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Abstract

A comprehensive literature review of thermodynamic data for compounds and complexes of actinides with oxalate, citrate,
ethylenediaminetetraacetate (edta) and a-isosaccharinate has been carried out within the scope of the Thermodynamic Data
Base project of the Organisation for Economic Co-operation and Development e Nuclear Energy Agency (OECD/NEA). Reliable
values could be selected mainly for Am(III), Np(V) and U(VI) complexes, whereas serious data gaps were found for the tetravalent
actinides. The redox states U(III), U(V), Pu(V), Am(V), Np(VI), Pu(VI) and Am(VI) are unstable in the presence of the selected
organic ligands. Missing or unreliable data in these unstable redox states are of no importance from the viewpoint of application in
environmental modelling studies. To cite this article: W. Hummel et al., C. R. Chimie 10 (2007).
� 2007 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.

Résumé

Dans le cadre du projet « Base de données thermodynamiques » de l’AEN/OCDE, l’analyse critique de la littérature des données
thermodynamiques pour les composés et complexes d’actinides avec l’oxalate, le citrate, l’ethylenediaminetetraacetate (edta) et
l’a-isosaccharinate a été réalisée. Des valeurs fiables ont pu être sélectionnées principalement pour les complexes d’Am(III),
Np(V) et U(VI), alors que, pour les actinides tétravalents, d’importantes lacunes ont été mises en évidence. Les états d’oxydation
de U(III), U(V), Pu(V), Am(V), Np(VI), Pu(VI) et Am(VI) sont instables en présence des ligands organiques choisis. Les données
absentes ou peu fiables concernant ces états d’oxydation ont peu d’importance au regard des études de modélisation environnemen-
tale. Pour citer cet article : W. Hummel 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

The modelling of the behaviour of hazardous mate-
rials under environmental conditions is among the
most important applications of natural and technical
sciences for the protection of the environment. In order
to assess, for example, the safety of a geological repos-
itory for radioactive waste, it is essential to be able to
predict the eventual dispersion of its hazardous compo-
nents in the environment (geosphere and biosphere).

For hazardous materials stored in the subsurface or
in geological formations, the most probable transport
medium is the aqueous phase. An important factor is
therefore the quantitative prediction of the reactions
that are likely to occur between hazardous waste dis-
solved or suspended in groundwater, and the surround-
ing rock material, in order to estimate the quantities of
waste that can be transported in the aqueous phase.

It is thus essential to know the relative stabilities of
the compounds and complexes that may form under
the relevant conditions. This information is often pro-
vided by speciation calculations using chemical ther-
modynamic data. Hence, equilibrium thermodynamics
is one of the pillars which support safety analyses of re-
positories for radioactive waste. Thermodynamic con-
stants are used in modelling reference pore waters,
calculating radionuclide solubility limits, deriving
case specific sorption coefficients, and last but not least
in analysing experimental results. It is important to use
the same database in all instances of this model chain to
guarantee internally consistent results.

In the field of radioactive waste management, the
hazardous material consists to a large extent of actinides
and fission products from nuclear reactors, in addition
to lesser amounts from other sources such as waste
from medicine, industry and research facilities. The sci-
entific literature on thermodynamic data, mainly on
equilibrium constants and redox potentials in aqueous
solution, has been contradictory in a number of cases,
especially in actinide chemistry. A critical and compre-
hensive review of the available literature is necessary in
order to establish a reliable thermochemical database
that fulfils the requirements for rigorous modelling of
the behaviour of the actinides and fission products in
the environment.

The Radioactive Waste Management Committee
(RWMC) of the Organisation for Economic Co-operation
and Development (OECD) Nuclear Energy Agency
(NEA) recognised the need for an internationally ac-
knowledged, high-quality thermochemical database
for application in the safety assessment of radioactive
waste disposal, and initiated the development of the
NEA Thermochemical Data Base (TDB) project in
1984 [1]. The RWMC assigned a high priority to the
critical review of relevant chemical thermodynamic
data of compounds and complexes for this area contain-
ing the actinides, including uranium, neptunium, pluto-
nium and americium, as well as the fission product
technetium. The first four books in the series on the
chemical thermodynamics of uranium [2], americium
[3], technetium [4], neptunium and plutonium [5] orig-
inated from this initiative.

