidised with the periodate ions both in
dilute and concentrated alkaline solutions.!!®

An excess of copper(Ill) involved in the complex with the
periodate ions rapidly oxidises Np(VI) and Pu(VI) in solutions
containing NaOH at concentrations higher than 1 and 11
mol litre !, respectively. '3’

Heterogeneous oxidation of Np(VI) with sodium bismuthate
in dilute alkaline solutions proceeds rather rapidly only at the
boiling temperature of the solution.!?® The absorption spectra of
the green solutions, which are obtained after completion of the
reaction and separation of the excess oxidiser by centrifugation,
are characteristic of Np(VII).

4. Reduction reactions

a. Reduction with water

Plutonium(vil). The kinetics of reduction of Pu(VII)
(0.16—0.25 mmol litre~!') in 0.044-0.1 M KOH solutions is
governed by the equation 20

d[Pu(vm)]
o dr

The rate constant k decreases as the concentration of the
hydroxyl ions is increased. The activation energy of reduction is
60.5 kJ mol=! (u=1.0, [KOH]= 0.1 mol litre=!, T =25-
45 °Q).

It was suggested 120 that the OH" radical is abstracted from the
hydrolysed Pu(VII) anion followed by its transformation into the
O~ * radical ion [see the reaction(107)] and then into HO5

= k[Pu(vm)]"?. (153)

O~ +0~ "+ Hy0 —> HO; + OH". (154)

The peroxide ion reduces two Pu(VII) ions.
The rate of reduction of Pu(vil) (1.7 mmol litre—!) in
0.3—1.96 M NaOH solutions obeys the equation '38

d[Pu(vu)]
==

The apparent rate constant k is proportional to [OH ~]”. Here,
n=1 and 2 if [OH~]>1mollitre-! and [OH"]=
0.3-0.62 mol litre 1, respectively.

To detect the OH" radicals, which can be generated in this
reaction, Pu(VII) was added to 0.5 M and 1.0 M NaOH solutions
saturated with benzene. In both cases, the final product of the
reaction of OH" with benzene, viz., phenol, was not detected.
Hence, it was concluded !3® that Pu(VII) involved in the complex
PuO4(OH)3~ anion eliminates !/20, and is transformed into
Pu(V), which rapidly reacts with Pu(VII). However, no explan-
ation was given as to how one-half of the oxygen molecule was
eliminated.

k[Pu(vi)]. (155)
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Based on comparison of the standard potentials of the
OH’/OH~ (1.9 V) and Pu(VII)/Pu(VI) pairs in a 1 M NaOH
solution, it was concluded that one-electron oxidation of OH~
or H>O with the Pu(VII) ions is thermodynamically impossible. At
the same time, the potential of the HO; /OH ™~ pair in an alkaline
medium is 0.867 V.13 As in the case of Np(VII) reduction in
carbonate solutions, the reaction of Pu(Vil) with water proceeds
through the formation of a dimer.®7-88 It was established that in an
alkaline medium Pu(VII) exists as the PuO4(OH)3~ anion.!33 A
decrease in the alkali concentration leads to the appearance of the
PuO4(OH)(H20)?~ species, which are dimerised and then decom-
pose into two Pu(VI) ions and H,O; (or HO5).

Ina0.15 M KOH solution, reduction of Pu(VII) is accelerated
in the presence of Fe(III), Cu(ll), Ni(Il) or Co(II) salts.'?® The
effect of trivalent iron becomes noticeable starting with the
concentration of 7.7x10~7 mol litre~!. The rate of Pu(VII)
reduction increases proportionally to an increase in the Fe(III)
concentration to at least 3.1 x10—°mol litre—!. Analogous
results were obtained also for Cu(Il) and Ni(II). The effect of
Co(11)ina 0.15 M KOH solution is manifested at its concentration
of ~10~? mol litre—!. The kinetic curves for Pu(VII) reduction
take the shape characteristic of the kinetic curves of autocatalytic
reactions. The sensitivity of Pu(VII) to the presence of Co(II)
decreases sharply as the OH ~ concentration is increased and the
curves of Pu(VII) reduction assume the form typical of the kinetic
curves of the first-order reactions [as in the case of solutions
containing additives of Fe(111), Cu(1l) or Ni(II)]. The catalytic
action of d elements is attributed to their capability for being
transformed into higher valence forms, which rapidly react with
water.

b. Reduction with hydrogen peroxide
Neptunium(VI) and neptunium (VII).The kinetics of the reactions

Np(VI) + HO; —> Np(V) + HO3, (156)
Np(VI) + O3 ° —> Np(V) + 02, (157)
Np(vil) + HO; —— Np(VI) + HO5, (158)
Np(VII) + O5° —> Np(VI) + O, (159)

in alkaline solutions containing Np(VI) or Np(vil) (0.1
mmol litre—!) at pH 9.2—13.7 was studied by pulse radiolysis.!3°
The rate constants for all reactions decrease from 104—10° to
102—103 litre mol—! s—! as pH is increased in the above-men-
tioned range. This is associated with a decrease in the oxidation
potentials of the Np(VI)/Np(V) and Np(VII)/Np(VI) pairs.

