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21120 Is-sur-Tille, France

Received 9 February 2007; accepted after revision 9 April 2007

Available online 15 June 2007

Abstract

A detailed reevaluation of the complexation equilibria of plutonium(IV) with the polyaminocarboxylic sequestering agent
EDTA4� has been performed in 1 M (H,K)NO3 media at 298 K by means of visible absorption spectrophotometry and glass-
electrode potentiometry at millimolar concentration levels. The high binding affinity even under strongly acidic conditions supports
the exclusive formation of the neutral Pu(EDTA) complex over the range 0.01� [H+ ]� 0.9 M with an apparent formation constant
of log b110¼ 25.8(1) at 0.9 M HNO3. Extrapolation to zero ionic strength using the SIT approach provides the first ever-reported
NEAeTDB compliant estimate of b0

110ðlog b0
110 ¼ 32:2ð3ÞÞ. A global modeling procedure of the potentiometric data collected for

three different metal over ligand ratios (1:1, 1:1.5, and 1:2) ascertained the formation of four additional species for pH values com-
prised between 2 and 6.5, namely [Pu(EDTA)(OH)]�, [Pu(EDTA)2H2]2�, [Pu(EDTA)2H]3�, and [Pu(EDTA)2]4�. The visible ab-
sorption spectra for the first three complexes have also been determined. Data recorded above pH 3.5 (for a 1:1 molar ratio) or 6.5
(for a 1:2 molar ratio) were finally excluded from the global fitting procedure as speciation calculations suggested the precipitation
of amorphous Pu(OH)4(am) according to the latest critical value quoted in the literature for its solubility product. To cite this article:
M. Meyer et al., C. R. Chimie 10 (2007).
� 2007 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.

Résumé

La nature et la stabilité des complexes formés à l’équilibre entre le plutonium(IV) et l’EDTA4� ont été réévaluées en milieu
nitrique à force ionique (I¼ 1 M (H,K)NO3) et à température (T¼ 298 K) contrôlées par spectrophotométrie d’absorption et po-
tentiométrie. L’affinité élevée de l’agent chélateur dans des conditions fortement acides (log b110¼ 25,8(1) en milieu 0,9 M HNO3)
s’explique par la formation exclusive du complexe neutre Pu(EDTA) dans la gamme 0,01� [H+ ]� 0,9 M. L’extrapolation à force
ionique nulle à l’aide de la théorie des interactions spécifiques dite SIT, permet de proposer la première valeur de b0

110ðlog b0
110 ¼

32:2ð3ÞÞ qui soit conforme aux recommandations de la base de données thermodynamiques de l’Agence pour l’énergie
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nucléaire. L’ajustement simultané des courbes de titrage potentiométrique enregistrées pour trois rapports métal/ligand différents
(1:1, 1:1,5 et 1:2) est compatible avec la formation de quatre espèces additionnelles entre pH 2 et 6,5, à savoir [Pu(EDTA)(OH)]�,
[Pu(EDTA)2H2]2�, [Pu(EDTA)2H]3� et [Pu(EDTA)2]4�. L’exploitation des données spectrophotométriques a également permis
d’accéder aux spectres d’absorption électroniques dans le domaine visible pour les trois premiers complexes. Les données collectées
au-delà de p[H] 3,5 pour un rapport molaire 1:1 ou 6,5 pour un rapport 1:2 ont été exclues lors de la procédure d’affinement des
constantes d’équilibre, en raison de l’apparition de la phase solide amorphe Pu(OH)4(am) suggérée par les calculs de spéciation
effectués en parallèle, qui s’appuient sur la valeur critique la plus récente du produit de solubilité du tétrahydroxyde de plutonium.
Pour citer cet article : M. Meyer et al., C. R. Chimie 10 (2007).
� 2007 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.
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1. Introduction

Among the various classes of multifunctional li-
gands, the outstanding status of polyaminocarboxylic
acids, also known as complexones, of which ethylene-
diaminetetraacetic acid (EDTAH4) is by far the most
important, relies on their extraordinary affinity for
almost all metals of the periodic table, including the
strongly Lewis acidic actinide cations [1]. The anchor-
ing of the negatively charged acetate oxygen atom in
the inner coordination sphere favors the binding of
the neutral amine nitrogen atom. Tethering several ace-
tate groups onto a polyamine scaffold results in the si-
multaneous formation of multiple five-membered rings,
which imparts some additional stability to the metal
complexes, a phenomenon that is classically referred
to the so-called chelate effect. The high stability of
lanthanide(III) and actinide(III/IV) complexes with
EDTA4� is the combined result of large and positive en-
tropies together with exothermic reaction enthalpies
[2,3]. The former effect is easily rationalized in terms
of solvation. As a consequence of their high but oppo-
site charge, both reactants are highly hydrated. Thus,
complexation releases a large number of water mole-
cules into the bulk, while the solvation shell around
the resulting chelate is much more diffuse due to partial
or total charge cancellation. Negative enthalpies can be
understood on the basis of multiple-bond formation and
chelate effect. These thermochemical properties con-
trast with the positive binding enthalpies, and less favor-
able entropies reported for simple carboxylate ligands.

Although the basic phenomena behind complex for-
mation with polyaminocarboxylic acids are nowadays
well understood, there have been only very few thermo-
dynamic studies dealing with plutonium(IV), even for
the most common complexone, EDTA4� [3e7]. This
situation can be understood if one considers the rarity
and toxicity of transuranides, but one should also
keep in mind the experimental difficulties encountered
by handling these elements. Most of those are inherent
to their peculiar chemical properties, like the high pro-
pensity of the plutonium(IV) to undergo hydrolysis [8e
13], to coordinate anions of the supporting electrolyte
(e.g., NO3

�) [14e18], and to disproportionate [19,20],
even in strongly acidic solutions ([H+ ]< 1 M). Never-
theless, the low amount of basic information is
somewhat puzzling, considering the technological, en-
vironmental, medicinal (e.g., in vivo decorporation)
and analytical significance of these ubiquitous seques-
tering agents [1,3,21e24]. EDTA salts have found
wide applications in the nuclear industry, mostly related
to atomic weapons’ manufacturing and to the disposal
of the thereby generated highly radioactive wastes.
The storage tanks on the Hanford site are reputed to
contain ca. 80 tons of EDTA among the 350 000 m3 of
wastes. Leakages have resulted in the release of an es-
timated amount of 4000 m3 of liquids into the environ-
ment, representing a total activity of more than one
million curies [25]. Moreover, soil contaminations at
several other US Department of Energy (DOE) sites
have been documented [26,27]. Whereas the free con-
centration of tetravalent plutonium in environmental
conditions is limited by the extremely low solubility
of amorphous PuO2, several investigations have under-
lined the mobility enhancement of plutonium [28,29]
and of other radionuclides such as 60Co in contaminated
sediments containing EDTA [26,30].

The first cation exchange, potentiometric, and spec-
trophotometric characterizations of the plutonium(IV)
complex formation equilibria with EDTA4� date back
to 1957 [31,32], followed in the late 1960s and early
1970s by two other studies, one by Mikhailov, who
performed solubility measurements of plutonium phe-
nylarsonate in the presence of EDTAH4 [33], and the
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other by Cauchetier and Guichard, who used poloragra-
phy and spectrophotometry [34]. As recently pointed
out in a recent critical review issued by the OECD Nu-
clear Energy Agency, none of these aforementioned
studies are credited by the Thermochemical Data
Base (NEAeTDB) reviewers [35], who recommend
to consider instead the data selected for uranium(IV)
for speciation calculations [36]!

Disregarded for almost three decades by the scien-
tific community, the plutonium(IV)eEDTA system
has attracted some new attentions after the turn of the
century. Spurred by environmental issues, two studies
funded by DOE have been published in 2001 [28] and
2004 [37], although none has been evaluated by the
NEAeTDB reviewers [36]. Rai et al. have conducted
solubility measurement of well-characterized PuO2(am)

suspensions at fixed EDTA concentrations ranging be-
tween 10�5 and 9� 10�2 M as a function of pH in the
presence of NaCl [28]. Corrected solubility data for
ionic strength effects using the Pitzer ion-interaction
model were interpreted by considering the formation
of [Pu(EDTA)(OH)h]h� species with h¼ 1e3, but not
of Pu(EDTA). The tetravalent oxidation state of the so-
lutions in equilibrium with the solid phase was further
ascertained by XANES. On the other hand, Boukhalfa
et al. realized that a single hexadentate EDTA4� mole-
cule is unable to saturate the inner coordination sphere
of Pu4+ , which admits coordination numbers comprised
between 8 and 12 [24], and therefore searched for the
possibility of forming bis-EDTA chelates and ternary
complexes with citrate or carbonate [37]. Performing
potentiometric titrations in 0.1 M NaNO3 for various
metal over ligand molar ratios, they reported stability
constants for [Pu(EDTA)(OH)]� (log b11�1¼ 22.0(1)),
[Pu(EDTA)(OH)2]2� (log b11�2¼ 15.3(1)), [Pu(ED-
TA)2]4� (log b120¼ 35.4(2)), [Pu(EDTA)2H]3� (log
b121¼ 42.8(1)), and [Pu(EDTA)2H3]� (log b123¼
47(1)), while Pu(EDTA) was found to be already
formed at pH values close to 2. Hence, the correspond-
ing formation constant (log b110¼ 26.4(2)) was derived
in 0.9 M HClO4 from absorption spectrophotometry,
albeit at a much higher ionic strength (I¼ 1 M) using
NaCl as complementary supporting electrolyte. Since
no efforts were made in the original paper to correct
changes in activity coefficients, this work can at best
be viewed as a guideline for further investigations [38].

As part of our ongoing actinide chelation studies, we
have revisited the complexation thermodynamics of the
plutonium(IV)eEDTA system in aqueous solutions
([NO3

�]¼ 1 M) by combining visible absorption
spectrophotometry and potentiometry, while complying
to the NEAeTDB recommendations [10,12,36]. This
work is intended to fill a gap in the scientific literature,
providing self-consistent thermodynamic data collected
under rigorously controlled experimental conditions.
Moreover, extrapolation to zero ionic strength was
achieved using the specific ion-interaction theory, thus
affording a useful set of equilibrium constants for envi-
ronmental speciation modeling or for further solution
equilibrium studies involving EDTA as a competing
ligand.

