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Redox Reactions of Pu(IV) and Pu(III) in the Presence of Acetohydroxamic Acid in
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The reduction of Pu(IV) in the presence of acetohydroxamic acid (HAHA) was monitored by vis-NIR spectroscopy. All
experiments were performed under low HAHA/Pu(IV) ratios, where only the Pu(IV)-monoacetohydroxamate complex
and Pu uncomplexed with HAHA were present in relevant concentrations. Time dependent concentrations of all
absorbing species were resolved using molar extinction coefficients for Pu(IV), Pu(III), and the Pu(AHA)3þ complex
by deconvolution of spectra. From fitting of the experimental data by rate equations integrated by a numeric method
three reactions were proposed to describe a mechanism responsible for the reduction and oxidation of plutonium in the
presence of HAHA and HNO3. Decomposition of Pu(AHA)

3þ follows a second order reaction mechanism with respect
to its own concentration and leads to the formation of Pu(III). At low HAHA concentrations, a two-electron reduction of
uncomplexed Pu(IV) with HAHA also occurs. Formed Pu(III) is unstable and slowly reoxidizes back to Pu(IV), which,
at the point when all HAHA is decomposed, can be catalyzed by the presence of nitrous acid.

Introduction

The PUREX (Plutonium and Uranium Recovery by
EXtraction) based extraction process is used worldwide to
recover uranium and plutonium fromdissolved spent nuclear
fuel using the tri-n-butyl phosphate/nitric acid extraction
system. To successfully predict the behavior of Pu in this
extraction system, the speciation of Pu in nitric acid solutions
must be carefully evaluated. It is well-known that the chemi-
stry of plutonium is quite complicated, since several oxida-
tion states can co-exist in aqueous solution. However, at
higher nitric acid concentrations, Pu(IV) is quite stable and
several Pu(IV) nitrates complexes can be formed: the mono-,
di-, tetra-, and hexa-nitrate (Pu(NO3)

3þ, Pu(NO3)2
2þ, Pu-

(NO3)4, Pu(NO3)6
2-). At concentrations of HNO3 < 4 M,

only the formation of mono- and dinitrate Pu(IV) are
significant. Even at relatively low pH, hydrolysis, polymer-
ization, and disproportionation reactions of Pu(IV) can
occur. The addition of acetohydroxamic acid to a modified
PUREX process has been proposed to optimize the stripping

of plutonium from the tri-n-butyl phosphate (TBP) extrac-
tion product.1 Acetohydroxamic acid (HAHA) acts as a
scrubbing agent by forming non-extractable complex species
of Np(IV) and Pu(IV) and reducing Np(VI) to Np(V). The
reduction capability of acetohydroxamic acid has been
recently demonstrated also toward pertechnetate (TcO4

-),
which is an important fission product and long-lived radio-
nuclide present in (reprocessed) solutions of spent nuclear
fuel. Reduction of pertechnetate occurs only under acidic
conditions with relatively high HAHA concentrations and is
quite slow. The resulting low-valency trans-aquonitrosyl-
(diacetohydroxamic)-technetium(II) complex ([Tc(NO)-
(AHA)2H2O]þ) is highly soluble in water, extremely hydro-
philic, and is not extracted by TBP.2

In addition to the reduction and complexation ability of
HAHA, it is also noteworthy to mention that under acidic
conditions HAHA is unstable and undergoes hydrolysis.3,4

The acidic hydrolysis of HAHA is an irreversible destructive
process resulting with formation of acetic acid and hydro-
xylamine as degradation products. The latter is also capable
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of reducing Pu(IV) to Pu(III). Several papers relevant to the
extraction and complexation of Pu in the presence of hydro-
xamic acids, HNO3, and additional nitrate were recently
published.5-15 Although the reduction of Pu(IV) in the
presence of hydroxamic acids has been known for about 10
years, only a few papers10,14,15 related to the reduction of
Pu(IV) with hydroxamic acids have been published. The
complexity of the reduction of Pu(IV) by hydroxamic acids
was the main reason for a limited number of publications.
Recently, Carrott et al.15 studied the oxidation-reduction
reactions of Pu(IV) with formohydroxamic (FHA) and
acetohydroxamic acids under various nitric acid concentra-
tions and temperatures by cyclic voltammetry and spectro-
photometry. It was observed that the reduction of Pu(IV) is
consistent with amechanism inwhich the Pu(IV) ions remain
fully complexed with hydroxamate ligands while the free
hydroxamic acid in solution undergoes hydrolysis until, at
some point near a 1:1 Pu(IV)/hydroxamic acid ratio, some
free Pu4þ is released from the complex and the reduction of
Pu(IV) with HAHA is initiated.15 At lower ratios of Pu/
HAHA, they observed that the reduction is characterized by
a variable induction period, during which no Pu(III) is
formed. The authors15 suggested that the reductant is hydro-
xamic acid rather than hydroxylamine, as the addition of up
to 1.0 M hydroxylamine did not affect significantly the
reduction of Pu(IV) in the presence of hydroxamic acid. It
was also observed that in the presence of HAHA, the redox
potential of Pu(IV)/Pu(III) shifts. However, even though
hydroxylamine (hydrolysis product of HAHA) should ther-
modynamically reduce Pu(IV)-AHA complexes, the negligi-
ble effect of hydroxylamine on the reduction of Pu(IV) in the
presence of HAHA was explained by kinetic hindrance,
possibly because of steric constraints.15

To date, the products of the oxidation of hydroxamic acids
(RCONHOH, R = CH3 for acetohydroxamic acid) are
relatively unclear and various products have been proposed.