In 1998, Phase II of the TDB Project (TDB-II) was
started [1] to provide the further needs of the radioactive
waste management programs by updating the existing
database [6] and applying the TDB review methodology
to the elements nickel [7], selenium [8] and zirconium
[9], and to simple organic compounds and complexes,
referred to here as the ‘‘NEA organics review’’ [10].
This paper presents a summary of the NEA organics re-
view, with special emphasis on the results obtained for
actinide compounds and complexes with the selected
organic ligands. Detailed discussions and calculations,
and all numerical values with their references (more
than one thousand) are reported in Ref. [10].

2. Focus of the NEA organics review

A prerequisite for a successful and widely recog-
nised critical evaluation of thermodynamic data is the
sensible decision on which organic ligands the evalua-
tion should comprise. This decision has two aspects,
namely the importance of the ligands in radioactive
waste problems, and the availability of experimental
data. In the beginning of the project it was decided
that the evaluation of organic ligands should be limited
to oxalate, citrate, ethylenediaminetetraacetate (edta)
and a-isosaccharinate (isa).

From the viewpoint of importance for radioactive
waste problems, this set of ligands is very well posed.

Oxalate is, with respect to its complexation strength,
the major product of radiolytic degradation of bitumen,
sometimes used for waste conditioning [11], and of ion
exchange resins used in decontamination procedures
[12]. In addition, oxalate is one of the strong complexing
organic ligands in nature (besides humic substances).

Citrate and edta are used in decontamination pro-
cesses and thus, they become part of the radioactive
waste inventory.

In terms of complexation strength, oxalate, citrate and
edta cover a wide range of complex stability, and they
may be used in model calculations as representatives of
dicarboxylic acids (oxalate), hydroxyepolycarboxylic
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acids (citrate) and polyaminoepolycarboxylic acids
(edta).

Finally, from the viewpoint of complexation strength,
isa is the most important product from the alkaline deg-
radation of cellulose in cement pore waters [13]. Thus,
isa is of major concern in many performance assess-
ments of planned radioactive waste repositories.

Regarding the availability of experimental data, the
situation is less clear. In the case of oxalate, citrate and
edta, a large body of experimental studies has been pub-
lished and the NEA organics review provides, based on
the critical discussion of several hundreds of publications,
a considerable set of selected thermodynamic values.

However, in the case of isa the number of experimen-
tal studies is very limited and, despite the importance of
isa for performance assessments, only a few thermody-
namic values could be selected. The critical review of
experimental studies concerning isa is mainly a status
report pointing out gaps in our present knowledge and
further research needs.

It should be noted here that natural organic ligands,
like humic and fulvic acids, have not been included in
the NEA organics review. Although the interaction of
humic and fulvic acids with actinides, especially in their
trivalent oxidation state, can be of importance in radio-
active waste problems, experimental data are scarce
[27]. Moreover, the discussion concerning appropriate
humic binding models is still ongoing [27e29], pre-
venting a straightforward review procedure of thermo-
dynamic data of natural organic ligands, in contrast to
the simple organic ligands oxalate, citrate, edta and isa.

As the task of the NEA organics review is to comple-
ment the other reviews of the NEA TDB project [2e9],
which are restricted to inorganic compounds and com-
plexes of actinides and fission products, a natural choice
of elements comprises U, Np, Pu, Am, Tc, Ni, Se and Zr.

However, the NEA organics review cannot be
restricted to these elements as it aims at a thermody-
namic data set useful for practical application. In addi-
tion to the above-mentioned actinides and fission
products, the review considers also the major constitu-
ents of ground and surface waters which may interact
with the selected organic ligands, i.e. H, Na, K, Mg
and Ca. Any geochemical model including organic li-
gands should take into account these competing interac-
tions and therefore, the NEA organics review provides
a selected consistent set of these auxiliary constants.

3. Review procedure and results

The literature has been surveyed up to the end of
2001 for all ligands. For oxalate a few more recent
references are included, and for isa the aim had been
to consider all relevant literature up to 2004. The
‘‘golden age’’ of determination of chemical equilibrium
constants in the 1970s is clearly depicted in Fig. 1.
Nowadays, such work is mainly triggered by radioac-
tive waste management needs.

Experimental measurements published in the scien-
tific literature are the main source for the selection of
recommended data. Previous reviews are not neglected.
They have been primarily used as sources for original
scientific literature, but they also form a valuable source
of critical information on the quality of primary
publications.