2. Experimental

2.1. Safety note

Plutonium-239 is a highly radioactive a-emitter with
a half-life of 2.4� 104 years. For safety reasons, all oper-
ations were conducted inside low-pressure glove boxes
designed for containment of radioactive materials (air
renewal rate of ca. 4 m3 h�1) in commissioned ‘‘hot’’ lab-
oratories located at the CEA Valduc facilities. Standard
radiochemical procedures were followed throughout.

2.2. Solution preparations

Unless otherwise noted, all analytical-grade chemi-
cals and starting materials were obtained from commer-
cial suppliers and used without further purification.
All solutions were prepared with boiled and argon-
saturated double-deionized high-purity water (18.2
MU cm) obtained from a Millipore cartridge system.
Acid and base titrant solutions were prepared from
Merck concentrates (Titrisol�) diluted with water and
stored under an atmosphere of purified argon using As-
carite II (Acros, 20e30 mesh) scrubbers in order to pre-
vent absorption of carbon dioxide. Their ionic strength
was adjusted to I¼ 1 M by adding the appropriate
amount of KNO3 (Normapur Analytical Reagent,
>99%, Prolabo). The carbonate-free KOH solution
was standardized by titrating against oven-dried
(120 �C for 2 h) potassium hydrogenphthalate (Aldrich,
99.99%), while 0.1 M HNO3 was titrated against oven-
dried (120 �C for 2 h) TRIS buffer (Aldrich, 99.9%)
using the equipment described hereafter and a combined
Ag/AgCl glass semi-microelectrode (pHc 3006, Radi-
ometer) filled with a solution saturated with KCl and
AgCl. Equivalent points were calculated by the sec-
ond-derivative method. The concentration of the stan-
dardized solutions corresponded to the average of at
least five replicates and was known with a relative pre-
cision of less than 0.15%.

For the potentiometric measurements of the pro-
tonation constants, carefully weighed samples of ultra
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pure ethylenediaminetetraacetic acid (99.999%, Al-
drich) were directly dissolved in the titration cell before
each experiment. For the complexation studies, a 0.1 M
stock solution of Na2[(EDTA)H2]$H2O (>99%, Al-
drich) was prepared by dissolving the salt in water
and adjusting the ionic strength to I¼ 1 M with KNO3.

The Pu(IV) stock solutions were obtained by dis-
solving a ca. 500 mg ingot of 99.96(4)% plutonium sup-
plied by CEA (MP2 reference material, 97.7% 239Pu,
2.2% 240Pu, 0.1% other isotopes) in 5 mL concentrated
HNO3 (14 M) using a ‘‘Picotrace’’ Teflon-lined digest-
ing apparatus (1 h at 90 �C followed by 20 h at 140 �C).
The resulting liquor was allowed to slowly evaporate at
90 �C until the final volume reached 2e3 mL, diluted
again by adding 10 mL of 7 M HNO3 and reconcen-
trated. This process was repeated three more times
with 1 M HNO3, affording a ca. 0.25 M stock solution
of Pu(IV) containing traces of Pu(III) and Pu(VI), as
evidenced by absorption bands at 630 and 830 nm, re-
spectively. Hence, the fresh stock solution was stored
for 1 month before use to reach depletion of both unde-
sired Pu3+ and PuO2

2+ species. The final plutonium con-
centration was calculated from the initial mass of the
metallic sample and was confirmed spectrophotometri-
cally after oxidizing an aliquot to Pu(VI) with silver oxide
(3830¼ 515 M�1 cm�1).

2.3. Potentiometric titrations

Potentiometric titrations were carried out in a water-
jacketed cell connected to a Lauda RE106 water circu-
lator ensuring a constant temperature of 298.2(2) K.
Magnetically stirred solutions were maintained under
a low-pressure argon stream to exclude CO2 from the
headspace. Titrant aliquots were delivered through
a polypropylene line crossing the glove box wall from
a calibrated automatic ABU901 (Radiometer-Tacussel)
10 mL piston burette situated outside the glove box.
Volumes were corrected according to a linear calibra-
tion function obtained by weighing known quantities
of water and taking into account the buoyancy effect
[39]. A PHM240 (Radiometer-Tacussel) ionometer
was used to record at 0.1-mV resolution the electro-
motive force between a XG100 (Radiometer-Tacussel)
glass-bulb electrode and a XR110 (Radiometer-Tacus-
sel) KCl-saturated calomel reference electrode. The
latter was separated from the bulk of the solution by
a sintered glass bridge filled with 1 M KNO3. Both ins-
truments were controlled by the Windows-based multi-
tasking and interactive high-resolution titration
software HRT AcideBase Titration developed under
the TestPoint environment by Mustin [40]. Unlike
most commercial titrators, this system enables to mon-
itor the transient signal after each incremental titrant in-
jection, thus allowing a visual control of the pH
variations during the equilibration time. Moreover,
a flexible algorithm has been implemented for detecting
stable readings with particularly harsh potential fluctu-
ation, rather than drift, criteria (jDEj � �0.1 mV over
a 4-min period).

Prior to each experiment, the electrochemical cell
was calibrated to read hydronium ion concentrations
(pH¼�log [H3O+ ]) by titrating 4.000 mL of standard-
ized 0.1 M HNO3 diluted in 20 mL of 1 M KNO3 with
9.000 mL of 0.1 M standardized KOH in 0.120 mL in-
crements. The titration data comprised about 68 points
collected between pH 1.79e2.28 and 10.75e11.92. The
sum of the unweighed square residuals on the observed
potential readings (Emes) was minimized according to
the four-parameter extended Nernst equation
(Emes¼ E0 + S log[H3O

+] + Ja[H3O
+] + JbKw[H3O

+]�1)
by using the Solver routine implemented in Microsoft
Excel [41,42]. The minimization procedure allowed
the simultaneous refinement of the standard cell poten-
tial (E0), the Nernst slope (S), the correction terms ac-
counting for the changes in liquid-junction potential
in strongly acid (Ja) or alkaline (Jb) media [43], together
with the base-concentration factor (g). The ionic prod-
uct of water (pKw¼ 13.73, I¼ 1 M KNO3, T¼ 298.2 K
[44]) was maintained constant during all refinements.
Calibration data were rejected when the standard
deviation of the residuals exceeded 0.1 mV, indicating
a carbonate contamination of the base usually higher
than 0.5%.

Equilibrium constants were determined in the pH
range 1.6e10 by titrating 0.05 mmol of plutonium in
the presence of 1 or 2 equivalents of EDTA4� dissolved
in 20 mL of supporting electrolyte. The plutonium solu-
tion was introduced into the cell first, followed by
EDTA and 1 M KNO3 solutions to avoid the formation
of precipitates. The electrochemical cell was then al-
lowed to equilibrate for several minutes before starting
the stepwise addition of a standardized 0.1 M KOH
solution containing 0.9 M KNO3. In order to mini-
mize local oversaturations leading to colloid or solid
Pu(OH)4(am) formation during the addition of each
0.03 mL increments, the lowest dispensing rate was
chosen (1 mL s�1).

2.4. Spectrophotometric titrations

Electronic absorption spectra were collected from
400 to 900 nm with a uniform data point interval of
0.8 nm on a Cary 4000 (Varian) spectrophotometer.
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The rear path was outfit with a Series II rear beam atten-
uator (RBA) from Varian, the attenuation level being set
to 1.65 absorbance units (AU). The reference cell in QS
quartz or BF glass of 1-cm path length (Hellma) con-
tained 1 M KNO3. The front light path was equipped
with a standard cell holder and a fiber-optic cable inter-
face (Hellma, ref. 662.000-UV). To ensure a dark envi-
ronment in the measuring compartment located in the
glove box, a cell holder (Hellma, ref. 664.000) equipped
with an electronic magnetic stirrer (Model 300,
Brothers Ltd.) was placed inside a homemade black
box. The optical set-up was connected to the spectrom-
eter with 4-m-long fiber-optic cables possessing a SMA
connector at one extremity and a collimation lens at the
other (Hellma, ref. 041.002-UV). Since the temperature
of the cell holder compartment could not be strictly con-
trolled, it was instead monitored. Fluctuations inside the
glove box did not exceed �1 K over the entire duration
of an experiment. All solutions were allowed to ther-
mally equilibrate before each run in the air-conditioned
laboratory (T¼ 296(1) K).

Spectrophotometric titrations were conducted in
a custom-made cell consisting either of a QS quartz
or a BF optical glass cuvette having 1-cm path length
(Hellma) topped by a five-necked titration vessel of
15-mL capacity. The five branches allowed to outfit
the cell with a pHc 3006 Ag/AgCl combined glass
semi-microelectrode (Radiometer) filled with a solution
saturated with KCl and AgCl, a T201 temperature probe
(Radiometer), a burette tip, a Teflon gas supply tube,
and an oil-filled gas bubbler. The electrode was cali-
brated ex situ as described above. Magnetic stirring
and gentle argon bubbling ensured a good mixing of
the reagents. Electronic absorption spectra were re-
corded 2 min after each aliquot addition or after stabili-
zation of the ionometer readings, with optical densities
not exceeding 0.5 units. Prior to the titration, the refer-
ence spectrum of the electrolyte solution was acquired
in the 400e900-nm range. The standard deviation of
the measured absorbance for the baseline was approxi-
mately constant over the entire wavelength region and
did not exceed 0.0003 AU.

The formation constant of Pu(EDTA) at constant
ionic strength was measured by titrating 0.035 mmol
of Pu(IV) diluted in 10 mL nitric acid (0.7 or 0.9 M,
I¼ 1 M adjusted with KNO3) with a 0.1 M solution
of EDTA. The 30 aliquots of 0.03 mL each were
added manually with a calibrated Eppendorf micro-
pipette (1-mL resolution). Potentiometric measurements
coupled with a spectrophotometric detection were
performed likewise: 0.5 mmol of Pu(IV) was added
to either 0.05 or 0.1 mmol EDTA in 15 mL of
supporting electrolyte (1 M KNO3). The equilibrium
pH of the mixture was approximately 1.6. Standardized
base was delivered in 0.03-mL aliquots by the auto-
matic 10-mL piston burette up to a total volume
of 7 mL.