Previous data16-20 indicate that the oxidation of simple
hydroxamic acids causes the formation of various radicals.
In acidic solutions we may expect that the R-CO-NH-O•

radical forms, whereas in alkali solution a free radical of the
type R-CO-N-O• is more probable to exist. Intermediate
products of the oxidation of hydroxamic acids can vary with
conditions and R-substituents. Boyland and Nery18 postu-
lated the occurrence of a series of homolyses, which might
give both acyl and alkyl free radicals together with nitroxyl
(HN=O). Formation of acyl radical can be described as the
following:

RCONHOH f RCONH-O• f RCO• þHNdO ð1Þ
RCO• radical can then react with hydroxamic acid:

RCO• þR-CO-NHOH

sf
-H•

R-CO-NH-O-CO-R ð2Þ
As illustrated in the work of Glennon et al.,21 hydroxamic

acids can also act as a two-electron reductant. At a positive
potential, they undergo an irreversible electrochemical oxida-
tion process, as described by eq 3:

RCONHOHþ 2H2O f RCOOHþH3NO2 þ 2Hþ þ 2e-

ð3Þ
forming the intermediate product, azinic acid, which slowly
converts to nitroxyl and hyponitrous acid.21 If an excess of
HAHA is present, the hydrolysis leads to the formation of
hydroxylamine that can later be oxidized and form the
aminoxyl radical NH2O

•, which is a weak acid and deproto-
nates to HNO-•.20

This paper reports experimental data on the reduction of
Pu(IV) by acetohydroxamic acid in the presence of 1 M
HNO3. Data were obtained by deconvolution of Pu absorp-
tion spectra and analyzedby applicationofnumericmethods.
Experimental results suggest a complicated mechanism with
several reactions responsible for the reduction and oxidation
of plutonium in the presence of HAHA and HNO3. Focus
was made to describe the mechanism of the key reactions.

Experimental Section

Caution! Pu-242 is an alpha emitting radioactive isotope.
Working with radioactive isotope requires appropriate precau-
tions and experimental procedures developed for operations with
ionizing radiation.

Reagents. All chemical reagents used in this work were of
analytical reagent grade purity and used without further pur-
ification. All solutions were prepared with deionized water with
a resistivity g18 MΩ 3 cm. Pu-242 was obtained from Argonne
National Laboratory in chloride form. Plutonium chloride was
dissolved in the reagent grade (67 Vol.%)HNO3, evaporated to
dryness and redissolved in 4 M HNO3, which produced a
mixture of tetravalent and hexavalent oxidation states. Pu(VI)
was reduced to Pu(IV) by addition of a small molar excess of
acidified hydrogen peroxide and heated for 30 min at 40 �C.
Purity of the tetravalent oxidation state of Pu was confirmed by
absorption spectroscopy and also by using the extraction with
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0.5 M thenoyl trifluoroacetone22 (TTA) in xylene from 1 M
nitric acid, and it was found to be >99.5%. The concentration
of the stock solution of Pu(IV) in 4 M HNO3 was 0.031 M, and
its oxidation state purity was periodically confirmed by absorp-
tion spectroscopy. To prevent the formation of Pu colloids, all
solutions of Pu(IV) were prepared by acid dissolution with
the concentration of at least 0.5 M HNO3. A sample solution
of Pu(III) was prepared by reducing a known concentration of
Pu(IV) solution in 1MHNO3 by electrolysis,

23 and if necessary
stabilized by hydroxylamine. It was found that the presence of
hydroxylamine does not have an effect on absorption spectrum
of Pu(III). It was experimentally verified that the disproportio-
nation reaction of Pu(IV) is significantly suppressed by the
presence of a high concentration of HNO3 (1 M), and the
stability of tetravalent oxidation state of Pu(IV) in 1 M HNO3

over several weeks was confirmed by absorption spectroscopy.

vis-NIR Spectroscopy. All vis-NIR spectrophotometric ex-
periments were performed with Pu-242 using an OLIS RSM
1000 spectrophotometer and a 1 cm glass microcuvette against
the blank solution that was always identical with the measured
sample except the component of interest. Scanning of absorp-
tion spectra was performed using 400 lines/mm gratings blazed
at 500 nm, 0.120 mm wide intermediate and exit slits, and a
400 nm cutoff filter. The instrument was calibrated using
holmium oxide filter. To maintain the constant temperature of
solution during the experiment at (22 ( 0.1 �C), an external
water bath (Julabo CF31 Cryo-Compact Circulator) was used
to control the desired temperature by an external probe con-
nected to the cuvette holder.

Reduction Experiment. The stock solution of HAHA was
prepared inwater onweekly basis, and its stability toward acidic
hydrolysis was confirmed experimentally. Solutions of Pu(IV) in
nitric acid were prepared in a cuvette to the desired concentra-
tion and let stand for 5 min to reach the specific temperature
(22 �C). Then, a freshly prepared solution of HAHA in water was
added,mixed, and the cuvette was sealedwith a cap. The volume of
the HAHA solution added was insignificant compared to the
volume of the Pu solution in the cuvette and did not affect the
temperatureof the solution.Upon theadditionof acetohydroxamic
acid to the aqueous solutions of Pu(IV) in HNO3, a red-brown
complex of Pu(AHA)3þwas formed immediately (AHA stands for
acetohydroxamate anion of HAHA). The spectra were recorded
under aerobic conditions from 30 s after the addition ofHAHA for
up to1500min in2.5min intervals, in the rangeof400-700nmwith
a spectral resolutionof 0.75 nm.The initial concentrationof Pu and
HAHA was varied in the range of 1.5 � 10-3-3.0 � 10-3 M and
8.33� 10-4-3.3� 10-3M, respectively. The ionic strength (I) was
fixed at 1 M using 1 M HNO3, and the presence of Pu was
considered to have negligible effect on ionic strength.