In the realm of metaleorganic complexes, a plethora
of experimental studies is found in the literature dealing
with mixed complexes, i.e. complexes containing a com-
mon metal ion and two or more different ligands. In the
NEA organics review mixed complexes, in general,
were considered if they contain combinations of
oxalate, citrate, edta and isa with or without additional
inorganic ligands. Mixed complexes comprising other
organic ligands are mentioned occasionally for qualita-
tive comparison only.

From the viewpoint of application by far the most
important class of mixed complexes are ternary met-
alehydroxideeorganic ligand complexes. These hydro-
lysed organic complexes may predominate in alkaline
ground and surface waters and in high-pH cement
pore waters and thus, they are important in assessing
the influence of organic ligands on element complexa-
tion in cementitious repositories. The relevant literature
about such complexes is discussed in the NEA organics
review, but only in a few cases reliable thermodynamic
constants could be selected.
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review on selected organic ligands.
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Also of importance in many ground and surface wa-
ters would be the class of metalecarbonateeorganic li-
gand complexes. However, the NEA organics review
can only state the almost complete lack of such data.

When necessary, experimental source data were re-
evaluated by using chemical models that are either
found to be more realistic than those used by the origi-
nal author, or are consistent with side-reactions dis-
cussed in another section of the review (for example,
data on metal complex formation might need to be
re-interpreted to take into account consistent values
for ligand protonation reactions). Re-evaluation of
literature values might also be necessary to correct
for known systematic effects (for example, if metale
chloride complexation has been neglected in the
original literature) or to make extrapolations to stan-
dard-state conditions (I¼ 0) by using the specific ion
interaction theory (SIT). An example of such extrapola-
tion to zero ionic strength is shown in Fig. 2.

4. Thermodynamic data of actinide compounds
and complexes

In the following sections the results of the NEA or-
ganics review concerning actinide compounds (Table 1)
and aqueous complexes (Table 2) are summarised in
qualitative terms from the viewpoint of their application
in environmental modelling studies. NEA selected
thermodynamic data for reactions involving actinide
compounds and complexes are summarised in Table
3. Their actual derivation from a large number of
literature references is discussed in detail in Hummel
et al. [10].
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Fig. 2. Weighted least squares SIT-regression plot of equilibrium

data measured in NaCl [14] for the formation of UO2edta2� accord-

ing to the reaction UO2
2þ þ edta4�# UO2edta2�. The data mea-

sured in KNO3 [15] are shown for comparison only.
4.1. Actinide compounds with organic ligands

The detailed discussion of organic compounds has
been restricted in the NEA organics review to the so-
called ‘‘sparingly soluble’’ solids which may be of im-
portance in environmental modelling studies. These are
mainly metal oxalates, which were evaluated in some
detail, whereas the generally rather soluble citrate,
edta and isa compounds are discussed in qualitative
terms (Table 1). In the field of actinide compounds
with oxalate, the only selected value refers to U(VI)e
oxalate, UO2ox$3H2O (Table 3). For the tetravalent
actinides U(IV), Np(IV) and Pu(IV), thermodynamic
data are reported for solids of the type An(ox)2$6H2O,
but no data were selected in the NEA review. However,
the available data can be used for scoping calculations
and as guidelines for data estimation procedures. The
same situation applies for Pu(III)eoxalate, Pu2ox3

$10H2O, whereas the data for Am2ox3$nH2O are con-
tradicting and inconclusive and represent the only gap
in the database with respect to actinide compounds rel-
evant for environmental modelling. From the viewpoint
of model application in performance assessments, the
most important solid is calcium oxalate, because the
possible precipitation of this solid in many ground
and surface waters can limit the concentration of dis-
solved oxalate to rather low levels.

4.2. Actinide aqueous complexes with
organic ligands

4.2.1. Trivalent actinides
In aqueous media, americium exists as the trivalent

ion except under strongly oxidising conditions, where
the penta- and hexavalent trans-dioxo americyl cations,
AmO2

þ and AmO2
2þ, are formed [3]. Thus, a sufficient

number of experimental studies could be reviewed and
thermodynamic data could be selected for Am(III) oxa-
late, citrate and edta complexes (Table 3).