2.5. Data processing

For each potentiometric titration curve, the collected
potential readings were converted into pH values with
the help of a Microsoft Excel spreadsheet by iterative
solving of the four-parameter calibration function.
The data were then analyzed individually by the
weighed nonlinear least-squares procedure imple-
mented in Hyperquad 2006 [45]. The selected weighing
scheme derived from the error-propagation law seeks to
reduce the weight of the less accurate measurements
(i.e. points located in the steep region of a titration
curve) [46]. On the basis of the instrument’s calibration,
the uncertainties associated with the experimental pH
values (spH) and the volumes delivered by the piston
burette (sv) were estimated as 0.003 pH unit (or
w0.1 mV) and 0.005 mL, respectively. In the final re-
finement step, the total amounts of titrated plutonium
or initially added acid were also allowed to vary in or-
der to check for consistency. The goodness of fit was
evaluated through the squared sum of residuals
(1.0< s< 1.8) and an approximately normal distribu-
tion of the residues [46]. The final values are reported
as the arithmetic mean of the independent measure-
ments together with their standard deviations that
were systematically higher compared to those, derived
for a single experiment from the full variance/covari-
ance matrix [47]. Alternatively, all nine potentiometric
data sets were merged together, thus allowing a global
refinement of a single set of equilibrium constants cor-
responding to the complete model. Species distribution
diagrams were computed with the Hyss program [48].

The multiwavelength data sets were decomposed
into their principle components by factor analysis
with the Specfit 32 program [49e51]. The formation
constants and extinction coefficients corresponding to
each species were subsequently adjusted to the reduced
data sets by the Marquardt nonlinear least-squares algo-
rithm. To allow convergence, the protonation constants
of the uncolored EDTA4� species were fixed. The solu-
ble plutonium hydroxo and nitrato complexes were
ignored, as these were shown to be minor species in the
explored pH range. Nitrato complexes were shown to
form in appreciable amounts only at very low pH and
thus may impact the formation constant of Pu(EDTA)
which is regarded as an apparent value only (vide infra).
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Furthermore, the data were also processed by the
program Hyperquad, which allows the simultaneous
treatment of potentiometric and spectrophotometric
data [45]. While Specfit uses the measured pH values
to calculate directly the free H3O+ concentrations, the
mass-balance equations for all components, including
the hydronium ion, are solved at each titration point
by the program Hyperquad. Since the precision of spec-
trophotometric and potentiometric measurements is
different, it is of prime importance to define a proper
weighing scheme relying on the error-propagation
rule that gives to each type of observations an appro-
ximately equal contribution to the residual sum of
squares. Although a quadratic absorbance error func-
tion (sA¼ a + bA + cA2) is implemented in Hyperquad
[45,46], a constant error (sA¼ 0.0003) appeared to be
the most realistic choice.

3. Results

3.1. Auxiliary data

3.1.1. Definitions
Throughout, the complex formation equilibria are

expressed in the generic form given by Eq. (1), where
M, L, and H refer to the unhydrolyzed metal cation,
the ligand, and the hydronium ion, respectively. The as-
sociated stoichiometric coefficients are labeled m, l, and
h, whereas charges are omitted for clarity. If water mol-
ecules occur as a reactant to form a hydroxo species,
H2O is considered as a ligand. By convention, the index
h takes a negative value in this case. Overall stability
constants bmlh related to Eq. (1) are defined by Eq. (2)
in the molar scale (M or mol L�1). Stepwise ligand pro-
tonation constants (K01h) are related to the overall equi-
librium constant (b01h) by Eq. (3):

m Mþ l Lþ h H # MmLlHh ð1Þ

bmlh ¼
½MmLlHh�
½M�m½L�l½H�h

ð2Þ

b01h ¼
Yh

i¼1

K01i ð3Þ

For ionic strength corrections and estimation of the
molal activity coefficients gi of an ion of charge zi

(Eq. (4)), the BrønstedeGuggenheimeScatchard
Specific Ion Interaction Theory (SIT) was applied
[52e54]. Constants extrapolated to zero ionic strength
(i.e. infinite dilution) are noted with a superscript
ðb0

mlhÞ. The empirical ion interaction coefficients 3(i,j)
pertaining to a pair of ions of opposite charges zi and
zj were taken from the NEAeTDB reviews [36]. Stan-
dard deviations of b0

mlh values were computed according
to the error-propagation rule [55]:

loggi¼�z2
i Dþ

X
j

3ði;jÞmj with D¼ 0:509
ffiffiffiffiffi
Im

p

1þ1:5
ffiffiffiffiffi
Im

p ð4Þ

Molar concentrations were converted into molalities
(mol kg�1 or m) using the solution densities compiled
by Söhnel and Novotny [56]. Accordingly, the follow-
ing molalities were obtained for the 0.9 M HNO3 + 0.1
M KNO3 mixture (mH

+ ¼ 0.930 m, mK
+ ¼ 0.103 m,

mNO�3
¼ 1:034 m) and for a molar KNO3 solution

(mKNO3
¼ 1:045 m). In the molal scale, equilibrium

constants are noted as bm
mlh and calculated according

to the relationship (5), where
P

nB is the sum of the
stoichiometric coefficients of a general reaction ex-
pressed as 0 ¼

P
nBB, while mi and ci refer to the mo-

lality and the molarity of solute i, respectively:

log bm
mlh ¼ log bmlhþ

X
B

nB log

�
mi

ci

�
ð5Þ

3.1.2. Plutonium hydroxo complexes
Plutonium(IV) is well known to form even in

strongly acidic conditions both soluble and insoluble
hydrolyzed species of general formula [Pu(OH)y]

(4�y)+

and Pu(OH)4(am), respectively. Hydrolysis is further
complicated by its propensity to form small clusters
and what are referred to as eigencolloids or polymerized
hydrous oxyhydroxo polymetallic species at pH values
slightly above the solubility limit of amorphous
Pu(OH)4(am).

The formation constants at infinite dilution ðb0
10�yÞ

for four soluble hydroxo complexes (y¼ 1e4) are
reported in the NEAeTDB review [10]. The appropriate
SIT formula given by Eq. (6), where Dz2¼
(4�y)2 + y� 16 and D3¼ 3(Pu(OH)y

(4�y)+ ,NO3
�) +

y3(H+ ,NO3
�)� 3(Pu4+ ,NO3

�), enabled to derive the
corresponding apparent equilibrium constants (b10�y)
in 1 M KNO3 solutions (Table 1):

log b0
10�y ¼ log bm

10�y� y log aw�Dz2DþD3mj ð6Þ

The water activity in 1 M KNO3 (aw¼ 0.9722) was
calculated from the molal osmotic coefficient tabulated
by Robinson and Stokes [57]. While the value for 3(H+ ,
NO3
�)¼ 0.07(1) kg mol�1 was retrieved from Ref. [36],

no data are available for 3(Pu4+ ,NO3
�) in the literature.

Hence, this parameter was assumed to be equal to that
reported for thorium, 3(Pu4+ ,NO3

�) z 3(Th4+ ,NO3
�)¼

0.11(2) kg mol�1. The unknown interaction coefficients
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between the plutonium hydroxo species and nitrate an-
ions were approximated according to the relation given
by Ciavatta (Table 1), although Eq. (7) was originally
proposed only for y¼ 1 or 2 with an estimated average
deviation of 0.05 kg mol�1 [58]. For y¼ 4, the inter-
action coefficient was neglected, as Pu(OH)4 is neutral:

3
�
PuðOHÞð4�yÞþ

y ;NO�3
�
z
�
3
�
Pu4þ;NO�3

�
þ y3

�
Kþ;OH�

��	
ðyþ 1Þ ð7Þ

The NEAeTDB recommended solubility product of
aged Pu(OH)4(am) at infinite dilution and T¼ 298.15 K
ðlog K0

s ¼ �58:3ð5ÞÞ [12] was used in conjunction with
the corresponding SIT formula to extrapolate the equi-
librium constant related to equilibrium (8) at I¼ 1 M
KNO3. The value of log K10�4(am)¼ 0.4(5) was consid-
ered throughout in speciation calculations. These
enabled to estimate the pH above which precipitation
of plutonium hydroxide should occur and thereby the
truncation limit of the refined titration data:

PuðOHÞ4ðamÞþ4Hþ# Pu4þ þ 4H2O ð8Þ

3.1.3. Plutonium nitrates
As evidenced by a number of experimental tech-

niques, including ion-exchange chromatography, sol-
vent extraction, visible absorption spectrophotometry,
15N NMR spectroscopy, and EXAFS [14e16,18,59],
Pu4+ is able to bind up to six nitrate anions to form mod-
erately strong complexes of [Pu(NO3)y]

(4�y)+ general
formula, although the pentanitrato compound has not
yet been identified [10]. In the range of 0e3 M nitric
acid concentrations, the solution speciation is restricted
only to the mono- and the dinitrato complexes. The
NEAeTDB review gives log b0

110 ¼ 1:95� 0:15 for
the formation of the monocomplex [Pu(NO3)]3+ , but
provides neither a critical value for the stability constant
pertaining to the dinitrato species [Pu(NO3)2]2+ , nor the

Table 1

Formation constants at zero ionic strength for [Pu(OH)y]
(4�y)+ and

[Pu(NO3)y]
(4�y)+ and specific ion interaction coefficients (kg mol�1)

with NO3
� considered in this work

[Pu(OH)y]
(4�y)þ y log b0

10�y 3(Pu(OH)y
(4�y)þ,NO3

�)

1 0.6(2) 0.10(1)

2 0.6(3) 0.097(9)

3 �2.3(4) 0.095(9)

4 �8.5(5) 0

[Pu(NO3)y]
(4�y)þ y log b0

1y0 3(Pu(NO3)y
(4�y)þ,NO3

�)

1 1.9(1) 0.68(4)

2 4.5(4) 0.96(6)

T¼ 298.2(1) K.
associated specific ion interaction coefficients [10]. For
these reasons, the reliable data in perchloric acid available
in Ref. [10], enriched with the most recent values proposed
by Berg et al. [18], were reanalyzed by the SIT
method using the following expression for D3¼
3(Pu(NO3)y

(4�y)+ ,ClO4
�) + y3(H+ ,NO3

�)� 3(Pu4+ ,ClO4
�).