Measurement of Redox Potential. Simultaneous measure-
ments of the change in redox potential of the system (Eh) and
absorption spectra after the addition of HAHA to Pu(IV) in the
nitric acid were performed in a 1 cm quartz cuvette. The redox
potential was measured by an EC Epsilon electrochemical
workstation potentiostat from Bioanalytical Systems Inc. using
a 0.5 mm Pt wire working electrode and a silver/silver chloride
(SSC) reference electrode with 3 M NaCl filling solution. The
electrodes were immersed approximately 5 mm in 2.5 mL of the
reacting solution in the cuvette to prevent any interference with
the optical path of spectrophotometer.

Molar Absorptivity. When several absorbing species are pre-
sent simultaneously in the solution, a simple evaluation of the
particular absorption bands only at peak maxima or several
wavelengths usually leads to erroneous results. This is especially
true when the molar extinction coefficients of the absorbing

species are very different. Since the molar extinction coeffi-
cients of the Pu(AHA)3þ complex and other Pu species differ
significantly, a better approach to simultaneously determine the
concentrations of several absorbing species is a deconvolution
of the spectra within a wide spectral range by applying known
molar extinction coefficients. Thus, for every spectrum ana-
lyzed, the concentrations of all Pu absorbing species were found
by applying Lambert-Beer’s law at 400 different wavelengths:

AðλÞ ¼ ½PuðAHAÞ3þ� 3 εPuðAHAÞ3þ 3 d

þ ½PuðIVÞ� 3 εPuðIVÞ 3 d þ ½PuðIIIÞ� 3 εPuðIIIÞ 3 d ð4Þ
where A(λ) is the absorbance at selected wavelength (λ), ε is
the molar extinction coefficient at selected wavelength (λ), [X] is
the concentration of particular absorbing species X, and d is
thepath lengthof the light through the sample,whichwas constant
and equal to 1.0 cm. Optimal values with minimum differences
between the calculated and experimentally observed concentra-
tions were resolved using the Microsoft Excel Solver plug-in.

Fitting theKineticData.Themodel was based upon a numeric
integration of a general set of differential equations:

d½Ai�
dt

¼
Xm¼M

m¼1

ðcim 3 km 3
Yj¼n

j¼1

½Aj �Rmj Þ ð5Þ

using the Runge-Kutta fourth order method (RK4).24 The
model calculated the concentrations of reacting species as a
function of time. For a given set of cim and Rmj (usually integers
or half-integer numbers selected manually) the optimized vari-
ables were the rate constants km of each assumed reaction m.
A mathematical solution was searched as a set of differential
equations (eq 5), where each reaction was expected to be
proportional to concentrations of reactants present in the
system, each raised to a certain power. The calculated concen-
trations of absorbing Pu species were compared to their experi-
mentally established concentrations. Optimal values of the
rate constants km were then acquired by using a fitting proce-
dure by the least-squares method performed by the Microsoft
Excel Solver plug-in. To explain the behavior of all Pu species
in the system, several reaction mechanisms were investigated
to describe the oxidation-reduction processes involved.
The procedure how the experimental data were fitted by the
RK4 model is provided in the Supporting Information.

Results and Discussion

Speciation of Pu in Solution. The addition of HAHA to
the aqueous solution containing Pu(IV) in nitric acid leads
to the formation of a red-brown colored solutionwith high
extinction coefficients in the range of 400-600 nmbecause
of the formation of the Pu(AHA)3þ complex:

Pu4þ þHAHA S PuðAHAÞ3þ þHþ ð6Þ
Depending on the initial concentrations of all compo-

nents, the formation of mono-, di, and triacetohydro-
xamate Pu(IV) complexes should be considered to be
present in the aqueous solutions containing acetohy-
droxamic acid. Therefore, the study of the reductive
properties of HAHA toward Pu(IV) is complicated by

(22) Nitsche, H.; Lee, S. C.; Gatti, R. C. J. Radioanal. Nucl. Chem. 1988,
124, 171–185.
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(24) Kaw, A. K. In An Interactive E-book for Illustrating Runge-Kutta 4th
Order Method of Solving Ordinary Differential Equations; Holistic Numerical
Methods Institute, College of Engineering, University of South Florida: Tampa,
FL, May 4, 2006; http://numericalmethods.eng.usf.edu/ebooks/runge4th_08
ode_ebook.pdf.
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the presence of several complexes between Pu(IV) and
AHA. To keep the evaluation of Pu absorption spectra as
simple as possible, we kept the concentration of HAHA
low compared to the initial concentrations of Pu(IV) to
avoid the formation of Pu(IV)-diacetohydroxamate and
Pu(IV)-triacetohydroxamate complexes. Therefore, the
experiments were performed under the conditions non-
applicable to pseudo first order reaction kinetics with the
high excess of either metal or ligand. For analysis of Pu
spectra in the presence of HAHA and HNO3, several
species must be considered to be present simultaneously
in the solution. As a result of the reduction of Pu(IV) by
HAHA, Pu(III) species must also be included. To create a
speciation diagram of Pu in 1 M HNO3 and various
concentrations of HAHA, the stability constants for Pu-
(III) and Pu(IV) complexes with hydroxo, nitrate, and
HAHA must be applied. The most reliable data for the
hydrolysis of Pu(IV) were obtained by solvent extraction
with a trace concentration of Pu by Metivier and Guil-
laumont25 and recalculated to zero ionic strength by the
specific ion interaction theory (SIT) approach26 to obtain
K0

H1 = 0.6 and K0
H2 = 0.6. The reason for selection of

these constant is discussed elsewhere.27,28 The stability
constants for the first two Pu(IV)-nitrate complexes
measured for different ionic strengths, and calculated
for zero ionic strength by applying the SIT approach,
were reported29 earlier by Berg et al. Their values of log
β01 = 2.12 for Pu(NO3)