A consistent picture emerges concerning the simple
complexes. Whereas in the case of oxalate data have
been selected for Am(ox)þ, Am(ox)2

� and Am(ox)3
3�,

citrate may form Am(cit)(aq) and Am(cit)2
2� com-

plexes, but edta forms only Am(edta)�, reflecting the in-
creasing size and denticity of the ligands from bidentate
(oxalate) to tridentate (citrate) to hexadentate (edta).
Additional ligands may coordinate with Am(III), but
the interactions are expected to be weak for steric
reasons.

The data also reveal a consistent pattern for protonated
complexes. The complexes Am(Hedta)(aq), Am(Hcit)þ

and Am(Hcit)2
� are important species in acidic solutions.
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Table 1

Summary of actinide solid compounds with selected organic ligands

ox2� cit3� edta4� isa�

U3þ e e e e

Np3þ e
Pu3þ Pu2ox3$10H2O

Am3þ ??? Am2ox3$nH2O

U4þ U(ox)2$6H2O Sol Sol

Np4þ Np(ox)2$6H2O Sol

Pu4þ Pu(ox)2$6H2O Sol

Am4þ

UO2
þ e

NpO2
þ Sol

PuO2
þ Sol e

AmO2
þ e e

UO2
2þ UO2ox$3H2O Sol

NpO2
2þ e e e

PuO2
2þ e PuO2ox$3H2O e e

AmO2
2þ e e e

Ni2þ Ni(ox)$2H2O Sol

Ca2þ Ca(ox)$H2O Ca3(cit)2$4H2O Sol Ca(isa)2(cr)

Hþ H2ox$2H2O H3cit$H2O H4edta(cr)

For comparison, the fission product Ni and the major competing cations Ca2þ and Hþ are also included.

Formula in bold face indicates a compound for which the NEA organics review selected thermodynamic constants.

Compounds in normal face were not selected in the NEA review. However, the available data can be used for scoping calculations and as guidelines

for data estimation procedures.

‘‘e’’ Indicates that no thermodynamic data, or no reliable data are available, but the potentially forming compound, shown in italics, is highly un-

stable due to redox effects of the ligand and hence, it is of no importance in performance assessment.

‘‘Sol’’ indicates a highly soluble salt, but no thermodynamic data are available.

Empty cells indicate that no data are available, but the potentially forming compounds are probably highly soluble and thus, they might not be of

importance for performance assessment.

??? Indicates a gap of knowledge in the database probably relevant for performance assessment; the potentially forming compound is given in

italics.
Although complexes with Hox� may be possible, their
stabilities are expected to be much smaller than those
with ox2�. The few experimental data concerning proton-
ated Am(III) oxalate complexes have been considered in-
conclusive in the organics review.

The selected values for Am(III) oxalate, citrate and
edta complexes describe well the respective speciation
in acidic and neutral to slightly alkaline solutions. How-
ever, in alkaline solutions mixed hydroxo complexes
may also form.

In the case of edta, a single study proposed the com-
plex Am(edta)(OH)2�. Although the data interpretation
and the derived constant are not unreasonable, the or-
ganics review did not select a value based on a single
study of uncertain accuracy. For citrate, mixed hydroxo
complexes have also been proposed, but the data were
considered as unreliable by the organics review. No in-
formation about mixed hydroxo complexes with oxalate
could be found in the literature. However, one may infer
from the analogous Am(III)ecarbonate system, where
no evidence for the formation of ternary hydroxidee
carbonate complexes was found [6], that they are al-
ways minor species if they form at all.
For isa the complex Am(isa�3H)� has been proposed
to form in alkaline solutions. The subscript �3H indi-
cates the assumption that three protons dissociated
from the alcoholic OH groups of isa� to form the
Am(III)eisa complex in alkaline solutions. This stoi-
chiometry is ambiguous, and the available experimental
data may be more appropriately represented by the fol-
lowing reaction:

AmðOHÞ3ðaqÞ þ isa� # AmðOHÞ3�xðisa�xHÞ�

þ xH2O ð1Þ

No value has been selected for these complexes by
the organics review. Nevertheless, the reported data
are of value by providing ‘‘first estimates’’ of Am(III)
isa complexation in alkaline solutions in the absence
of more reliable data.

In the case of Pu(III), only equilibrium constants for
the edta complexes Pu(edta)� and Pu(Hedta)(aq) could
be selected in the organics review (Table 3). Their nu-
merical values are consistent with the corresponding
Am(III)eedta complexes. No data for the Pu(III)e
edta system in alkaline solutions could be identified.
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Table 2

Summary of actinide aqueous complexes with selected organic ligands

ox2� cit3� edta4� isa�

U3þ e e e e

Np3þ e ??? Pu(III)eedta, Am(III)eedta ???