Best estimates of log b0
1y0 and 3(Pu(NO3)y

(4�y)+ ,ClO4
�) for

y¼ 1 and 2 obtained by linear least-squares minimization
are summarized in Table 1. In the following, the unknown
interaction coefficient 3(Pu(NO3)y

(4�y)+ ,NO3
�) is taken

equal to 3(Pu(NO3)y
(4�y)+ ,ClO4

�). Extrapolated formation
constants of [Pu(NO3)]

3+ and [Pu(NO3)2]
2+ in 0.9 M

HNO3 + 0.1 M KNO3 and 1 M KNO3 are included in
Table 2.

3.1.4. Ligand protonation
Although the acidebase properties of the hexaprotic

ligand EDTA4� (0� h� 6) are now well understood and
reliable protonation constants are available for a wide
spectrum of experimental conditions [36], commercial
EDTAH4 of high purity (�99.999%) was subjected to
glass-electrode potentiometric titrations. Numerical
analysis of the alkalimetric titration curves acquired be-
tween pH 1.5 and 11.2 in 1 M KNO3 solutions at
298.2(1) K enabled to determine only four out of the
six stepwise protonation constants. The experimental
values found for log K011¼ 9.78(1), log K012¼ 6.17(3),
log K013¼ 2.36(3), and log K014¼ 1.99(6) correspond
to the average of six replicates and are in excellent agree-
ment with the NEAeTDB recommended ones summa-
rized in Table 2 for [K+ ]¼ 1 M [36]. Hence, only the
later critically selected values were used in further stud-
ies for the sake of consistency.

The apparently lower than expected value for the first
protonation constant (K011) reflects the direct competi-
tion between H3O+ and K+ from the background electro-
lyte present in high concentration. Hence, the apparent
K011 values at any potassium concentrations different
from 1 M were computed by Eq. (9), which takes into ac-
count the formation of [K(EDTA)]3� (log b110¼
0.58� 0.73, I¼ 1 M KNO3, T¼ 298.2 K) [36]:

K011 ¼
1010:48

1þ 100:58½Kþ
� ð9Þ

3.2. Plutonium complexation

3.2.1. Spectrophotometric studies at
[HNO3]> 10�2 M

Following the procedure of Boukhalfa et al. [37],
plutonium(IV) chelation was monitored at 296(1) K
by absorption spectrophotometry as a function of
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Table 2

Thermodynamic parameters considered in this work for EDTA4� (L4�) protonation and plutonium(IV) complex formation with nitrates, hydroxides,

and EDTA4�

Reaction Constanta (I¼ 1 M, T¼ 298.2(1) K)

Pu4þþNO3
�# [Pu(NO3)]3þ log b110 �0.4(1) �0.2(1)b

Pu4þþ 2NO3
�# [Pu(NO3)2]2þ log b120 0.5(4) 0.9(4)b

Pu4þþH2O # [Pu(OH)]3þþHþ log b10�1 �0.7(2)

Pu4þþ 2H2O # [Pu(OH)2]2þþ 2Hþ log b10�2 �1.6(3)

Pu4þþ 3H2O # [Pu(OH)3]þ þ 3Hþ log b10�3 �5.0(4)

Pu4þþ 4H2O # Pu(OH)4þ 4Hþ log b10�4 �11.2(5)

L4�þHþ# LH3� log K011 9.80c 10.15d 10.34e

LH3� þHþ# LH2
2� log K012 6.16c

LH2
2� þHþ# LH3

� log K013 2.39c

LH3
�þHþ# LH4 log K014 2.07c

LH4þHþ# LH5
þ log K015 1.33c

LH5
þþHþ# LH6

2þ log K016 �0.03c

Pu4þþ L4�# Pu(L) log b110 25.8(2)f 26.2(4)a

Pu4þþ L4�þH2O # [Pu(L)(OH)]� þHþ log b11�1 21.78(4)g 21.86(1)h

Pu4þþ 2L4�# [Pu(L)2]4� log b120 35.68(4)g 35.70(1)h

Pu4þþ 2L4�þHþ# [Pu(L)2H]3� log b121 42.72(4)g 42.67(1)h

Pu4þþ 2L4�þ 2Hþ# [Pu(L)2H2]2� log b122 45.41(2)g 45.34(1)h

a Unless noted otherwise, the supporting electrolyte is 1 M KNO3.
b Calculated for I¼ 1 M (0.9 M HNO3 + 0.1 M KNO3).
c Calculated for [K+ ]¼ 1 M according to Eq. (9) and the data taken from Ref. [36].
d Calculated for [K+ ]¼ 0.3 M according to Eq. (9) and the data taken from Ref. [36].
e Calculated for [K+ ]¼ 0.1 M according to Eq. (9) and the data taken from Ref. [36].
f I¼ 1 M (0.9 M HNO3 + 0.1 M KNO3), T¼ 296(1) K. Average value of five independent replicates measured by visible absorption

spectrophotometry.
g Arithmetic mean and standard deviation of at least three independent replicates measured by potentiometry. If the error on log b110 is included,

the standard deviation becomes equal to 0.4.
h Value obtained by simultaneous refinement of all potentiometric data corresponding to nine independent titrations. If the error on log b110 is

included, the standard deviation becomes equal to 0.4.
Na2[(EDTA)H2] concentration at fixed nitric acid
concentrations, while maintaining the total ionic
strength constant at 1 M by adding the required amount
of KNO3 ([HNO3]¼ 0.9 M + [KNO3]¼ 0.1 M and
[HNO3]¼ 0.7 M + [KNO3]¼ 0.3 M). The initially
brown solutions turned to a pale orange after addition
of 2.5 equivalents of ligand without appearance of a pre-
cipitate. A typical set of spectra recorded between 400
and 900 nm is depicted in Fig. 1. It shows the progressive
decrease of the characteristic absorption peak of pluto-
nium(IV) nitrato species centered at 476 nm and the con-
comitant appearance of new ones at 451 and 496 nm. The
three bands assigned to free plutonium that appear above
600 nm experience both a bathochromic shift and a hyper-
chromic effect, whereas the feature at 854 nm vanishes
into a broad shoulder upon EDTA addition.

At both nitric acid concentrations, the occurrence of
several isosbestic points suggests a single equilibrium
with only two spectroscopically distinguishable species
(a definite mixture of nitrato species and EDTA-bound
Pu(IV)). This assumption was further confirmed by
factor analysis of the complete multiwavelength data
array with the program Specfit. Subsequent refinement
by nonlinear least-squares of the observed absorbance
data confirmed the hypothesized model that included
the six protonated EDTA species and the Pu(EDTA)
complex. As found previously [37], consideration of
protonated [Pu(EDTA)Hh]h+ or dileptic [Pu(EDTA)2

Hh](4�h)� species did not afford acceptable adjustment,
suggesting that all six donor atoms of a single molecule
are bound to plutonium(IV). The best estimates of
the apparent formation constant b110 at both nitric
acid concentrations were in good agreement
(log b110¼ 25.8(1) and 25.5(1) for [H+ ]¼ 0.9 and
0.7 M, respectively). Moreover, for each titration, iden-
tical values within experimental error were obtained by
fitting the spectrophotometric data either with Hyper-
quad or with Specfit. The arithmetic mean of five inde-
pendent measurements is presented in Table 2, while
Fig. 2 shows the calculated absorption spectra of both
Pu(EDTA) and Pu(IV) in 1 M nitric medium. The char-
acteristic bands of Pu(EDTA) at lmax¼ 451 and 496 nm
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have a molar absorption coefficient of 45.7 and
59.1 M�1 cm�1, respectively.

An additional spectrophotometric control experi-
ment was conducted by titrating equimolar amounts
of plutonium(IV) and Na2[(EDTA)H2] at I¼ 1 M with
molar nitric acid, thus covering the range from [H+ ]
¼ 10�2 down to 0.88 M (data not shown). After correct-
ing the collected absorption spectra for dilution, the sole
spectral evolution that could be detected was related to
the progressive dissociation of the Pu(EDTA) complex
upon acidification below [H+ ] w 0.1 M (100% forma-
tion above), in agreement with the species distribution
calculations (vide infra). However, due to a large dilu-
tion effect and concomitant variation of the K+ concen-
tration over the titration, no attempts to refine these data
were made.

3.2.2. Medium effect corrections of b110

Since the b110 formation constant has been deter-
mined at a fixed total nitrate concentration of 1 M, it
is necessary to take into account the stability of both
[Pu(NO3)]3+ and [Pu(NO3)2]2+ nitrato complexes
(Table 1). Correction of the experimentally measured
apparent value is readily achieved with Eq. (10). Ac-
cordingly, b110 is underestimated by 0.96 logarithmic
unit if the competition of NO3

� anions for plutonium
binding is neglected under the present conditions:

bcor
110¼b110�



1þ10�0:23

�
NO�3

�
þ100:88

�
NO�3

�2
�
ð10Þ

Extrapolation of bcor
110 to zero ionic strength using the

SITapproach is not as straightforward as expected at first
sight. Indeed, the formal description of Pu(EDTA) for-
mation using Eq. (11) has no direct physical meaning,
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Fig. 1. Spectrophotometric titration of Pu(IV) with increasing amounts

of Na2[(EDTA)H2] in aqueous solution. I¼ 1 M ([HNO3]¼
0.9 M + [KNO3]¼ 0.1 M), T¼ 296(1) K, nPu¼ 0.035 mmol, nEDTA¼
0e0.0875 mmol, V0¼ 10.15 mL, l¼ 1 cm. Only one spectrum out of

three is shown for the sake of clarity.
as it does not take into account the effective protonation
state of the ligand interacting with Pu4+ under the real
experimental conditions. Due to the high stability of
the plutonium chelate, spectrophotometric measure-
ments were performed at high acid concentration ([H+ ]
¼ 0.9 M) in a mixed medium composed of HNO3 and
KNO3. It follows that both background electrolytes
have to be considered for estimating the activity coeffi-
cient of EDTA4� according to the SIT expression given
by Eq. (4). While the interaction coefficient 3(K+ ,
EDTA4�)¼ 1.07� 0.19 kg mol�1 is given in the litera-
ture [36], the value for 3(H+ ,EDTA4�) is unavailable and
moreover directly inaccessible from experience:

Pu4þ þEDTA4�# PuðEDTAÞ ð11Þ

Considering a chemical equilibrium involving only
cationic and neutral species (e.g. Eq. (12)) enables to
circumvent most conveniently this problem. Indeed,
the apparent equilibrium constant K* defined by Eq.
(13) can be extrapolated to zero ionic strength (K0*)
using the SIT approach. Expression (17) is obtained
by combining Eqs. (13)e(16), while ignoring the
interaction coefficients for the uncharged species
(3(Pu(EDTA),KNO3) ¼ 3(Pu(EDTA),HNO3) ¼ 0 kg
mol�1). Although Hummel et al. derived the coefficient
3(U(EDTA),NaClO4)¼�(0.19� 0.19) mol kg�1 from
experimental data and recommend to use by analogy
the same value for 3(Np(EDTA),NaClO4) [36], the large
uncertainty together with the dissimilarity in supporting
electrolytes supports our assumption:

Pu4þ þEDTAH2þ
6 # PuðEDTAÞ þ 6Hþ ð12Þ
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Fig. 2. Calculated electronic absorption spectra in aqueous solution

of Pu(IV) (black line, I¼ 1 M (H,K)NO3, T¼ 296(1) K), Pu(EDTA)

(blue line, I¼ 1 M (H,K)NO3, T¼ 296(1) K), and [Pu(EDTA)(OH)]�

(red line, I¼ 1 M KNO3, T¼ 298.2(1) K). (For interpretation of the

references to color in this figure legend, the reader is referred to the

web version of this article.)
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K	 ¼
½PuðEDTAÞ�

�
Hþ
�6

�
Pu4þ��EDTAH2þ

6

� ð13Þ

log gHþ ¼ �Dþ 3
�
Hþ;NO�3

�
mNO�

3
ð14Þ

loggPu4þ ¼�16Dþ3
�
Pu4þ;NO�3

�
mNO�

3
z�16D

þ3
�
Th4þ;NO�3

�
mNO�

3
ð15Þ

loggEDTAH2þ
6
¼�4Dþ3

�
EDTAH2þ

6 ;NO�3
�
mNO�

3
ð16Þ

logK0	 ¼ logKm	þ14Dþ
�
63
�
Hþ;NO�3

�
�3
�
Pu4þ;NO�3

�
�3
�
EDTAH2þ

6 ;NO�3
��

mNO�
3

ð17Þ

K0	 ¼ b0
110

b0
016

ð18Þ

It can then be easily shown that the sought b0
110 value

is related by Eq. (18) to K0* and to the corresponding
overall protonation constant b0

016, available from the
NEAeTDB review ðlog b0

016 ¼ 24:22� 0:23Þ [36]. To
convert K* from the molarity into the molality concen-
tration scale (Km*) with relation (5), it was necessary to
know the density (r) of the supporting electrolyte solu-
tion. Since no value for r could be found in the litera-
ture, the density of a 0.9 M HNO3 and 0.1 M KNO3

mixture (average molecular weight of 0.06682
kg mol�1) was experimentally determined by weighing
100 mL of this solution in a calibrated volumetric flask.
The measured weights were also corrected for the buoy-
ancy effect. The average of eight replicates yields
r¼ 1.0343(4) kg dm�3 at 22.5(5) �C, which is in good
agreement with the approximation given by the method
of Young and Smith (r¼ 1.042 kg dm�3) based on col-
ligative properties of single electrolytes [60,61].

Applying this procedure to the reaction between Pu4+

and EDTAH6
2+ , EDTAH5

+ or EDTAH4 affords three
values for log b0

110 that are consistent within 0.05 loga-
rithmic unit. The mean value ðlog b0

110 ¼ 32:2ð3ÞÞ was
retained and used to estimate the apparent equilibrium
constant valid at I¼ 1 M KNO3 required for processing
the potentiometric data (log b110¼ 26.2(4)). All the spe-
cific interaction coefficients involved in these calcula-
tions were retrieved from Ref. [36]: 3(H+ ,NO3

�)¼ 0.07�
0.01, 3(Th4+ ,NO3

�)¼ 0.11� 0.02, 3(EDTAH6
2+ ,NO3

�)¼
�(0.20� 0.16), 3(EDTAH5

+ ,NO3
�)¼�(0.23� 0.15),

3(EDTAH4,KNO3)¼�(0.29� 0.14), 3(K+ ,EDTA4�)
¼ 1.07� 0.19, and 3(K+ ,NO3

�)¼�(0.130� 0.002)
kg mol�1.

3.2.3. Potentiometric studies at [HNO3]< 10�2 M
If Pu(EDTA) is the only species formed up to pH 2, a

number of hydrolyzed [Pu(EDTA)(OH)h]h� (h¼ 1e3)
and dileptic [Pu(EDTA)2Hh](4�h)� complexes has
been proposed to appear at higher pH values [28,37].
Therefore, potentiometric titrations were performed
between pH 1.8 and w10 at three different metal-
over-ligand molar ratios (1:1, 1:1.5, and 1:2). The shape
differences of the pH-metric titration curves shown in
Fig. 3 confirm this behavior. However, appearance of
precipitates precluded the investigation of the higher
pH region.

Although special care was taken to allow enough
time between each addition of a base increment to reach
a stable potential reading, green precipitates could be
observed when solutions were allowed to stand over-
night even at pH values higher than 7e8, indicating
some very slow hydrolysis. This observation prompted
us to analyze the potentiometric data collected for
a given Pu:EDTA molar ratio according to an iterative
process sought to ensure internal consistency of the fi-
nal model. In the first step, the entire data sets were pro-
cessed by the nonlinear squares refinement program
Hyperquad. Once the optimal fit was obtained, distribu-
tion curves were calculated as a function of pH with the
program Hyss using the same concentrations and best
estimates of the equilibrium constants retrieved from
Hyperquad, but taking also into account the solubility
product of Pu(OH)4(am). This procedure allowed to pre-
dict the pH value at which insoluble plutonium hydrox-
ide should start to precipitate out. Consequently, all
points recorded under pseudo-equilibrium conditions
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Fig. 3. Potentiometric titration curves for the Pu(IV)eEDTAH4

system using standardized 0.100 M KOH as base. I¼ 1 M KNO3,

T¼ 298.2(1) K, nEDTA¼ 0.10 mmol (black line), nPu¼ nEDTA¼
0.05 mmol (blue line), nPu¼ 0.05 mmol, nEDTA¼ 0.10 mmol (red

line). Data corresponding to the dotted section were excluded in

the final refinement cycle due to the precipitation of Pu(OH)4(am).

(For interpretation of the references to color in this figure legend,

the reader is referred to the web version of this article.)
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were excluded and the truncated data set reanalyzed in
the same way until convergence was reached.

Following this conservative procedure, reliable data
for a 1:1 molar ratio ([Pu]tot¼ [EDTA]tot¼ 4.67 mM)
are restricted to a rather narrow pH range (1.8e3.5)
where formation of [Pu(EDTA)(OH)]� occurs exclu-
sively (Table 2). No evidence for any higher order
hydroxide was found in this region, although the pres-
ence of a third inflection point in the titration curve cor-
responding to 4 equivalents of added base suggests the
appearance of a second hydrolysis product above pH 6
[37], which has not been considered in the present work
based on the abovementioned arguments.

At a 1:2 molar ratio, precipitation was predicted to
spoil the titration data at pH values higher than 6.5
(vide infra). The best fit was obtained by taking into
account three dileptic complexes of formula
[Pu(EDTA)2Hh](4�h)� (h¼ 0e2), while fixing the pre-
viously found equilibrium constants b110 and b11�1 in
addition to the protonation constants of EDTA4�

(b01h, h¼ 1e6) as well as the hydrolysis constants of
plutonium hydroxide (b01�y, y¼ 1e4). To further as-
certain the internal consistency of our model, the data
sets corresponding to a 1:1 molar ratio were reanalyzed
by maintaining the estimates of b12h constant and reop-
timizing b11�1. When a slightly different value was
found, this procedure was repeated until convergence
to a unique set of equilibrium constants. The final
values corresponding to the average of three experi-
ments are summarized in Table 2. Since both mono-
and bis-EDTA chelates are prevailing in the distribution
diagram computed at a 1:1.5 molar ratio, this cyclic ap-
proach proved to be particularly valuable. Finally, all
the nine independent titration curves were merged
into a single file and a global fitting of the whole set
of potentiometric data was attempted in order to check
the robustness (i.e. presence of minor species) of the
proposed model. As expected, the simultaneously
refined values of b11�1, b120, b121, and b122 were in ex-
cellent agreement with the averages derived from sin-
gle-curve modeling (Table 2), although lower errors
were returned by the global fitting routine. Standard
deviations (sN�1) of the arithmetic means reported in
Table 2 might reflect more accurately the real experi-
mental error.

Species distribution diagrams for both 1:1 and 1:2
molar ratios shown in Fig. 4 were generated with the
thermodynamic parameters summarized in Tables 1
and 2 for I¼ 1 M KNO3. The chemical model included
the five [Pu(EDTA)lHh](4�4l+ h)+ complexes character-
ized so far, the six protonated species of EDTA4�,
the four [Pu(OH)h](4�h)+ (h¼ 1e4) and the two
[Pu(NO3)y]
(4�y)+ (y¼ 1, 2) complexes, as well as the

possibly precipitating solid phase Pu(OH)4(am). These
speciation calculations highlight the strong propensity
of plutonium(IV) to hydrolyze and to fall out as the in-
soluble tetrahydroxide, even at moderately low proton
concentrations. In equimolar conditions, Pu(EDTA) is
the only species present over the pH range 0.8e2, while
the molar fraction of [Pu(EDTA)(OH)]� is close to
reach its maximum at pH values where Pu(OH)4(am)

starts to precipitate. The higher hydrolyzed complexes
[Pu(EDTA)(OH)h]h� (h¼ 2e3) evoked in the literature
[28,37] were not considered in the present work as
these might form only above the saturation limit of
Pu(OH)4(am) under the present experimental conditions.
Hence, the species distribution shown in Fig. 4a might
not be representative of the exact situation above pH
3.5. In the presence of a twofold excess of EDTA, mil-
limolar amounts of plutonium(IV) are maintained in
solution at least up to pH 6.5, as a direct consequence
of the formation of [Pu(EDTA)2H2]2� but mainly of
[Pu(EDTA)2H]3�, which is the predominant species
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Fig. 4. Speciation diagrams for the Pu(IV)eEDTAH4 system.