3þ and log β02 = 3.66 for
Pu(NO3)2

2þ complexes29 were applied in this work, and
log β1 = 0.66 for Pu(NO3)

3þ and log β2 = 1.17 were the
stability constants calculated for 1.0 M ionic strength by
the SIT approach. The stability constants log β1 = 14.2,
log β2 = 24.1, and log β3 = 32.2 for Pu(IV)-acetohy-
droxamate complexes Pu(AHA)3þ, Pu(AHA)2

2þ, and
Pu(AHA)3

þ together with the dissociation constant of
HAHA (pKa = 9.02) were determined by Carrott et al.8

Pu(III) forms much weaker complexes with AHA, with
the stability constants of log β1 = 5.77, log β2 = 11.66,
log β3 = 14.84, and log β4 = 15.85 for Pu(AHA)2þ,
Pu(AHA)2

þ, Pu(AHA)3, and Pu(AHA)4
- determined by

Sinkov and Choppin.30 For the interaction of trivalent
plutonium with nitric acid, the stability constants for
Pu(III) nitrates species31 log β1 = 0.771, log β2 =
1.155, and log β3 = 1.158, and hydrolysis constant32 log
KH1 = -5.54 were used. The speciation diagram calcu-
lated for the mixture of 2 � 10-3 M Pu(IV) and 1 � 10-3

M Pu(III) in 1 M HNO3 and concentration of HAHA in
the range of 5 � 10-4-4 � 10-3 M is shown in Figure 1.

The presence of ternary and/or quaternary Pu(IV) com-
plexes such as Pu(NO3) x(AHA)y(OH)z

(4-x-y-z) can be
neglected, since the hydrolysis of Pu(IV) in 1 M HNO3 is
negligible (Figure 1), mixed Pu(IV) acetohydroxamate-
nitrate species were not identified by Carrott et al.15 who
used absorption spectroscopy for the determination of
stability constants for Pu(IV)-acetohydroxamate com-
plexes in the presence of 0.38 M nitrate. Since Pu(III)
forms weaker complexes with AHA, their formation in
the studied concentration range of HAHA and HNO3

was not observed. Also, hydrolyzed Pu(III) species are
not formed in 1MHNO 3, and only the Pu

3þ and Pu(III)-
nitrate complexes are present in solution, and are un-
affected by HAHA (Figure 1); hence, all Pu(III) species
can be considered Pu(III)free (uncomplexed with AHA).
Monoacetohydroxamate and nitrate Pu(IV) complexes
are the main species present in the HAHA concentration
range studied. As reported by Walther et al.,33 there is
no observable effect of plutonium hydrolysis on the
absorption spectra of mononuclear mono- and dihy-
droxo complexes of Pu(IV), whichmeans that hydrolyzed
Pu(IV) cannot be distinguished by vis-NIR spectroscopy
from the Pu4þ ion in the aqueous solution. The speciation
of Pu(IV) in the presence of HAHA can be easily divided
to Pu(IV) complexed, and uncomplexed with AHA
(Pu(IV)free), because the relative distribution of Pu(IV)free
species, Pu4þ, Pu(OH)3þ, Pu(OH)2

2þ, Pu(NO3)
3þ,

and Pu(NO3)2
2þ, remains constant with changing

HAHA concentration and changes only with nitric acid
concentration.
Therefore, Pu(IV)free species contribute with the same

proportion to the absorption spectrum of Pu(IV) in 1 M
HNO3. Their concentration decreases proportionally
with HAHA, while their spectrum remains unaffected
by changing HAHA concentration. The same approach
was applied to speciation of Pu(III). Thus, we can con-
sider only three Pu absorbing species: Pu(AHA)3þ com-

Figure 1. Speciation diagram of Pu(IV) and Pu(III) in 1 M HNO3

containing various concentration of HAHA and 2 � 10-3 M Pu(IV)
and 1 � 10-3 M Pu(III).
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plex, Pu(IV)free and Pu(III)free, which includes all Pu(III)
and Pu(IV) species uncomplexed with AHA (Figure 1).
The total concentration of Pu(IV) in the system with low
Pu/HAHA ratio containing 1 M HNO3 can be expressed
as follows:

½PuðIVÞ�T ¼ ½PuðIVÞfree� þ ½PuðAHAÞ3þ�

¼ ½Pu4þ�þ ½PuðOHÞ3þ�þ ½PuðOHÞ2þ2 �
þ ½PuðNO3Þ3þ�þ ½PuðNO3Þ2þ2 � þ ½PuðAHAÞ3þ� ð7Þ

and by applying the hydrolysis and stability constants for
Pu-nitrates and -acetohydroxamate:

½PuðIVÞ�T ¼ ½Pu4þ�þ 1þ KH1

½Hþ� þ
KH2

½Hþ�2
 

þ β1N½NO-
3 � þ β2N½NO-

3 �2 þ β1½AHA�f
�

ð8Þ

where [AHA]f is the concentration of free AHA,
dissociated and uncomplexed with Pu(IV), KH is the
hydrolysis constant, and β is the stability constant of a
particular complex (β1N and β2N represent the stability
constants of the Pu(IV) complex with one and two
nitrates, respectively). Similarly, the total concentration
of all forms of HAHA, [HAHA]T, can be written as

½HAHA�T ¼ ½HAHA� þ ½AHA� þ ½PuðAHAÞ3þ� ð9Þ
where [HAHA] and [AHA] represents the concen-
tration of acetohydroxamic acid and its dissociated form,
respectively. Consequently, by a rearrangement of eqs 8
and 9 the concentration of HAHA can be expressed as
follows:

½HAHA� ¼
½Hþ�½PuðAHAÞ3þ� 1þ KH1

½Hþ� þ
KH2

½Hþ�2 þ β1N½NO-
3 � þ β2N½NO-

3 �2 þ β1½AHA�
 !