Pu3þ Pu(ox)þ, Pu(ox)2
�, Pu(ox)3

3� Am(III)ecit Pu(edta)�, Pu(Hedta)(aq) Am(III)/Eu(III)eisa

Am3þ Am(ox)D, Am(ox)2
�,

Am(ox)3
3�

Am(cit)(aq), Am(cit)2
2�,

Am(Hcit)D, Am(Hcit)2
�

Am(edta)�, Am(Hedta)(aq),

Am(edta)(OH)2�
Am(isa�3H)�

U4þ Uox2þ, U(ox)2(aq), U(ox)3
2�,

U(ox)4
4�, ??? UeoxeOH

??? Uedta(aq), UedtaOH�,

(UedtaOH)2
2�, Uedta(OH)2

2�
U(OH)4isa�

Np4þ Np(ox)2þ, Np(ox)2(aq),

Np(ox)3
2�, ??? NpeoxeOH

??? Np(edta)(aq),

U(IV)eedtaeOH

Np(OH)3isa(aq), Np(OH)3(isa)2
�,

Np(OH)4isa�, Np(OH)4(isa)2
2�

Pu4þ Pu(ox)2þ, Pu(ox)2(aq),

Pu(ox)3
2�, Pu(ox)4

4�, ??? OH

??? Pu(edta)(aq), Pu(edta)OH�,

Pu(edta)(OH)2
2�

??? Pu(isa�4H)�, Pu(isa�2H)2
2�

Am4þ e

UO2
þ e

NpO2
þ NpO2ox�, NpO2(ox)2

3� NpO2cit2� NpO2edta3�, NpO2(Hedta)2�,

NpO2(H2edta)�, NpO2edtaOH4�
???

PuO2
þ e PuO2ox�, PuO2(ox)2

3� e e PuO2edta3�, PuO2(Hedta)2�

AmO2
þ e AmO2ox�, AmO2(ox)2

3� e AmO2(Hedta)2�

UO2
2þ UO2ox(aq), UO2(ox)2

2�,

UO2(ox)3
4�

UO2cit�, (UO2)2(cit)2
2�,

UO2(Hcit)(aq)

UO2edta2�, (UO2)2edta(aq),

UO2(Hedta)�
UO2isaþ, UO2(isa)2(aq),

UO2(isa)3
�, ??? UO2

2þe isaeOH

NpO2
2þ e NpO2ox(aq), NpO2(ox)2

2� e e
PuO2

2þ e PuO2ox(aq), PuO2(ox)2
2� e PuO2cit�, PuO2(cit)2

4� e PuO2edta2�, PuO2(Hedta)�,

PuO2(H2edta)(aq)

AmO2
2þ e e e

Ni2þ Ni(ox)(aq), Ni(ox)2
2� Ni(cit)�, Ni(cit)2

4�,

Ni(Hcit)(aq), Ni(H2cit)D
Ni(edta)2�, Ni(Hedta)� Ni(isa)þ

Ca2þ Ca(ox)(aq), Ca(ox)2
2� Ca(cit)�, Ca(Hcit)(aq),

Ca(H2cit)D
Ca(edta)2�, Ca(Hedta)� Ca(isa)D, Ca(isa�H)(aq)

Hþ Hox�, H2ox(aq) Hcit2�, H2cit�, H3cit(aq) Hedta3�, H2edta2�, H3edta�,

H4edta(aq), H5edtaD, H6edta2D
Hisa(aq)

For comparison, the fission product Ni and the major competing cations Ca2þ and Hþ are also included.

Complexes in bold face indicate species for which the NEA organics review selected thermodynamic constants.

Complexes in normal face were not selected in the NEA review. However, the available data can be used for scoping calculations and as guidelines

for data estimation procedures.

‘‘e’’ Indicate that no thermodynamic data, or no reliable data are available, but the potentially forming complexes, shown in italics, are highly

unstable due to redox effects of the ligands and hence, they are of no importance in performance assessment.

Empty cells indicate that no data are available, but the potentially forming complexes may be unstable due to redox effects of the ligands.