The kinetics and the mechanism of the reactions of Np(VI) and
Np(vil) with H,O, in 1 —8.5 M NaOH solutions were examined in
the study.!*° It was found that Np(VI) interacts with H,O» to form
complexes with 1: 1 and 1:2 compositions. In the latter complex,
intramolecular reduction takes place to give the nonequilibrium
Np(V)(037) complex. In the presence of an excess of H,O,, the
concentration of this complex tends to an equilibrium value. In the
presence of an excess of Np(VI), the Np(V)(03~) complex reacts
directly with Np(vI). In addition, the complex is decomposed to
liberate H,O- , which reduces Np(VI).

Hydrogen peroxide reduces Np(VII) to Np(VI) (outer-sphere
reduction).

Plutonium(V1) and plutonium(V1I). In 1 -7 M NaOH solutions
(at 23 °C), the stoichiometric coefficient for the reaction of Pu(VvI)
with H>O» varies from 1.6 to 2.0 and approaches 2 as the [Pu(VI)]o/
[H20O-] ratio is increased. The stoichiometry changes only slightly
as the temperature is lowered to 10 °C.1#! It can be assumed that
the reaction of Pu(vI) with H,O- proceeds according to Eqn (90).
At room temperature, the rate of the process in 2—4 M NaOH
solutions obeys the equation

d[Pu(vr)]

- AP g :0.)

where k = 5x 10? litre mol—! s— 1.

(160)

The mechanism of Pu(VI) reduction involves reactions analo-
gous to the reactions (78) and (80), i.e., Pu(VI) forms complexes
with hydrogen peroxide. Intramolecular transformations afford
Pu(v)

Pu(vl) + HO; ——> complex —> Pu(V) + O;". (161)

The rate of the reaction of Pu(vI) with H>O» decreases as
alkaline solutions of Pu(VI) are aged. For example, the rate
constant for the process in a 2M NaOH solution
([Pu(vD] = 1 mmol litre— '), which was previously kept for
4 days, decreased to 5 litre mol~! s~!. Probably, this effect is
caused by slow polymerisation of Pu(VI).

The reactions of Pu(vIiIl) and Am(VII) with H,O,, like those of
Np(VIl), proceed through an outer-sphere mechanism. In the
study,!#? the rate constants for the reactions

Pu(vil) + HO; —— Pu(VI) + HO,
Am(VIi) + HO; — Am(VI) + HO3,

were estimated at (4—5) x 10* and (1—-4) x 10° litre mol—! s~ 1,
respectively, from the dependence of logk on the difference
between the redox potentials of the An(VII)/An(VI) and HO5/
OH ~ pairs.

Americium(VI). It is impossible to perform complete oxidation
of Am(VI) with ozone because of instability of Am(VII) to
reduction with water and also due to side reactions involving
ozone.'92 It was expected that an increase in the O3 concentration
in the gaseous phase and solution would lead to acceleration of
Am(VI) oxidation, whereas reduction of the resulting Am(VII)
with water would be of less importance. However, bubbling of a
gaseous mixture with a high ozone content through an alkaline
solution of Am(VI) resulted in reduction rather than in oxidation
of Am(V1).'3 This is associated with the fact that a large amount
of O3 " radicals was formed due to a high concentration of O3 and
these radicals rapidly decomposed. At a concentration lower than
10—3 mol litre~ !, the rate of their decomposition is described by
the first-order rate equation, whereas this decomposition obeys
the rate law for a second-order reaction at a concentration higher
than 10—°.1% In the first case, the reaction affords O; °, which
rapidly reacts with O3 and, to a small extent, with Am(VI). In the
second case, the reaction yields HO, , which reacts rather slowly
with O3 but efficiently reduces Am(VI).

c. Reduction with hydrazine N>Hy

Neptunium(VII). Neptunium(VII) is rapidly reduced with hydra-
zine. The examination of the reaction stoichiometry demon-
strated '+ that 0.25 g-mol of N,Hy4 were consumed per g-mole of
Np(VII)

4NpO4(OH)™ + NoHy +4H,0 —> (162)

—> 4NpO»(OH)} + N>+ 40H~.