Kað½PuðIVÞ�Tβ1 -½PuðAHAÞ3þ�β1Þ
ð10Þ

Determination of Molar Extinction Coefficients for the
Pu-Monoacetohydroxamate Complex. The extinction
coefficients for plutonium(IV)-monoacetohydroxamate
complex were resolved from the experimental data ob-
tained by absorption spectroscopy using chemical equi-
librium modeling software FITEQL 4.0,34 as described
earlier.11 The concentrations of all Pu(IV) species were
determined by applying stability constants for Pu(IV)-
hydroxo, -nitrates, and acetohydroxamate complexes.
The extinction coefficients for a whole spectrum of Pu-
(AHA)3þ in the range of 400-700 nm were obtained by
subtracting the spectra of Pu(IV)free from the original
spectra of solution mixture obtained immediately upon
the addition of HAHA to the solution of Pu(IV) in 1.0 M
HNO3. The presence of Pu(III) within the first minute
after mixing Pu(IV) and HAHA can be neglected in

connection with the determination of the extinction coef-
ficients for the Pu(AHA)3þ complex. Even in the region of
∼600 nm, where the Pu(III) has the highest and Pu-
(AHA)3þ complex the lowest absorption, the contribu-
tion of Pu(III) to the total absorbance is less than 2%, and
the absorbance of Pu(AHA)3þ complex dominates. At
the other wavelengths the contribution of Pu(III) is even
lower. The molar extinction coefficients (ε) of the three
major Pu absorbing species are illustrated in Figure 2
(HAHA does not have any absorption spectrum in this
region). The absorption spectra of plutonium in the
presence of HAHA are dominated by the intense bands
of Pu(IV)-monoacetohydroxamate complex.

Deconvolution of the Absorption Spectra. Upon the
addition of HAHA to the solution containing Pu(IV) in
nitric acid, the absorption spectra of Pu changes signifi-
cantly because of the strong absorption of the Pu-
(AHA)3þ complex that forms immediately. Then, as the
reaction proceeds, the spectra change continuously over
time because of the reduction of Pu(IV) and the formation
of Pu(III). To monitor this complex system, more than
400 spectra were taken for every experiment with various
initial concentrations of Pu(IV) and HAHA. From these
data, several spectra were selected and used to investigate
the concentration profiles of three major absorbing Pu
species: Pu(AHA)3þ, Pu(IV)free, and Pu(III)free. Calcula-
tions were performed according to eq 4 simultaneously at
400 different wavelengths, which significantly improves
the accuracy of the concentration profile determined.
Figure 3 shows a comparison of the experimental spectra
(dotted line) and the spectra resolved by the optimization
procedure (solid line) for the concentrations of all Pu
species at different times, and initial composition of 1.85
� 10-3 M Pu(IV) and 1.67 � 10-3 M HAHA. As

Figure 2. Molar extinction coefficients (ε) of Pu(IV)-monoacetohy-
droxamate complex (solid line); Pu(IV) representing Pu4þ, (Pu(NO3)

3þ,
and Pu(NO3)2

2þ species (dashed line) and Pu(III) (dotted line) in 1.0 M
HNO3 at 22 �C.

(34) Herbelin, A. L.; Westall, J. C. (1999) In FITEQL 4.0: A Computer
Program for Determination of Chemical Equilibrium Constants from Experi-
mental Data, Report 99-01; Department of Chemistry, Oregon State University:
Corvallis, OR, U.S.A., 1999.
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illustrated in Figure 3, a very good fit between experi-
mental and calculated spectra was observed during the
entire experiment. The optimized concentrations of all
three Pu absorbing species for every spectrum in Figure 3
are listed in Table 1 together with the goodness of fit
(GOF) values, calculated using eq 11:

GOF ¼
Xn
k¼0

ðAexp -AcalcÞ2 ð11Þ

where n is the number of wavelengths (n=400), andAexp

and Acalc are the experimental and calculated absor-
bances at a particular wavelength, respectively. A perfect
fit would yield GOF= 0. For comparison, if our experi-
mental spectrum is entirely composed of only Pu(III)free,
but in the fitting procedure we wrongly assign the com-
position of Pu(IV)/Pu(III) = 1:1, it causes an increase of
GOF to 0.157, which is about 1000� higher value than
what we usually obtained for a good fit. Thus, the
optimization procedure used for deconvolution of ab-
sorption spectra allows to determine the concentration
profiles of Pu(AHA)3þ complex, Pu(IV)free, and Pu-
(III)free very precisely at any time.
It should be noted that an excellent fit between experi-

mental and calculated spectra was obtained for all experi-
mental conditions used in this study. However, for some

spectra, especially for those with high initial Pu/HAHA
ratio a correction for the baseline was necessary at longer
times ((0.004 absorbance units). This is most likely due to
the possible formation of gaseous products, which could
accumulate in the cuvette during the experiment, or par-
tially due to a baseline drift over long period of time.