I¼ 1 M KNO3, T¼ 298.2(1) K. (a) [Pu(IV)]tot¼ [EDTA]tot¼
2.5 mM, (b) 2 [Pu(IV)]tot¼ [EDTA]tot¼ 5 mM.
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between pH 3.5 and 6.5. The fully deprotonated dileptic
[Pu(EDTA)2]4� species starts to appear around pH 5 as
suggested by Boukhalfa et al. [37]. For both molar ra-
tios, none of the soluble [Pu(OH)y]

(4�y)+ hydroxide is
formed in any appreciable amount, while [Pu(NO3)2]2+

is the only form of free plutonium present at very high
H3O+ concentrations, albeit in a small proportion that
does not exceed 20% in 1 M nitric acid.

3.2.4. Spectrophotometric studies at
[HNO3]< 10�2 M

The hydrolysis of the Pu(EDTA) chelate has also
been studied by visible absorption spectrophotometry
from pH 1.5 to 3.8. A representative set of raw spectra
is displayed in Fig. 5. Besides an overall decrease of the
optical density due in part to dilution, the most promi-
nent changes of the spectral morphology concern the
absorption band centered at 496 nm that undergoes a hy-
pochromic effect together with a slight bathochromic
shift. Since the [Pu(OH)y]

(4�y)+ (y¼ 1e4) hydroxo
complexes do not form in any appreciable amount,
these species were excluded from the model used to
fit simultaneously the potentiometric and spectrophoto-
metric data with Hyperquad and Specfit. Moreover, it
has recently been shown that the normalized absorption
spectra of at least the first and the second hydroxo com-
plex do not differ from those of the hydrated Pu4+ ion in
0.5 M (H,Na)Cl [13]. The average value of the first hy-
drolysis constant of Pu(EDTA) from two independent
measurements (log b11�1¼ 21.79(1)) is in excellent
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Fig. 5. Spectrophotometric titration of Na2[(EDTA)H2] in the pres-

ence of Pu(IV) as a function of pH in aqueous solution. I¼ 1 M

KNO3, T¼ 298.2(1) K, [Pu(IV)]tot¼ 4.67 mM, [EDTA]tot¼ 4.67

mM, [KOH]¼ 0.100 M, V0¼ 10.713 mL, l¼ 1 cm. Spectra 1e10:

pH¼ 1.55 (Vb¼ 0 mL), 1.58 (Vb¼ 0.483 mL), 1.62 (Vb¼
0.983 mL), 1.69 (Vb¼ 1.484 mL), 1.76 (Vb¼ 1.984 mL), 1.84

(Vb¼ 2.485 mL), 1.93 (Vb¼ 2.986 mL), 2.05 (Vb¼ 3.486 mL), 2.23

(Vb¼ 4.087 mL), 2.39 (Vb¼ 4.488 mL).
agreement with the potentiometric value reported in
Table 2, while the calculated absorption spectrum of
[Pu(EDTA)(OH)]� is included in Fig. 2.

As suggested by the potentiometric studies and dis-
tribution diagrams, three dileptic complexes can form
in solutions containing 2 equivalents of EDTA. In an at-
tempt to better characterize these species and their
formation equilibria, additional measurements were
performed using visible absorption spectrophotometry.
The evolution of the electronic spectra as a function
of increasing pH for a 1:2 Pu(IV):EDTA mixture shown
in Fig. 6 is consistent with the conversion of Pu(EDTA)
into new complexes, as evidenced by the progressive
disappearance of the characteristic band at 496 nm
and concomitant growth of a new peak at 505 nm.
Morphological changes can also be observed in the
650e700 nm range, where the absorption manifold
undergoes a much larger hypochromic effect than ex-
pected from dilution alone. Although the spectra seem
to cross around 500 nm, a closer examination of this re-
gion reveals the absence of a genuine isosbestic point,
as would be expected for a single equilibrium involving
two absorbing species. The complex spectral behavior
between 400 and 500 nm definitively rules out the latter
possibility. From the nonmonotonous absorption profile
extracted at l¼ 505 nm, the occurrence of at least three
different absorbing species can be postulated.

This qualitative interpretation was further substan-
tiated by singular value decomposition of the absorption
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Fig. 6. Spectrophotometric titration of Na2[(EDTA)H2] in the pres-

ence of Pu(IV) as a function of pH in aqueous solution. I¼ 1 M

KNO3, T¼ 298.2(1) K, [Pu(IV)]tot¼ 3.08 mM, [EDTA]tot¼ 6.17

mM, [KOH]¼ 0.100 M, V0¼ 16.213 mL, l¼ 1 cm. Spectra 1e13:

pH¼ 1.70 (Vb¼ 0 mL), 1.84 (Vb¼ 0.983 mL), 1.98 (Vb¼
1.984 mL), 2.15 (Vb¼ 2.485 mL), 2.30 (Vb¼ 2.986 mL), 2.39

(Vb¼ 3.236 mL), 2.64 (Vb¼ 3.737 mL), 2.91 (Vb¼ 4.087 mL), 3.16

(Vb¼ 4.287 mL), 3.61 (Vb¼ 4.988 mL), 4.21 (Vb¼ 4.588 mL), 5.98

(Vb¼ 4.688 mL), 6.63 (Vb¼ 4.788 mL).
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matrix, which enabled to identify at least three statisti-
cally significant eigenvalues. Nonlinear least-squares
adjustment using Hyperquad and Specfit provided the
following values, log b121¼ 42.76(1) and log b122¼
45.33(1), which agree very well with those reported in
Table 2. However, the formation constant b120 pertain-
ing to [Pu(EDTA)2]4� could not be determined because
of the low number of spectra at pH values close to 6.5
and low degree of formation of the species (vide infra).
The electronic absorption spectra of both protonated
complexes are displayed in Fig. 7. Characteristic bands
are located at lmax¼ 453 (3¼ 75.0 M�1 cm�1) and
504 nm (3¼ 96 M�1 cm�1) for [Pu(EDTA)2H]3� and
lmax¼ 451 (3¼ 50.2 M�1 cm�1), 495 nm (3¼ 47.1
M�1 cm�1), and 503 nm (3¼ 55.0 M�1 cm�1) for
[Pu(EDTA)2H2]2�. Uptake of a second proton by
[Pu(EDTA)2H]3� gives rise to the splitting into a doublet
of the most intense band, which is accompanied by
a hypochromic effect, as evidenced by an approxi-
mately twofold decrease of the extinction coefficient.
As a general trend, the spectra undergo both a slight
bathochromic shift and hyperchromic effect following
the sequence Pu(EDTA), [Pu(EDTA)2H2]2�, and
[Pu(EDTA)2H]3�. Compared to the free plutonium ab-
sorption spectrum, which corresponds to a mixture of
mono- and dinitrato complexes, the disappearance of
the absorption feature centered at 476 nm upon com-
plex formation is a clear indication that at least one
and most probably both nitrate anions are displaced
by the polyaminocarboxylic chelator. Furthermore,
the strong electric field imposed by the bound EDTA4�
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Fig. 7. Calculated electronic absorption spectra in aqueous solution

of Pu(IV) (black line, T¼ 296(1) K, I¼ 1 M (H,K)NO3), Pu(EDTA)

(blue line, T¼ 296(1) K, I¼ 1 M (H,K)NO3), [Pu(EDTA)2H2]2�

(red line, T¼ 298.2(1) K, I¼ 1 M KNO3), and [Pu(EDTA)2H]3�

(magenta line, T¼ 298.2(1) K, I¼ 1 M KNO3). (For interpretation

of the references to color in this figure legend, the reader is referred

to the web version of this article.)
ligand might explain greater transition probabilities for
these forbidden 5fe5f transitions and thus the higher
absorption intensities [4].

4. Discussion

EDTA4� is a hexadentate chelator, which exhibits an
extraordinary affinity for tetravalent plutonium. Table 3
summarizes the thermodynamic data available in the
open literature. Based on the almost nine orders of mag-
nitude span for b110 (the range reduces to two orders if
the apparent values of Foreman and Smith at pH¼ 3.3
are ignored [31,32]), it becomes obvious that the pre-
viously reported formation constants of Pu(EDTA) are
essentially unreliable. The high discrepancies might
not be unexpected owing to the experimental difficulties
inherent to plutonium chemistry and to the graphical in-
stead of computerized data processing used in early
studies. Moreover, as outlined in the NEAeTDB vol-
ume dedicated to EDTA complexes [36], the reviewer
panel could identify numerous shortcomings. Among
them, plutonium hydrolysis and some highly protonated
forms of EDTA were ignored by Foreman and Smith
[31,32], although Klygin et al. [62] and later Krot
et al. [63] reevaluated the original data while consider-
ing the neglected EDTAH5

+ and EDTAH6
2+ species.

Other deficiencies include the use of auxiliary equilib-
rium constants that were uncorrected for medium
effects, the negligence of competitive plutonium bind-
ing by anions from the background electrolyte, or the
failure to report essential experimental parameters
(values of the protonation constants, temperature, cali-
bration procedure of the pH electrode.) [33,34,62].