Neptunium(V). In a 2M NaOH solution, neptunium(V)
(0.2 mmol litre— ') does not react with NoH4-2HCI and other
hydrazine derivatives, except for NoH4 - HNO3. The latter reduces
Np(V) to Np(IV) at a moderate rate.'4%147 At 2065 °C, the
reaction with NoHy - HNO3 (0.1-0.2 mol litre~!) may take from
several hours to several days to give a precipitate consisting of
Np(1v) and a portion of captured Np(V). Precipitation of neptu-
nium slows down as the NaOH concentration is increased. In a
14 M NaOH solution, the precipitate does not form during the
time of the experiment.

Apparently, the starting NoH4 - HNO3 specimen contains an
active compound, which appears after prolonged storage of the
reagent at 18—20 °C. For example, HN3 or HaN>O, can be
accumulated in hydrazine. However, these compounds do not
reduce Np(V) in an alkaline medium. Hence, the nature of the
active compound remains unclear.'4’

In solutions of LiOH containing hydrazine hydrate, Np(V) is
not reduced in the temperature range of 40—80 °C. Under the
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same condition, the reaction performed in the presence of PdCl,
affords a finely dispersed palladium metal on which hydrated
Np(1v) oxide precipitates. The processes are accelerated as the
PdCl, and N>H4 concentrations are increased and the temperature
is raised, whereas an increase in the alkali concentration from 1 to
5 mol litre —! slows down these processes.!48

Plutonium(VIr). In a 2 M NaOH solution, plutonium(VII) is
reduced with hydrazine '°

4PuO4OH)3™ + NoHy +4H,0 —>
—> 4PuO»(OH)}” + N, + 4OH~.
Plutonium(vT). It was found '*° that in 5—8 M NaOH solu-
tions, NoH4 - HCI or NoH4- HNOj3 taken in a molar ratio of 1:3

with respect to Pu(VI) reduce the latter to Pu(V) in the course of
stirring, i.e., the following reactions proceed

Pu(vl) + NoHy —> Pu(v) + NoH3, (163)

Pu(Vl) + NoH; —> Pu(V) + NoH, (164)
etc.

Plutonium(v). In 0.5-4M NaOH solutions, Pu(VI)

(0.42 mmol litre—!) is reduced with hydrazine (5 mmol litre 1)
to Pu(Iv) at 25-55 °C during several minutes.'#® Under these
conditions, the reactions (163) and (164) are followed by dispro-
portionation of Pu(V). Accumulation of Pu(1v), while slows down,
does not cease as the NaOH concentration is increased (higher
than 4 mol litre—!). Under these conditions, disproportionation
of Pu(V) may be ignored, i.e., the whole of Pu(1v) is formed as the
product of Pu(V) reduction

Pu(V) + NoHy —> Pu(lv) + NoH;. (165)

An increase in the NoHy4 concentration or temperature leads to
acceleration of the Pu(IV) formation. Selective spectrophotomet-
ric analysis of dissolved precipitates showed that these precipitates
always contain Pu(IV), whereas other valence forms were not
detected.

Americium(V). In a 3 M NaOH solution (at 22-23°C),
N,oH4-HNO;5 (10 mmol litre—') reduces 50% of pentavalent
americium (0.2 mmol litre ') to Am(I1I) during ~30 h.!3 The
process is accelerated as the concentration of hydrazine is
increased or the temperature is raised to 50 °C. An increase in
the alkali concentration to 6 mol litre~! leads to acceleration of
the reaction, whereas a further increase in the alkali concentration
slows down this process.

d. Reduction with hydroxylamine

Neptunium(VII). In a 1 M NaOH solution (7 ~ 20 °C), NH,OH
rapidly reduces Np(VII).'*> The consumption of the reducing
agent is 0.75—-0.80 mol per mole of Np(VII). Apparently, after
the reactions

Np(VIT) + NH,OH —> Np(VI) + NHOH', (166)

Np(VII) + NHOH —» Np(VI) + NOH’, (167)
the NHOH' and NOH' radicals are partially consumed in dimer-
isation reactions.

Neptunium(Vv). In 0.5-6 M NaOH solutions, NH,OH
(0.5 mol litre~ ") reduces Np(V) (0.4 mmol litre—!) at a temper-
ature higher than 60 °C.'%¢ Efficient reduction occurs at
80—-95 °C. When precipitating, the resulting Np(IV) captures a
portion of Np(V) from the solution.