Identification of Redox Reactions. Solving the set of
several differential equations by the RK4 model was
simplified, as the instantaneous concentration of HAHA
was not calculated by the RK4 model. The main reason
was that the concentration of uncomplexed AHA is gov-
erned mainly by the very fast complexation kinetics of
AHA with Pu(IV). The limitations of the size of the RK4
model did not allow the introduction of this kinetics in the
modeling system.From the equilibrium reaction (eq 6), it is
obvious that when the concentration of acetohydroxamic
acid changes in the system, for example, by hydrolysis/
decomposition reaction of HAHA, or by oxidation, the
concentration of Pu(AHA)3þ complex changes accord-
ingly. Therefore, the concentration of HAHA for every
time step was calculated based on the complexation equi-
librium between [Pu(IV)]T and [Pu(AHA)3þ] (eq 10).
By plotting the concentration profiles for experiments

with several different initial concentrations of the Pu(IV)
and HAHA, we have found that the decrease of the Pu-
AHA concentration over time follows a second order
reaction with respect to its own concentration for all
experimental trials performed. This can be clearly seen
in Figure 4, where the plots of 1/[Pu(AHA)3þ] versus time
give the straight lines for various initial concentrations of
Pu(IV) and HAHA confirming the second order reaction
with respect to [Pu(AHA)3þ]:

-
d½PuðAHAÞ3þ�

dt
¼ k1

0½PuðAHAÞ3þ�2 ð12Þ

Analysis of the absorption spectra indicates that de-
composition of the Pu(AHA)3þ complex leads to the

Table 1. Concentration Profiles of Pu Absorbing Species at Different Times
Calculated Using an Optimization Procedure for Spectra in Figure 3, and
Associated Error Represented by GOFa

time, h [Pu(AHA)3þ] M [Pu(IV)free] M [Pu(III)free] M GOF

0.2 1.10 � 10-3 2.65 � 10-4 4.80 � 10-4 5.08 � 10-4

0.5 9.35 � 10-4 2.45 � 10-4 6.70 � 10-4 5.26 � 10-4

1 7.71 � 10-4 2.28 � 10-4 8.50 � 10-4 5.16 � 10-4

2 5.90 � 10-4 2.09 � 10-4 1.05 � 10-3 4.18 � 10-4

3 4.81 � 10-4 2.01 � 10-4 1.17 � 10-3 2.97 � 10-4

6 3.15 � 10-4 1.79 � 10-4 1.36 � 10-3 1.51 � 10-4

15 1.45 � 10-4 1.47 � 10-4 1.56 � 10-3 3.81 � 10-4

24 4.36 � 10-5 2.07 � 10-5 1.6 � 10-3 1.09 � 10-4

a Initial conditions are the same as described in Figure 3.

Figure 3. Set of experimental (dotted line) and calculated spectra (solid
line) for mixture of Pu species in 1.0MHNO3 as the reduction of Pu(IV)
complexed with AHA progress at different times (from the top to the
bottom: 0.2, 0.5, 1, 2, 3, 6, 15, and 24 h after mixing Pu(IV) withHAHA).
T=22 �C, initial concentrations: [Pu(IV)]=1.85� 10-3M, [HAHA]=
1.67 � 10-3 M. [Pu(IV)]T/[HAHA] = 1.11.

Figure 4. Plot of 1/[Pu(AHA)3þ] versus time for various initial
concentrations of Pu(IV) and HAHA. Initial conditions were T =
22 �C, [HNO3] = 1.0 M, and initial concentrations in mM for Pu and
HAHA, respectively: (4) 1.84, 0.833; (() 1.81, 1.17; (]) 3.0, 1.67; (9) 2.56,
1.67; (2) 1.85, 1.67; (0) 2.72, 1.8; (O) 1.50, 1.67; (b) 2.65, 3.30.



Article Inorganic Chemistry, Vol. 48, No. 24, 2009 11941

direct formation of Pu(III), possibly by an intramolecular
electron transfer. This is, however, in discrepancy with
the mechanism proposed by Carrott et al.15 who sug-
gested a consecutive reaction, where the Pu(AHA)3þ

complex first decomposes to Pu(IV), and then it is re-
duced by an available HAHA. Under the conditions
investigated in this work, we have observed a relatively
fast production of Pu(III) upon the addition of HAHA.
The increase of Pu(III) concentration was directly linked
with a decrease of the concentration of the Pu(AHA)3þ

complex. For all experiments performed, a mechanism
that considers a decomposition of the Pu(AHA)3þ com-
plex to Pu(IV) followed by the reduction with AHA
released from the complex did not provide a satisfactory
fit of the experimental data. The different observation can
be explained by a quite different reaction mechanism at
higher concentrations of HAHA where also Pu(IV)-di-
and triacetohydroxamate complexes are present.
Nevertheless, the reduction of the Pu(IV)free by aceto-

hydroxamic acid also occurs:

-
d½PuðIVÞ�

dt
¼ k2

0½PuðIVÞ�½AHA� ð13Þ

Apparently, the reduction of Pu(IV)free by HAHA
(eq 13) strongly depends on initial conditions. This reac-
tion significantly contributes to the reduction of total
Pu(IV), and this occurs mainly under the conditions with
a higher concentration ratio Pu/HAHA, when a signifi-
cant amount of Pu(IV)free is present in the system. Con-
centration profiles (symbols) of Pu(AHA)3þ, Pu(IV)free,
Pu(III)free, and HAHA over time for various initial con-
centrations of Pu(IV) and HAHA (Figure 5) determined
from the spectra deconvolution clearly demonstrate that
HAHA is capable of reducing greater than an equivalent
amount of Pu(IV). This is especially evident for the
experiments where the Pu/HAHA ratio was more than
one (Figure 5a-f). However, as shown in Figure 5, a
maximum concentration of Pu(III) never reaches twice
the initial concentration of HAHA, which would explain
the two-electron reduction. Factors like decomposition of
HAHAby acidic hydrolysis that lowers the concentration
of HAHA available for reduction of Pu(IV), and/or
reoxidation of Pu(III) back to Pu(IV), can play a certain
role; however, the main reason is that the decomposition
of the Pu(AHA)3þ complex is the major reaction control-
ling production of Pu(III) concentration, which, as dis-
cussed later, is a one-electron reduction process. Clearly,
under the conditions when the initial concentration of
HAHAwas higher than Pu, but the formation of Pu(IV)-
diacetohydroxamate complex could be still neglected
(Figure 5 g, h), the concentration change of Pu(IV)free is
minimal, and thus it does not play an important role in
formation of Pu(III).
It is interesting to take a closer look at the relationship