??? Indicate gaps in the database relevant for performance assessment; the type of missing information or proposed complexes are given in italics.
The data found for the Pu(III)ecitrate system are not
considered reliable enough by the organics review to de-
rive selected values. However, the values reported for
Pu(cit)(aq) and Pu(Hcit)þ may be used as guidelines,
together with the selected Am(III)ecitrate values, for
scoping calculations and data estimation procedures.

Several Pu(III)eoxalate complexes have been
proposed in the literature. Approximate values of equi-
librium constants for Pu(ox)þ, Pu(ox)2

� and Pu(ox)3
3�

are provided for qualitative modelling in the organics re-
view, but no value could be selected.

No data for the Pu(III)eisa system could be found.
The discussion of the Am(III)eisa and Eu(III)eisa sys-
tems in the organics review may serve as guidelines for
qualitative modelling.

Only one experimental study of the Np(III)eedta
system could be identified. However, the reported
details about the measurements are too poor in order
to base a selection on this single study. For environmen-
tal modelling studies, the data selected for Pu(III)eedta
and Am(III)eedta might be considered as guidelines for
data estimation procedures concerning Np(III)eedta
complexes.

There is no evidence in the literature on the formation
of Np(III)eoxalate complexes in aqueous solutions.
However, Np(III) is oxidised by oxalate [16] and hence,
the lack of data on unstable complexes is of no conse-
quence for modelling of environmental systems.

No information about the Np(III)ecitrate and the
Np(III)eisa systems could be found in the literature.
As it is not clear whether citrate and isa oxidise Np(III),
as oxalate does, or may form stable complexes, as edta
does, this lack of information may represent a real gap
in the database.
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Table 3

NEA selected thermodynamic data for reactions involving actinide compounds and complexes with selected organic ligands [10]

Species Reaction log10 K�

UO2ox$3H2O(cr) UO2ox(aq)þ 3 H2O(l) # UO2ox$3H2O(cr) 1.80� 0.27

UO2ox(aq) UO2
2þþ ox2�# UO2ox(aq) 7.13� 0.16

UO2(ox)2
2� UO2

2þþ 2 ox2�# UO2(ox)2
2� 11.65� 0.15

UO2(ox)3
4� UO2

2þþ 3 ox2�# UO2(ox)3
4� 13.8� 1.5

NpO2ox� NpO2
þþ ox2�# NpO2ox� 3.9� 0.1

NpO2(ox)2
3� NpO2

þþ 2 ox2�# NpO2(ox)2
3� 5.8� 0.2

Am(ox)þ Am3þþ ox2�# Am(ox)þ 6.51� 0.15

Am(ox)2
� Am3þþ 2 ox2�# Am(ox)2

� 10.71� 0.20

Am(ox)3
3� Am3þþ 3 ox2�# Am(ox)3

3� 13.0� 1.0

UO2cit� UO2
2þþ cit3�# UO2cit� 8.96� 0.17

(UO2)2(cit)2
2� 2 UO2

2þþ 2 cit3�# (UO2)2(cit)2
2� 21.3� 0.5

UO2(Hcit)(aq) UO2
2þþHcit2�# UO2(Hcit)(aq) 5.0� 1.0

NpO2cit2� NpO2
þþ cit3�# NpO2cit2� 3.68� 0.05

Am(cit)(aq) Am3þþ cit3�# Am(cit)(aq) 8.55� 0.20

Am(cit)2
2� Am3þþ 2 cit3�# Am(cit)2

2� 13.9� 1.0

Am(Hcit)þ Am3þþHcit2�# Am(Hcit)þ 6.5� 1.0

Am(Hcit)2
� Am3þþ 2 Hcit2�# Am(Hcit)2

� 10.8� 1.0

Uedta(aq) U4þ þ edta4�# Uedta(aq) 29.5� 0.2

UO2edta2� UO2
2þþ edta4�# UO2edta2� 13.7� 0.2

(UO2)2edta(aq) 2 UO2
2þþ edta4�# (UO2)2edta(aq) 20.6� 0.4

UO2(Hedta)� UO2
2þþHedta3�# UO2(Hedta)� 8.37� 0.10

Np(edta)(aq) Np4þ þ edta4�# Np(edta)(aq) 31.2� 0.6

NpO2edta3� NpO2
þþ edta4�# NpO2edta3� 9.23� 0.13

NpO2(Hedta)2� NpO2
þþHedta3�# NpO2(Hedta)2� 5.82� 0.11

NpO2(H2edta)� NpO2
þþH2edta2�# NpO2(H2edta)� 4.47� 0.14

Pu(edta)� Pu3þþ edta4�# Pu(edta)� 20.18� 0.37

Pu(Hedta)(aq) Pu3þþHedta3�# Pu(Hedta)(aq) 1.84� 0.26

Am(edta)� Am3þþ edta4�# Am(edta)� 19.67� 0.11

Am(Hedta)(aq) Am3þþHedta3�# Am(Hedta)(aq) 2.17� 0.25

All ionic species listed in this table are aqueous species. All data refer to the reference temperature of 298.15 K and to the standard state, i.e., a pres-