Plutonium(VII). The reaction of NH,OH (without an excess)
with Pu(VII) rapidly affords Pu(VI). The reaction stoichiometry is
expressed as a fraction,'!? i.e., the process occurs analogously to
the reaction of NH,OH with Np(VII).

Plutonium(VI). In 1-14 M NaOH solutions (at 25—60 °C),
NH,OH (5 mmol litre ") rapidly reduces Pu(vi)
(0.5 mmol litre ~ ) to Pu(v).!#°

Plutonium(V). In NaOH solutions (at an alkali concentration

higher than 4 mol litre~'), hydroxylamine reduces Pu(V)
(0.5 mmol litre—1) to Pu(1v) at 25 °C (see Ref. 149)
Pu(v) + NH,OH — Pu(1v) + NHOH’, (168)
Pu(V) + NHOH' —> Pu(1v) + NOH". (169)

The rate of Pu(1V) precipitation and, consequently, of Pu(V)
reduction decreases as the NaOH concentration is increased.
However, this dependence is not so sharp as that observed in the
case of hydrazine. At room temperature, NH>OH reduces Pu(V)
at a moderate rate even in a 14 M NaOH solution. The rate of this
process depends substantially on the NH,OH concentration and
temperature.

Americium(V). In a 3 M NaOH solution (at 22-23 °C),
hydroxylamine (0.1 mol litre—') slowly reduces Am(V)
(0.2 mmol litre = ') to Am(II1).'%° The reaction is accelerated as
the NH,OH concentration is increased, whereas an increase in the
alkali concentration slows down this process.

e. Reduction with SO3~ ions

Neptunium(VII). The kinetics of the reaction of neptunium(VII)
with the SO?~ ions was studied in 0.1-0.5 M NaOH solutions
with u=0.7 at T=20-35°C.'"% Under these conditions,
Np(vil) is reduced with an excess of sulfite at a moderate rate.
The initial regions of the kinetic curves are satisfactorily described
by the first-order reaction equation. However, the rate of reduc-
tion increases toward the end of the process. This is associated
with the fact that Np(VI), which is generated in the course of the
process, is reduced with sulfite to Np(V), which reacts with
Np(VII) much faster than the sulfite ions. Autocatalytic acceler-
ation of the reaction becomes noticeable when a sufficient amount
of Np(VI) is accumulated.

The rate constant for the first-order reaction (k') can be
determined from the initial regions of the kinetic curves and then
the rate constant k for a bimolecular reaction can be calculated
from the k'/[SO37] ratio. The k value is constant in the range of
SO%f concentrations from 22 to 135 mmol litre—!, ie., the
reaction order with respect to the sulfite ions is equal to unity.
The dependence of k£ on the OH ~ concentration

ok
[OH"] " [OH]?

shows that the reaction involves low-charged complex neptu-
nium(VII) anions formed in the processes

NpO4OH)}™ + H,0 == NpO4OH)(H,0)>~ + OH, (170)

NpO4(OH)}™ + 2H,0 === NpO4(H,0); + 20H". @171)

In a 0.5 M NaOH solution, the activation energy of Np(VII)
reduction is 94 kJ mol~!. The reaction with sulfite proceeds as
follows:

Np(ViI) + SO~ —> Np(VI) + SO3 ", (172)
Np(VII) + SO;° —> Np(VI) + SO3(S03 "), (173)
Np(VI) + SO~ —»> Np(V) + SO;* (174)

and is accompanied by reproportionation [see the reaction (94)].
The process of Np(VII) reduction with sulfite ions is affected
by impurities of Cu(lI), Co(Il) and Mn(VII) compounds. The
catalytic action of copper(II) becomes noticeable at its concen-
tration of 2x 107 mol litre=1.14> The rate constant for the
reaction linearly increases as the CuCl, concentration is increased

from5x10~7to ~5x 10~—° mol litre !
k = k° + K'[Cu(11)], (175)

where k0 is the rate constant for the reaction in the absence of a
catalyst, k' = 1.4x10° litre?2 mol=2min—! at pu=0.7 and
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T = 25 °C. Cobalt(1l) and manganese(II) are similar in catalytic
activity to copper(Il).

In addition to the above-mentioned metal ions, iron(I1I) also
serves as a catalyst of this reaction but the concentration of the
latter must be no lower than 10~> mol litre—!. Silver(I) com-
pounds have no effect on the rate of Np(VII) reduction with the
SO% ions.