Although the results of Boukhalfa et al. [37] have not
been critically evaluated by Hummel et al. [36], it can
be pointed out that no efforts have been made to use
NEA selected auxiliary constants for plutonium hydro-
lysis and EDTA4� protonation (b01h values at I¼ 0.1 M
were retrieved from the compilation of Smith and Mar-
tell [64]). Moreover, background electrolytes differing
in nature and concentration were used without taking
the resulting medium effects into account. Accordingly,
b110 was determined by spectrophotometry at I¼ 1 M
in 0.9 M HClO4 with 0.1 M NaCl (log b110¼ 26.4(2)),
whereas the other equilibrium constants reported in
Table 3 were measured by glass-electrode potentiom-
etry at I¼ 0.1 M using NaNO3 as supporting electro-
lyte. Considering the rather low NaCl concentration
and the weak stability of the chloro complexes
(log b110¼ 0.3(3) for [PuCl]3+ [10,12]), the influence
of chlorides is predicted to be almost insignificant
ðlog bcor

110 ¼ 26:5ð2ÞÞ. Most recently, the same authors
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Summary of

Reaction

[34] [33] [31] [32]

Pu4þþ L4�# 25.6(6)d 26.0(5)e 17.66f 17.10g

24.2(1)i
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b Value ext
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g I¼ 0.1 M
h Value ext
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the equilibrium constants reported in the literature for the plutonium(IV)eEDTA system

Reference

This work [37] [28]

Pu(L) log b110 25.8(2)a 32.2(3)b 26.4(2)c

32.7(3)h

Hþ# [Pu(L)H]þ log b111

H2O # [Pu(L)(OH)]�þHþ log b11�1 21.9(4)k 22.5(5)l 22.0(1)m 22.4(

2H2O # [Pu(L)(OH)2]2� þ 2Hþ log b11�2 15.3(1)m 16.8(

3H2O # [Pu(L)(OH)3]3� þ 3Hþ log b11�3 7.8(

# [Pu(L)2]4� log b120 35.7(4)k 36.4(5)l 35.4(2)m

þHþ# [Pu(L)2H]3� log b121 42.7(4)k 43.3(5)l 42.8(1)m

þ 2Hþ# [Pu(L)2H2]2� log b122 45.3(4)k 46.0(5)l

þ 3Hþ# [Pu(L)2H3]� log b123 47(1)m

0.9 M HNO3 + 0.1 M KNO3), T¼ 296(1) K.

rapolated to I¼ 0 M using the SIT model, T¼ 296(1) K.

0.9 M HClO4 + 0.1 M NaCl), T¼ 298 K, visible absorption spectrophotometry.

NaClO4, pH¼ 2.2, T¼ 293(1) K, polarography.

HNO3, T¼ 291(3) K, solubility measurements.

KCl, pH¼ 3.3, T¼ 293.0(2) K, cation exchange measurements.

KCl, pH¼ 3.3, T¼ ?, visible absorption spectrophotometry.

rapolated to I¼ 0 M using the SIT model, reported by Boukhalfa et al. in Ref. [38].

NO3, T¼ ?, visible absorption spectrophotometry. This value was later corrected by Klygin et al. (log b110¼ 26.15)

and (EDTAH5
+ + EDTAH6

2+ ), respectively. These major species at [H+ ]¼ 1 M, were neglected by Foreman and

NaClO4, T¼ 293(1) K, visible absorption spectrophotometry.

NO3, T¼ 298.2(1) K, potentiometry (global fit). The standard deviation includes the error on log b110.

rected for the formation of nitrato complexes in 1 M KNO3 using bcor
1lh ¼ b1lh � ð1þ 10�0:43½NO�3 � þ 100:50½NO�3

u(EDTA) and nitrato complexes.

NaNO3, T¼ 298 K, potentiometry.

rapolated to I¼ 0 M using the Pitzer ion-interaction model, T¼ 296(2) K.
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have published a revised value for log b110¼ 27.3(2)
[38], but provided no justification for the one-order-
of-magnitude difference between the new and the
original values. In an attempt to correct b110 for me-
dium effects, other than those due to Cl�, that should
impact much more the equilibria, they have extrapo-
lated the overall formation constant to zero ionic
strength with the SIT approach. Although the calcula-
tions were oversimplified (cf. Section 3.2.2) by assim-
ilating the effective medium to a 1 M NaClO4

solution, the proposed value (log b0
110¼ 32.7(3)) is

in fair agreement with ours (log b0
110¼ 32.2(3)).

In addition to the great disparity of the overall bind-
ing constant for Pu(EDTA), the solution chemistry with
respect to the identity of the formed species is still a mat-
ter of debate [28,37]. Foreman and Smith inferred from
potentiometric titrations the formation of partially
hydrolyzed mono- ([Pu(EDTA)(OH)]�) and bimetallic
chelates ([Pu2(EDTA)(OH)2]2+ ), but without quoting
any stability constant [31]. However, their results are
unreliable, because hydrolysis of free plutonium was
ignored. Cauchetier and Guichard claimed the forma-
tion of a monoprotonated [Pu(EDTA)H]+ complex
(log K111¼ 2.6(2)), but found no evidence of hydro-
lyzed [Pu(EDTA)(OH)h]h� species [34]. In contrast,
they were considered by Rai et al. (h¼ 1e3) for inter-
preting the solubility data of PuO2(am) suspensions in
NaCl solutions containing known quantities of EDTA
varying between 10�5 and 9� 10�2 M [28]. These au-
thors corrected all equilibrium constants for ionic
strength effects using the Pitzer ion-interaction model.
Besides the formation of monochelates, partially proton-
ated bis-EDTA complexes have also been documented,
albeit only very recently [37]. Their late discovery is
somewhat surprising, as a single molecule is obviously
unable to fulfill the stereochemical demand of large cat-
ions such as Pu4+ , which can accommodate from 8 to 12
donor atoms in the first coordination sphere [24,65]. It
can therefore be anticipated that the remaining solvent
molecules bound to the metal center in Pu(EDTA) can
be displaced by a second molecule, thus affording dilep-
tic species when the ligand is in excess.

One of the main aims of the present work was to
escape from the aforementioned shortcomings. Hence,
all experiments were performed with the same support-
ing electrolyte system, namely 1 M (H,K)NO3, the most
up-to-date thermodynamic parameters available from
the NEAeTDB reviews were considered, and medium
corrections were applied using the SIT approach when
required. Considering the extreme propensity of pluto-
nium(IV) to hydrolyze and to form most insoluble
amorphous Pu(OH)4(am), special care was taken with
respect to these phenomena in order to minimize sys-
tematic errors. Slow kinetics, especially with respect
to hydrolysis, represents an additional source of such er-
rors. Therefore, it is of outmost importance to exclude
spoiled data points from the refinement process. Since
insoluble species cannot be taken into account in the
chemical model used to fit the equilibrium constants,
it is advisable to perform separate speciation calcula-
tions and to check thereby the possible precipitation
of a solid phase. Following this conservative approach,
it can be shown that Pu(OH)4(am) appears at pH values
where no significant instability in potential readings
or turbidity of the solution can be visually detected dur-
ing the course of a potentiometric or spectrophotome-
tric titration, although slow precipitation can occur
after several hours or days of standing.

Noteworthy, the first stepwise hydrolysis constant
found herein (log K11�1¼ 4.3(4)) is in perfect agree-
ment with that reported by Boukhalfa et al. [37]. How-
ever, these authors were probably not aware of the
aforementioned complications and so they modeled
their potentiometric data up to pH 7.5. Based on the
presence of a third inflection point in the titration curve,
they proposed the formation of an additional hydroxo
complex, [Pu(EDTA)(OH)2]2� (log K11�2¼ 6.66).
Nonetheless, when the latter value and the solubility
product of Pu(OH)4(am) are also implemented into the
chemical model given in Table 2, speciation calcula-
tions performed under the experimental conditions
used by Boukhalfa et al. ([Pu(IV)]tot¼ [EDTA]tot¼
25 mM) show that the maximal proportion (amax) of
[Pu(EDTA)(OH)2]2� does not exceed 3% at pH 7.3,
while other predominant species are [Pu(EDTA)(OH)]�

(amax¼ 24% at pH 4.2), [Pu(EDTA)2H]3� (amax¼
44% at pH 5.6), and [Pu(EDTA)2]4� (amax¼ 27% at
pH 7.4). Whereas the solid Pu(OH)4(am) still starts to
fall out at a pH value close to 3.5, the simulated titration
curve also shows a third inflection point, but it cor-
responds to the precipitation of the entire amount of
plutonium around pH 9 and not to the second hydrolysis
of Pu(EDTA). Occurrence of precipitates is an obvious
limitation of the potentiometric technique, which
should be systematically tracked in order to avoid mis-
interpretations. Therefore, the work by Rai et al., who
performed careful solubility measurements of amor-
phous PuO2 as a function of pH ranging from 1 to
13.5 [28], is pertinent and should be considered as the
only reliable proof of the existence of such hydroxyl-
ated species. However, these authors could get a better
fit of their data at pH values lower than 3 by assuming
the formation of [Pu(EDTA)(OH)]� instead of
Pu(EDTA) and thus neglected the latter species.
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If the present study confirms the formation of
bis-EDTA complexes first suggested by Boukhalfa
et al. [37], a discrepancy remains as far as their
exact protonation state is concerned. They reported
stability constants for [Pu(EDTA)2]4� (log b120¼
35.4(2)), [Pu(EDTA)2H]3� (log b121¼ 42.8(1)), and
[Pu(EDTA)2H3]� (log b123¼ 47(1)), but not for
[Pu(EDTA)2H2]2�. Although there are some precedents
in the literature for ‘‘missing’’ complexes in a stepwise
sequence [2], such behavior is seldom and was attrib-
uted to two overlapping equilibria that could not be re-
solved. No evidence for [Pu(EDTA)2H3]� was found in
the present study as the potentiometric data could be ad-
justed by considering only the mono- and diprotonated
dileptic EDTA complexes. However, applying the trun-
cation method outlined above, only a limited number of
data points reflect the formation of [Pu(EDTA)2]4�, and
therefore no realistic absorption spectrum could be
computed for this species.