sure of 0.1 MPa and, for aqueous species, infinite dilution (I¼ 0). The uncertainties listed for each value represent total uncertainties and correspond

in principle to the statistically defined 95% confidence interval.
No experimentally determined thermodynamic data
could be identified in the organics review for U(III) oxa-
lates, citrates, edta and isa. However, U(III) is unstable
in aqueous solution and is thermodynamically capable of
being oxidised to U(IV) by many anions [17]. For exam-
ple, it was observed [17] that U(III) was almost instanta-
neously oxidised to U(IV) by ammonium oxalate, while
oxalate was reduced to glyoxylic acid (OCHCOOH).
Also, when edta is added to an U(III) acetate solution,
the strongly complexing ligand edta does not stabilise
the trivalent state of uranium, but accelerates its oxidation,
which indicates that edta plays the role of an oxidising
agent with respect to U(III) [17]. Hence, the lack of ther-
modynamic data for unstable U(III) complexes with
organic ligands does not represent a gap in the database.

4.2.2. Tetravalent actinides
The tetravalent oxidation state of actinides is difficult

to explore with respect to aqueous complexation. The
very strong hydrolysis of U(IV), Np(IV) and Pu(IV)
and the tendency of colloid formation in An(IV)
aqueous solutions pose serious obstacles for experimen-
tal investigations.

Although colloid formation can be of importance in the
environmental behaviour of An(IV) aqueous solutions,
a general discussion of the colloidal properties of tetra-
valent actinides solutions was outside the scope of the
NEA organics review. Colloid formation has been consid-
ered in the review of experimental data only with respect
to its influence on the quality of thermodynamic data.

A few binary aqueous U(IV), Np(IV) and Pu(IV)
oxalate complexes are reported in the literature
(Table 2). Their stability constants are usually deter-
mined in conjunction with solubility measurements
for solid An(IV) oxalates, which are associated with
various shortcomings as discussed in detail in
Ref. [10]. Hence, in spite of the qualitative self-
consistency and the apparent reasonableness of the
reported stability constants, no thermodynamic data
for the complexes shown in Table 2 are recommended
by the organics review. Nevertheless, the data may serve
as qualitative guidelines in modelling exercises.
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The mentioned solubility measurements of An(IV)
oxalates have been carried out in acidic solutions in
order to minimise problems with the very strong hydro-
lysis. A ternary complex, U(ox)2(OH)2

2�, was assumed
to form when U(ox)2$6H2O was dissolved in solutions
of ammonium bicarbonate, but no stability constant was
determined. Generally, the behaviour of U(IV), Np(IV)
and Pu(IV) oxalates in neutral and alkaline solutions is
unexplored and the missing stability constants for ter-
nary An(IV)eoxeOH complexes represent serious
gaps in the database.

The situation is even worse in the case of U(IV),
Np(IV) and Pu(IV) citrates. Either no data at all could
be identified, as in the case of Np(IV) citrates, or the
few published data for the U(IV) and Pu(IV) citrate sys-
tems are ambiguous with respect to the stoichiometry
and stability of the formed complexes. Although the
limited information for An(IV) citrates suggests very
strong complex formation, the ambiguous data cannot
be used for scoping calculations.

In the system U(IV)eedta, thermodynamic data for the
complex Uedta(aq) could be selected by the organics re-
view (Table 3). The hydrolysis of Uedta(aq) occurs al-
ready in acidic medium at pH> 3 with formation of
UedtaOH� and of the dimeric species (UedtaOH)2

2�. In
addition, the formation of Uedta(OH)2

2� has been re-
ported at pH> 7. Although no values could be selected
by the organics review for U(IV) edta hydrolysis species,
they may serve as qualitative guidelines in modelling
exercises.