of the formation of Pu(III) and the decrease of total
HAHA concentration, as determined from the experi-
mental data (the numerical values of changes in the
concentrations of Pu(AHA)3þ, Pu(IV)free, Pu(III)free,
and HAHA for all experiments are listed in the Support-
ing Information). At the beginning of the reaction (after
∼10 min), when the Pu/HAHA ratio is high, the analysis
of the concentration changes of Pu(III) and HAHA

shows that more than one Pu(III) is produced for every
HAHA decomposed. On the other hand, when the ratio
of Pu/HAHA is near or lower than one, about one or less
than one atom of Pu(III) is formed per one HAHA
destroyed. This could be explained as followed: when
the initial concentration of HAHA is lower than that of
Pu, the reduction of Pu(IV) by HAHA (eq 13) occurs as a
two-electron reduction process, which explains the higher
concentration of Pu(III) formed compared to the initial
HAHA concentration. At higher HAHA concentrations,
where Pu(AHA)3þ species dominates, a one-electron
reduction occurs. This is evident from Figure 5h, where
during the first 400 min after mixing Pu and HAHA, the
production of Pu(III) is solely governed by the decom-
position of Pu(AHA)3þ complex; therefore, one atom of
Pu(III) is formed per onemolecule of Pu(AHA)3þ decom-
posed. A similar dependence on the ratio of metal and
reductant was previously observed for the reduction of
Pu(IV) by hydroxylamine.35 When the ratio of Pu(IV)]/
NH3OHþ > 1, the following reaction of 2-electron
reduction is significant:

2NH3OHþ þ 4Pu4þ f 4Pu3þ þN2OþH2Oþ 6Hþ

ð14Þ
but when the ratio of Pu(IV)/NH3OHþ <1, the reaction
of 1-electron reduction predominates:

2NH3OHþ þ 2Pu4þ f 2Pu3þ þN2 þ 2H2Oþ 4Hþ

ð15Þ
Also data reported by Carrott et al.15 show that more

than one-electron reduction of HAHA toward Pu(IV)
occurs, especially at Pu/HAHA ratios 2:1 and 3.5:1.
Moreover, they observed that at some point Pu(III) can
be reoxidized back to Pu(IV), which is most probably
catalyzed by nitrous acid (HNO2), which accumulates in
the HNO3 solutions. The absence of the reoxidation of
Pu(III) in the presence of HAHA was explained by the
scavenging properties of HAHA toward HNO2.
Previously, it was observed by Olsson36 that as the pH

in the solution of Pu(III) is increased, the formation of
Pu(IV) is evident even under non-oxic conditions when a
mixture of hydrogen (4%) and argon was bubbled
through the solution. In our work, under oxic conditions,
it was observed that Pu(III), freshly prepared by electro-
lysis without addition of hydroxylamine, was unstable in
solutions of 1 M HNO3, and slowly oxidized to Pu(IV).
Instability of Pu(III) solutions is well-known, and can be
explained by several reactions, for example, photochemi-
cally by UV light37 or by oxidation with oxygen38 or
nitrate.39,40 Under our experimental conditions, reoxida-
tion by UV light can be neglected because we used a
400 nm high pass filter. It is very likely that oxidation of

(35) Barney, G. S. J. Inorg. Nucl. Chem. 1976, 38, 1677–1681.
(36) Olsson, M. Radiochim. Acta 2006, 94, 575–578.
(37) Shilov, V. P.; Yusov, A. B. Radiochem. 2001, 43, 364–370.
(38) Cleveland, J. M. The Chemistry of Plutonium; Gordon and Breach,

Science Publishers, Inc.: New York, 1970; p. 49.
(39) Lee, M. H.; Park, Y. J.; Kim, W. H. J. Radioanal. Nucl. Chem. 2007,

273, 375–382.
(40) Koltunov, V. S.; Zhuravleva, G. I.; Marchenko, V. I.; Dvoeglazov,

K. N.; Savilova, O. A.; Koltunov, G. V.; Taylor, R. J.; Bankhead, M.
Radiochim. Acta 2007, 95, 559–567.
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Figure 5. Experimental (symbols) vs calculated (line) data for concentration profiles of (O) Pu(AHA)3þ complex, (0) Pu(IV), (4) Pu(III) and (])
HAHA. Initial conditions were T= 22 �C, [HNO3] = 1.0 M; and concentrations in mM for initial Pu and HAHA, respectively. (a) 1.84, 0.833; (b) 1.81,
1.17; (c) 1.85, 1.67; (d) 2.56, 1.67; (e) 2.72, 1.80; (f) 3.0, 1.67; (g) 1.5, 1.67; (h) 2.65, 3.30. Relative concentration on the side y-axis is the ratio of
the actual concentration of the particular species (Pu(AHA)3þ, Pu(IV)free, Pu(III)free, and HAHA) to the total concentration of plutonium in the
system.
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Pu(III) is driven mainly by its instability in nitric acid
under oxic conditions:

d½PuðIVÞ�
dt

¼ k3
0½PuðIIIÞ� ð16Þ

Lee et al.39 have observed the instability of Pu(III) and its
oxidation to Pu(IV) with an increase of acidity from 1 to
6 M HNO3. Therefore, the slow reoxidation of Pu(III)
to Pu(IV) (eq 16) was assigned to oxidation properties
of nitric acid, which was constant under all experimen-
tal conditions and equal to 1 M. With the system of
three differential kinetic equations (eqs 12, 13, 16) we
were able to consistently describe the time dependence
of the concentrations of the plutonium species after∼10
min of mixing Pu(IV) and HAHA for all experiments.
The data obtained by calculation using RK4 method
(lines in Figure 5) show that the suggested model of
three kinetic reactions can explain the reaction mechan-
ism very well. Our experimental results show that
partial reoxidation of Pu(III) (eq 16) occurs also in the
presence of HAHA. Full recovery of Pu(IV) occurs at
higher Pu/HAHA ratio when all HAHA disappears
from the system. This is very clearly demonstrated in
Figure 5a.
When the concentration of HAHA drops to a mini-