Neptunium(V). At a concentration of 5 mmol litre—!, the
sulfite ions have no effect on Np(V).!#¢ High concentrations of
sulfite are required for reduction of Np(V) in 3—5M NaOH
solutions at 20 °C. However, Np(V) (0.2 mmol litre ') is reduced
only by 15% during 24 h even at [SO3~] = 1 mol litre—1.15!

Plutonium(VII) and plutonium(V). In 1.2—-2.5 M KOH solu-
tions (7 = 25 °C), Pu(vIl) is rapidly reduced with the SO3~
ions.'32 In a 4 M NaOH solution, plutonium(V) does not react
with sulfite ions at a concentration of 0.1 mol litre —1.14°

Americium(V). The SO3~ ions slowly reduce Am(V). Ina 1.5 M
NaOH solution containing Am(V) (0.23 mmol litre=!) and
Na,S0s3 (0.11 mol litre 1), a half amount of Am(V) is reduced at
22-23 °C during 9 h.'%° The reaction is accelerated as the sulfite
concentration is increased.

f. Reduction with szo_%f ions
Neptunium(VII) and neptunium(V). The thiosulfate ion acts as a
weak reducing agent with respect to Np(VII) and Np(V). Ina2 M
NaOH solution containing NayS;0; (0.05 mol litre—!), a half
amount of Np(VII) is reduced at 25°C in a time longer than
100 min,'*’ whereas Np(V) is reduced only by 18% even under the
action of NaS,03 (1 mol litre ') during 24 h.'5! Heating or a
decrease in the NaOH concentration to 0.1 mol litre ! leads to a
slight acceleration of Np(VII) reduction. 4

Plutonium(V1I). The reaction of Pu(VII) with the thiosulfate
ions proceeds at a moderate rate. The time of reduction of a half
amount of Pu(VII) (0.5 mmol litre ') in a 2.5 M KOH solution
containing NayS,03 (2.5 mmol litre—!) is 2 min. The reaction
rate increases as the concentration of the reducing agent is
increased.!>?

g. Reduction with S;03~ ions and thiourea dioxide

The dithionite ions and thiourea dioxide also reduce Np(V), Pu(V)
and Am(V). In a 4 M NaOH solution, dithionite (0.1 mol litre — 1)
reduces only 30% of neptunium(V) (0.4 mmol litre ') at 20°C
during one day. In the presence of (NH;),CSO; (0.1 mol litre '),
20% of Np(V) is reduced at 65 °C for 3 h.146

In a 4 M NaOH solution containing S,0%™ (5 mmol litre—1),
90% of plutonium(V) (0.4 mmol litre —!) precipitates at 50 °C for
20 min. In the presence of thiourea dioxide (5 mmol litre —1), the
same amount of plutonium precipitates during 2 min.'*® The
Pu(1v) and Pu(V) contents in the precipitate are unknown.

In a 1.5M NaOH solution containing dithionite (5 mmol
litre=1), 50% of Am(V) (0.23 mmol litre=!) is reduced at
22-23 °C for 5 h. In the presence of (NH2)>CSO> (0.1 mol
litre—1!), the same amount of Am(V) is reduced during 0.2 h.
Reduction is accelerated as the concentrations of the reagents are
increased.!*0

h. Reduction with iodide ions

Neptunium(VII). The iodide ions (90—160 mmol litre—!) reduce
Np(VIl) at a moderate rate without heating at [OH™] <
0.03 mol litre=1.'%5 The reaction of Np(VIl) directly with 1~
proceeds rather slowly. The reaction is accelerated as oxidation
products of iodide ions are accumulated in solution. The addition
of a mixture of I, and KI, i.e., the I3 ions, to the reaction mixture
exerts an even stronger effect. The presence of Np(VI) has no effect
on the reaction. Reduction of Np(VII) is accelerated as the 1~
concentration is increased or the alkali concentration is decreased.
The process involves the reactions

sl
Np(vi) + 1— X% Np(vi) + 1, (176)

f,
- +1 s 5, (177)
fast
Np(VID) + I; ——> Np(VI) + L, (178)
fast
-+, — I3, (179)
I + 20H- —» 10— + I~ + H,0, (180)
Np(VID) + Iy % Np(vI) + I + 1. (181)

The possibility of the reaction of Np(VII) with IO~ was not
examined.

The addition of microamounts of Co(1I), Cu(1l) or Mn(II)
leads to acceleration of Np(VII) reduction with the I~ ions. The
catalytic effect becomes noticeable when these metals are present
in concentrations of (1—-2) x 107 mol litre .