Linear Free-Energy Relationships (LFER) provide
an other mean to corroborate the reliability of the b0

110

value derived herein, since it is now well recognized
that tetravalent actinides follow the same trends along
the series Th4+ , U4+ , Np4+ , and Pu4+ [7]. As an exam-
ple, a linear correlation is obtained by plotting on bilog-
arithmic scales the formation constants of EDTA4�

complexes (b110) as a function of the first hydrolysis
constant (b10�1) of the corresponding metals, which
holds not only for trivalent lanthanides, but also for
tri- and tetravalent actinides [37], highlighting the elec-
trostatic nature (i.e. ionic character) of the binding inter-
action. As the most acidic cation, Pu4+ possesses also
the highest affinity for EDTA4�. Based on these consid-
erations, a linear dependence of log b0

110 values with the
charge density of the metal ion (z2/ri) or with the recip-
rocal of the ionic radius (1/ri) might be anticipated. The
Born theory provides a theoretical background for these
empirical relationships for cations of same charges. To
draw Fig. 8, formation constants at zero ionic strength
for the uranium(IV) ðlog b0

110 ¼ 29:5ð3ÞÞ and neptuniu-
m(IV) ðlog b0

110 ¼ 31:4ð6ÞÞ complexes of EDTA4�

were taken from the NEAeTDB review [36]. For thoriu-
m(IV), the IUPAC [5,66] and NIST [2] recommended
value of Schwarzenbach et al. (log b110¼ 23.2(1),
I¼ 0.1 M KNO3, T¼ 293 K) [67] has been corrected
for [Th(NO3)]3� formation (log b110¼ 1.22(3), I¼ 2 M
H(NO3,ClO4) [68]; log b0

110 ¼ 2:8ð2Þ) and extrapolated
to zero ionic strength to afford log b0

110 ¼ 27:5ð1Þ. The
excellent alignment of the log b0

110 values for the four
An(EDTA) complexes as a function of 1/ri for ionic radii
corresponding to a coordination number equal to eight
[69] confirms the preponderance of electrostatic
interactions and provides additional confidence for the
accuracy and consistency of the Pu(EDTA) binding con-
stant measured in this work.

Besides electrostatic interactions, several other fac-
tors might affect the stability of actinide(IV) complexes,
such a steric and stereochemical constrains, chelate ring
sizes, coordination numbers, degree of covalency.
Hence, it is often useful to correlate the Gibbs free
energy of complexation pertaining to two different
metal cations for a given ligand set. As an example,
the thorium(IV) and plutonium(IV) binding constants
at infinite dilution for a number of negatively charged
donors encompassing monodentate and bidentate an-
ions and ligands by higher denticity such as EDTA4�

and the related complexones CDTA4� and DTPA5�

[70], are compared in Fig. 9. Similar log b0
110PuðIVÞ

vs. log b0
110AnðIVÞ plots were obtained when U4+ or

Np4+ was considered as the metal of reference. Note-
worthy, the slope of the regression lines is tending to-
wards unity as the reference actinide is becoming
closer to plutonium. According to these LFERs, the
strain energy that could result from the formation of
five-membered chelate rings around the metal center
does not affect the binding free energy for polyamino-
carboxylate ligands like EDTA4�. Although no struc-
tural data are currently available for Pu(EDTA), the
linear plots in Figs. 8 and 9 suggest similar coordination
geometries for the various An4+ cations. A search of the
Cambridge Structural Database [71] returned the atomic
coordinates of only two actinide(IV) complexes of
EDTA4�, namely the isomorphous trisguanidinium salts
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of [U(EDTA)F3]3� and [Th(EDTA)F3]3� [72]. The
coordination polyhedron is best described as a slightly
distorted square antiprism with one nitrogen atom
capping the (F,O,N,O) face, while the ethylenediamine
fragment adopts a gauche conformation. All essential
structural features of the uranium and thorium complexes
are reminiscent of those formed with the trivalent lantha-
nides. However, coordination numbers as high as 12 have
been reported for plutonium [73], and therefore other
stereochemical arrangements of the ligand and water
molecules in the first coordination sphere can be antici-
pated, which could also account for the formation of
the protonated dileptic species.

5. Conclusion

Although several authors have investigated the
Pu(IV)eEDTA system during the last 50 years, all of
these studies failed to produce reliable data, not only
with respect to the stability of the formed species, but
also with respect to their identity. The nonobservance
of strictly controlled experimental conditions provides
the most obvious explanation for this situation. To over-
come this pitfall, data were acquired with great care as
far as the plutonium disproportionation, formation
kinetics, and Pu(OH)4(am) precipitation are concerned.
Combining absorption spectrophotometric and high-
precision potentiometric measurements with a global
data refinement procedure, that progressively eliminates
data points recorded under pseudo-equilibrium condi-
tions due to the slow precipitation of the highly insoluble
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Pu(OH)4(am) phase enabled to propose a new set of
NEAeTDB compliant equilibrium constants.

Because of its relevance to the nuclear industry, a nitric
medium was chosen to revise the binding equilibria at
a constant ionic strength of 1 M using KNO3 and HNO3

as supporting electrolytes. Under these conditions, the ex-
istence of at least five plutonium(IV) chelates of EDTA4�

could be ascertained and their apparent formation constants
derived. Their respective formation domain was deduced
from speciation calculations by taking into account the
most recent value of the solubility product recommended
for Pu(OH)4(am). For the first time also, the electronic ab-
sorption spectra for four of these complexes, namely
Pu(EDTA), [Pu(EDTA)(OH)]�, [Pu(EDTA)2H]3�, and
[Pu(EDTA)2H2]

2�, could also be calculated. However,
a deficit of reliable data at pH values close to the neutrality
did not enable to extract a realistic visible absorption
profile for the fifth one, [Pu(EDTA)2]

4�. Following the
recommendations of IUPAC and NEAeTDB, the experi-
mental formation constant found for Pu(EDTA) was ex-
trapolated to zero ionic strength by applying the specific
ion interaction theory ðlog b0

110 ¼ 32:2ð3ÞÞ. This estimate
compares favorably well with the value predicted from lin-
ear free-energy relationships and conforms to the trend
found for the complexation of tetravalent post-plutonium
actinides (U4+ , Th4+ , and Np4+) not only by EDTA4�,
but also by other polyaminocarboxylates, such as CDTA4�

and DTPA5�. Thermodynamic studies related to the latter
two ligands will be published in due course. As expected,
the main factor responsible for the stability of Pu(EDTA)
is related to the most favorable electrostatic interactions
between the metal and the ligand of opposite charge.

Acknowledgments

This research was sponsored by the ‘‘Commissariat à
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seignement supérieur et à la Recherche’’. R.B. is also
indebted to the ‘‘Conseil régional de Bourgogne’’ for
granting a PhD fellowship.

References

[1] H. Flaschka, EDTA Titrations: An Introduction to Theory and

Practice, second ed., Pergamon Press, Oxford, 1964.

[2] A.E. Martell, R.M. Smith, R.J. Motekaitis, NIST Critically Selected

Stability Constants of Metal Complexes Database, ver. 8.0, NIST

Standard Reference Database No. 46, Gaithersburg, MD, 2004.



946 M. Meyer et al. / C. R. Chimie 10 (2007) 929e947
[3] G.R. Choppin, P. Thakur, J.N. Mathur, Coord. Chem. Rev. 250

(2006) 936.

[4] J.M. Cleavland, The Chemistry of Plutonium, American Nu-

clear Society, La Grange Park, IL, 1979.

[5] G. Anderegg, Critical Survey of Stability Constants of EDTA

Complexes, in: IUPAC Chemical Data Series No. 14, Pergamon

Press, Oxford, 1977.

[6] G. Anderegg, F. Arnaud-Neu, R. Delgado, J. Felcman,

K. Popov, Pure Appl. Chem. 77 (2005) 1445.

[7] G.R. Choppin, M.P. Jensen, in: L.R. Morss, N.M. Edelstein,

J. Fuger (Eds.), The Chemistry of the Actinide and Transacti-

nide Elements, vol. 4, Springer Verlag, Dordrecht, The Nether-

lands, 2006, p. 2524.

[8] H. Capdevila, P. Vitorge, Radiochim. Acta 82 (1998) 11.

[9] V. Neck, J.I. Kim, Radiochim. Acta 89 (2001) 1.

[10] R.J. Lemire, J. Fuger, H. Nitsche, P. Potter, M.H. Rand,

J. Rydberg, K. Spahiu, J.C. Sullivan, W.J. Ullman, P. Vitorge,

H. Wanner, Chemical Thermodynamics of Neptunium and Plu-

tonium, in: Chemical Thermodynamics Series, vol. 4, Elsevier,

Amsterdam, 2001.

[11] J. Rothe, M.A. Denecke, V. Neck, R. Müller, J.I. Kim, Inorg.

Chem. 41 (2002) 249.

[12] R. Guillaumont, T. Fanghänel, J. Fuger, I. Grenthe, V. Neck,

D.A. Palmer, M.H. Rand, Update on the Chemical Thermody-

namics of Uranium, Neptunium, Plutonium, Americium and

Technetium, in: Chemical Thermodynamics Series, vol. 5,

Elsevier, Amsterdam, 2003.

[13] C. Walther, H.R. Cho, C.M. Marquardt, V. Neck, A. Seibert,

J.I. Yun, T. Fanghänel, Radiochim. Acta 95 (2007) 7.

[14] J.C. Hindman, in: G.T. Seaborg, J.J. Katz, W.M. Manning

(Eds.), The Transuranium Elements, John Wiley and Sons,

New York, 1949, p. 388.

[15] J.L. Ryan, J. Phys. Chem. 64 (1960) 1375.

[16] P.G. Allen, D.K. Veirs, S.D. Conradson, C.A. Smith,

S.F. Marsh, Inorg. Chem. 35 (1996) 2841.

[17] K.D. Veirs, C.A. Smith, J.M. Berg, B.D. Zwick, F.S. Marsh,

P. Allen, S.D. Conradson, J. Alloys Compd. 213e214 (1994) 328.

[18] J.M. Berg, D.K. Veirs, R.B. Vaughn, M.R. Cisneros,

C.A. Smith, Appl. Spectrosc. 54 (2000) 812.

[19] L.M. Toth, J.T. Bell, H.A. Friedman, Radiochim. Acta 49

(1990) 193.
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