mum, the fast reoxidation of Pu(III) appears to be a
predominant process. From this point, calculated data
(line) in Figure 5a differ significantly from those obtained
experimentally (symbols), since the reoxidation of Pu(III)
by nitrous acid was notmeasured and hence, not included
in the calculations. This would be difficult to model as the
concentration profile of HNO2 needs to be first deter-
mined as well as the correct kinetic reaction responsible
for the production of nitrous acid. When the reoxidation
of Pu(III) by HNO2 appears, it leads to a complete
recovery of Pu(IV), which was stable for several weeks.
However, the complete reoxidation of Pu(III) back to
Pu(IV) was not observed in every experiment. Under
some conditions, when the initial concentration of
HAHA was lower than Pu(IV), the complete reoxidation
of Pu(III) was not observed even in the time scale of 3
weeks. This suggests that the oxidation of Pu(III) is a
more complex process and various catalytic/inhibiting
reactions might be responsible for this behavior, espe-
cially those that regulate the concentration of HNO2. At
Pu/HAHA = 0.8 (Figure 5h) where the Pu(AHA)3þ

complex dominates, the production of Pu(IV)free due to
the oxidation of Pu(III) is evident after ∼400 min and
confirms that under the conditions when the initial pre-
sence of Pu(IV)free is minimal, the process described by
eq 12 plays a key role in the formation of Pu(III).
From the experimental data, it can be concluded that

depending on HAHA concentration, HAHA can act
either as a two-electron reductant when unbound with
Pu(IV) or as a one-electron reductant with intramolecular
electron transfer in Pu-monoacetohydroxamate complex.
In both cases, during the course of the reaction the
balance of Pu(III) over HAHA decreases because of
the reoxidation of Pu(III) back to Pu(IV). Also, the
experiments performed with simultaneous measurement
of Eh and Pu absorption spectra confirmed that addition
of HAHA into the system containing Pu(IV) in 1 M

HNO3 results in a drop in the redox potential. When
all HAHA was consumed and the fast reoxidation to
Pu(IV) initiated, the redox potential was observed to
increase. Nevertheless, the concentration ratios of
Pu(III)free and Pu(IV)free that were determined by spec-
tral deconvolution suggest that the redox potential
measured by the platinum electrode could not be ex-
plained only on the basis of the Nernstian behavior of
Pu ions (Supporting Information, Figure S1). The re-
dox potential measurement therefore did not contri-
bute to a greater understanding of the analyzed
reaction system.
The main goal of this study was to describe the kinetics

of redox reactions of Pu in the presence of HAHA and
HNO3. Nonetheless, a successful description of kinetic
behavior identified in the later stage (more than 10 min)
was not compatible with the observation within the first
10 min after mixing Pu and HAHA. In the early stage of
the reaction, it is most likely that some additional pro-
cesses, which are faster than the studied processes, affect
the progress of the reaction with the reagents. These
processes are difficult to identify. After the addition of
HAHA to the solution containing Pu(IV), a relatively fast
reduction of Pu(IV) occurs, which is later followed by
the mechanism described by eqs 12, 13, and 16. The
processes involved at the beginning might be controlled
by intermediate oxidation degradation products16-21

of HAHA (see Introduction), such as aminoxyl radical
H2NO•, which is also a good reductant.20 Then, as the
reaction proceeds, accumulation of some HAHA oxi-
dation products probably suppresses the reaction of
intermediates, and redox reaction of Pu is controlled
mainly by HAHA and HNO2. To identify the reactants
responsible for the first stage of the reduction, a quite
different approach and different techniques applicable
mainly to the early stage of the reaction will be re-
quired. However, the scope of this paper was the overall
description of redox kinetics with identification of the
key reactions governing the main part of Pu(III) pro-
duction.
Thus, Figure 5 does not show the data at the very

beginning of the reaction, when HAHAwas added to the
solution of Pu(IV) in 1.0 M HNO3. Experimental data
suggest that several catalysts/inhibitors can affect the
reactions described by eqs 12, 13, and 16, and therefore,
the evaluation of kinetic parameters is difficult. Under the
conditions when the concentration of Pu(IV)free is low
(low Pu/HAHA ratio), the concentration of Pu(III) in the
system is controlled primarily by the second order reac-
tion of decomposition of the Pu(AHA)3þ complex and
slow reoxidation of Pu(III).

Conclusions

After the addition of HAHA to a solution containing
Pu(IV) in nitric acid, the formation of the Pu(AHA)3þ

complex occurs. Then, the complex of Pu(AHA)3þ decom-
poses and Pu(III) is formed. The experimental data obtained
by absorption spectroscopy suggest that several reactions are
responsible for this oxidation-reduction mechanism. Pu-
(AHA)3þ complex decomposes to Pu(III) by a second order
reaction with respect to its own concentration, and it is a
major reaction contributing to the production of Pu(III).
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A two-electron reduction of uncomplexed Pu(IV) with
HAHA occurs mainly at high Pu/HAHA ratio. The third
reaction is the reoxidation of Pu(III) in the presence of nitric
acid. At some point, when all HAHA disappears from
the system, Pu(III) can be reoxidized completely back to
Pu(IV), which is probably catalyzed by nitrous acid. How-
ever, since several catalysts/inhibitors are expected to control
these reactions, the kinetic parameters will be difficult to
obtain.
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