Plutonium(Vv1r). In KOH solutions, plutonium(VII) is reduced
with equimolar amounts of KI at a high rate even at room
temperature.'5? The reaction proceeds to completion even if the
concentration of the reducing agent is 7—8 times lower than the
concentration of Pu(VII). Consequently, all intermediate products
of oxidation of I~ to 104 (or H3IO§,7) react with Pu(VII) due to
the high potential of the Pu(VII)/Pu(VI) pair. The possibility of
Pu(vil) reduction with the IO~ and 103 ions was confirmed
experimentally. Hence, the reaction of Pu(VII) with insufficient I~
proceeds according to the equation

8Pu(VID) + I- —> 8Pu(VI) + I(VII). (182)

In the presence of an excess of the reducing agent, the
character of the reaction depends substantially on the alkali
concentration. At [KOH] < 2 mol litre—!, the rate of Pu(VII)
reduction is described by the equation

d[Pu(vu)]
- ==

In a 1M KOH solution (at 25 °C), the constant k is
6.5 x 103 litre mol~! min—"!. The constant k decreases by a factor
of ~ 50 as the alkali concentration is increased to 3.3 mol litre ~!.
For a 2.5 M KOH solution, the temperature dependence of k in
the range of 25—53 °C corresponds to the apparent activation
energy of 25 kJ mol—!. Reduction of Pu(VII) begins with the
reaction

k[Pu(vin)][I7]. (183)

PuVID + T- s pyyry + 1, (184)
followed by the reaction (177)
PUVID + I~ pyvi) + . (185)

and then the reactions (179) and (180) take place.

The kinetic curves for Pu(VII) reduction with an excess of KI
in solutions with [KOH] > 2 mol litre ! are distorted, the dis-
tortion being stronger at higher alkali concentrations. For 4 M
KOH solutions, the curves assume an S shape, which was
attributed '°2 to the fact that intermediate products of 1~ oxida-
tion to I(VII) are involved in Pu(VII) reduction to an increasing
extent. In our opinion, under these conditions I; reduces Pu(VI) to
Pu(V), which rapidly reacts with Pu(VII).

i. Reduction with iodate ions

Plutonium(vir). In 0.5-3.5 M KOH solutions (at 15-35 °C),
reduction of Pu(VII) with iodate ions proceeds irreversibly accord-
ing to the stoichiometric equation '2

2Pu(vi) + 105 = 2Pu(Vl) + I(V1I). (186)
The rate of the process is governed by the equation
d[P
- w = k[Pu(vin)][105]. (187)

In a 1 M KOH solution (at 25 °C), the rate constant for the
reaction (186) is 1.1 x 103 litre mol~! min—"'. As the alkali con-
centration of increased from 0.17 to 1.7 mol litre !, the constant
k decreases in an inverse proportion to [OH~] and then remains
virtually unchanged up to [KOH] = 3.5 mol litre 1.
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An increase in the temperature leads to a rather small increase
in the rate of Pu(VII) reduction. In a 2.5 M KOH solution, the
apparent activation energy is 24 kJ mol—!.

The mechanism of Pu(VII) reduction with the iodate ions can
be described by the following scheme:

Pu(VID) + I(V)O5 —> Pu(Vl) + I(VI), (188)

Pu(VIl) + [(VI) —> Pu(VI) + I(VID). (189)
j- Reduction with Fe(CN)#™, tin(11) and vanadium(1V) ions
The Fe(CN)s~ ions rapidly reduce Np(VIl) in a 1 M NaOH
solution!*® [the equilibrium of the reaction (150) is shifted to the
left] and Pu(VII) in a 5 M NaOH solution.!'® According to our
estimation, the equilibrium constant of the reaction (150) in a
1.5 M KOH solution is 0.1 (T = 23 °C). We estimated the rate
constant for oxidation [the equilibrium of the reaction (150) is
shifted to the right] as 350 litre mol—! min—! in going from 10 to
23 °C. The rate constant for reduction was estimated at 3500
litre mol—! min—1.

Tin(11) reduces Np(VII) in a 1 M NaOH solution'#> and
Pu(VII) in 1.5—2.5 M NaOH solutions in the course of stirring.!>

At20-80 °C, vanadium(1V) (20 mmol litre ~!) reduces Np(V)
(0.2 mmol litre~')in 1 -5 M NaOH solutions as a result of which
Np(1V) precipitates and captures a portion of Np(V) from the
solution.!>? Reduction slows down as the alkali concentration is
increased and is accelerated as the temperature is raised.

k. Reduction with organic compounds

Neptunium(VII). The ascorbate ions rapidly reduce Np(VII).!4
The semiquantitative data on reduction of Np(VIl) with other
organic compounds are given in Table 4.

At 25 °C, Np(vil) does not virtually react with ethanol,
acetate ions and oxalate ions both in 2 M and 0.1 M alkaline
solutions. The resistance of Np(VII) to ethanol and oxalate ions is
decreased (particularly, at a low concentration of the OH ~ ions)
when the temperature is raised to 65 °C. Formaldehyde rapidly
reduces Np(VII) under all conditions being studied, whereas the
other compounds react with Np(VII) at a moderate rate.

The kinetics of the reactions of Np(VII) with aliphatic alco-
hols, formaldehyde and formate ions in alkaline solutions was
examined in the studies.’>* 15 For all systems, the reaction rate is
governed by the equation

B d[Np(vi)] _

o = kINp(vn)] = ko [Red]"[OH ~J"[Np(VID)]

Table 4. Time of reduction of a half amount of Np(VII) (t/2) with organic
compounds.'4?

Reducing [Red]? 71,2 /min
agent (Red)

[OH~]=0.1 mol litre—! [OH"]=

2 mol litre—!

25°C 65 °C 25°C 65 °C
Oxalate ion 0.070 >100 32 >100 >100
Acetate ion 0.200 >100 > 100 >100 > 100
EDTA 0.010 75 1.1 >100 45
Citrate ion 0.090 12 0.4 — 22
Formate ion 0.090 50 2.5 >100 20
Ethanol 1.500 >100 5 >100 30
Formaldehyde 0.060 1.5 0.1 — 0.3
aIn mol litre— 1.
where ko is the rate constant at [Red] = 1 mol litre~!,

[OH~] =1 mol litre—!, T = 25 °C. The kinetic parameters are
given in Table 5.

Analysis of the data from Table 5 shows that the rate constant
for oxidation decreases as the number of atoms in normal alcohols
is increased. Oxidation products of alcohols are more reactive
than alcohols as such.

Neptunium(V). In 1-5 M NaOH solutions containing up to
1 mol litre~! of HCOONa, Np(V) is not reduced at 60—90 °C
during 5 h. Under the same conditions, the reactions performed in
the presence of palladium salts afford palladium metal on which
hydrated Np(1V) oxide precipitates. Platinum salts also exert a
catalytic effect on Np(V) reduction, although this process is less
efficient than that occurring in the presence of palladium salts.
Reduction of neptunium(V) with the formate ions proceeds on its
contact with an anion-exchange resin covered with palladium or
platinum metal.'®!

Plutonium(V1I). The ascorbate ions rapidly reduce Pu(Vvir).!>?
The semiquantitative data on the reactions with some other
compounds, which react with Pu(VII) more slowly, are presented
in Table 5.

It can be seen that the reaction of Pu(VII) with ethanol is less
efficient than that with methanol and the rate constants for
Pu(VII) reduction with these alcohols are much higher than the
analogous constants for Np(VII).

Table 5. Effect of the nature of the reducing agent (Red) and the reaction conditions on stability of Np(VII) and Pu(VII).

Red [Red] /mol litre=!  [KOH] /mol litre=! T /°C 10?2k /min—! n m E, /kJ mol ! 10* ko Ref.
Data for Np(VII)
CH3;0H 16.4 1.0 28.2 3.84 0.74 —1.5 50.7+3.4 44.0 154
C,HsOH 34 1.0 38.9 0.69 1.5 —1.1 49.7+£2.6 4.47 154
n-C3H,OH 0.28 1.0 60.4 0.80 0.9 —096 463+3.0 34.5 155
n-C4HoOH 0.22 1.0 60.4 0.28 0.6 —1.0 58.4£3.6 5.77 156
n-CsH;;OH 0.10 1.0 60.4 0.14 0.8 —1.0 81.4+4.5 2.71 156
iso-C3H,OH 0.26 1.0 55.6 0.37 0.8 —1.0 52.0£2.0 16.4 157
i50-C4HoOH 0.22 1.0 55.6 0.23 0.8 —1.0 54.0£2.0 10.9 157
iso-CsH;OH 0.11 0.5 60.4 0.40 1.0 —0.95 71.0£3.0 9.0 155
CH,O 0.0075 1.0 29.6 1.23 1.0 —1.0 59.0£4.0 1.14 x 10* 158
(CH3),CO 0.27 1.0 30.3 0.42 0.9 —1.0 49.0+2.0 96.0 158
HCOONa 0.01 0.22 65.0 1.45 0.6 —0.33  56.0+2.0 93.0 159
Data for Pu(VvII)
CH;O0H 0.55 2.5 25.0 60.3 — — — - 152
0.034 0.952 25.2 0.26 1.5 —-0.3 50.0£4.0 4x103 160
CH-,O 0.004 2.5 25.0 55.5 — — — - 152
C,HsOH 0.55 2.5 25.0 39.6 — — — — 152
0.024 0.942 25.2 0.23 0.9 —0.8 44.0+4.0 6.3x 102 160

4 NaOH was used as the medium.
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1. Reduction with metals

Reduction of Np(VII), Pu(vl) and Am(VI) in alkaline solutions
with aluminium metal was examined in the study.'®?> The reactions
were carried out at room temperature. A 2—6 cm? aluminium
plate was submerged in an alkaline solution of actinide, which was
vigorously stirred. Reduction of neptunium(VII) (0.1 -2 mmol -
litre=!)ina 0.1—-2 M NaOH solution was completed in 8 —20 min
depending on the alkali concentration and the size of the plate.
Neptunium (25% —50%) partially precipitated on the aluminium
plate as a thin layer, which was firmly attached to the support. The
precipitate contained only Np(V). Reduction of Pu(Vvi) was
completed in 5-20 min to give a colloid of Pu(lv) and a
precipitate of hydrated Pu(1v) oxide; 5—7 pg cm—2 of plutonium
precipitated on the aluminium surface. The amount of the
precipitate varied with the concentrations of plutonium and
alkali.

A precipitate of Am(1lI) hydroxide rapidly formed upon
reduction of Am(VI). The amount of americium precipitated on
the aluminium surface was no higher than 6 pg cm—2.

The reactions of Np(V) and Pu(VI) with zinc, chromium, tin
and their alloysin 0.5—4 M NaOH solutions were examined under
static and dynamic conditions (filtration of solutions through a
column filled with metal granules).!®3 Reduction of actinides and
precipitation of hydroxides took place on the surface of metallic
granules. In the case of plutonium, the best result was achieved on
contact of chromium granules with a solution of Pu(Vl) in 0.5 M
NaOH at 60 °C for 2—5 h. The best sorption of neptunium from a
1 M NaOH solution was attained upon prolonged contact with
chromium and zinc granules.

An increase in the alkali concentration and the addition of
chromate ions and complex-forming agents slow down sorption of
plutonium.

V. Conclusion

Abundant data were accumulated on redox reactions of actinides
in carbonate and alkaline solutions. Procedures for oxidation of
low-valence forms of neptunium, plutonium and americium and
stability of high-valence forms of these elements were studied in
detail. In many cases, the transitions between the oxidation states
V, VI and VII proceed easily because they do not require sub-
stantial structural rearrangements of the ions. By contrast, the
transition IV — V giving rise to an ‘yl’ group proceeds slowly. The
proposed mechanisms of redox processes are consistent with the
concepts of general chemistry. However, many of these mecha-
nisms call for experimental or quantum-chemical verification.

Among the reactions to be studied, the following reactions, in
our opinion, are of most interest: disproportionation of Pu(v) in a
wide range of concentrations of bicarbonate and carbonate ions;
the reactions of Np(1v), Pu(lv) and Am(IV) with ozone in
carbonate solutions; oxidation of Np(V) and Pu(V) with ferricya-
nide ions in concentrated carbonate solutions; reactions of Np(VI)
and Pu(vI) with hydrogen peroxide in bicarbonate-carbonate
solutions; and disproportionation of Pu(VI) in concentrated
alkaline solutions (if this process does not occur, it is necessary
to establish the causes).

Problems of the preparation of macroamounts of curium(VI)
(attempts to solve this problem were unsuccessful '°4) and Pu(VIII)
are of particular interest. It was suggested 165 that Pu(VIIT) can be
produced upon B decay of 22*Np(VII) in the solid state

239Np065’ > 239Pu02’.

In this connection, the fundamental question arises as to the
form of existence of Pu(VIII) and its stability. The estimated
potential of the Pu(VIIT)/Pu(VII) pair is higher than 3 V,19¢ which
excludes the existence of Pu(VIII) in solution or the gaseous phase.
However, it was reported '¢7- 168 that plutonium was oxidised with
molecular oxygen to PuO4 under the conditions of gas thermo-
chromatography. This compound is comparable in volatility to
octavalent osmium oxide (OsOg4). Undoubtedly, there is a need to

carry out further experiments on the determination of the compo-
sition of the volatile plutonium compound, including studies with
the use of modern methods of analysis, which allow one to
determine the structures and compositions of specimens with a
weight of several nanograms (in particular with the use of X-ray
synchrotron radiation).1®?
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