Furthermore, thermodynamic data for the complex
Np(edta)(aq) could be selected (Table 3), which is con-
sistent with the Uedta(aq) data. The Np(IV)eedtaeOH
system has not been explored experimentally, but data
for the analogous U(IV)eedtaeOH mixed complexes
can be used as qualitative guidelines.

In the case of Pu(IV)eedta, a paper of Boukhalfa
et al. [18] became available to the reviewers only in
the final stage of preparation of their review. The re-
ported species and their stability constants are consis-
tent with the U(IV) and Np(IV)eedta data and the
experimental procedures seem to be reliable, but the
results need to be re-evaluated using NEA auxiliary
constants and the SIT approach before an eventual
data selection can be made.

For the U(IV), Np(IV) and Pu(IV)eisa systems, the
few reported studies qualitatively agree that isa forms
very strong complexes with these tetravalent actinides
in alkaline solutions. However, the proposed number
and stoichiometry of formed complexes widely disagree
(Table 2). The most detailed study has been published
for the Np(IV)eisa system, but due to the uncertainties
in oxidation state analysis, the scarcity of data and the
uncertainty in defining the reaction stiochiometries, no
thermodynamic values have been selected by the or-
ganics review. However, the results give an indication
of the order of magnitude of Np(IV)eisa complexation
and the reported values may be used for scoping calcu-
lations. They may also serve as guidelines for estimat-
ing U(IV) and Pu(IV)eisa complexation effects.

Tetravalent americium is unstable in non-complex-
ing solutions and is reduced spontaneously to its more
stable III oxidation state [19]. Am(IV) complexes can
be obtained in the presence of high concentrations of
strongly complexing agents such as carbonates [3]. A
thermodynamic constant was selected for the complex
AmIV(CO3)5

6� by the NEA americium review [3] based
on experimental data of Bourges et al. [20]. In the latter
study, Am(IV) was prepared electrochemically by an-
odic oxidation in sodium bicarbonateecarbonate me-
dium 1.2 M< [HCO3

�þCO3
2�]< 2.3 M in the pH

range from 9.5 to 10. The Am(IV) solutions were ‘‘sta-
ble for w12 h in the best conditions’’ [20]. No study
about the interaction of Am(IV) with oxalate, citrate,
edta or isa could be found in the literature, except that
Am(IV) is mentioned as reaction intermediate in the re-
duction of Am(VI) by oxalic acid [21] (see Section
4.2.4). However, this lack of experimental data proba-
bly is of no importance for environmental modelling
studies, as we might infer from the Am(IV)ecarbonate
system that Am(IV) in the presence of oxalate, citrate,
edta or isa will be slowly reduced to Am(III).

4.2.3. Pentavalent actinides
Oxalate complexes of U(V) were identified only as

reaction intermediates in the reduction of U(VI). No ex-
perimental stability constants of aqueous U(V) oxalate
complexes were identified in the literature. No informa-
tion about U(V) citrate, edta or isa complexes could be
found. There is no indication that U(V) could be stabi-
lised by complexing ligands, and hence, the lack of ther-
modynamic data for unstable U(V) complexes with
organic ligands does not represent a gap in the database.

Np(V) is the most common redox state of neptu-
nium, reflected by a large body of experimental studies,
which allowed us to select thermodynamic constants for
Np(V) oxalate, citrate and edta complexes (Table 3).

In the Np(V)eoxalate system, values for the complex-
es NpO2ox� and NpO2(ox)2

3� have been selected. There
is no evidence for the formation of higher complexes.
A postulated protonated complex, NpO2Hox(aq), has
been rejected by the organics review after re-analysis of
a comprehensive experimental data set. On the other
hand, although there were clear indications for the
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formation of mixed Np(V)eOH�eox2� complexes at
pH> 9, the sparse experimental data in the alkaline re-
gion do not allow to resolve ambiguities with respect to
their stoichiometry.

A literature search by the organic review on the ther-
modynamics of neptuniumecitrate systems revealed
only information concerning the aqueous complexes of
Np(V). Because of the small formal charge of Np(V)
and the steric hindrance due to the linear dioxo structure
OeNpeO, NpO2

þ forms only one-to-one complexes
with citrate. A value for the complex NpO2cit2� has
been selected. Although the formation of a weak
NpO2(Hcit)� complex is probable, the thermodynamic
data reported are not reliable enough to be accepted.
The formation of NpO2(cit)(OH)3� at pH> 9 has been
claimed, the data are considered inconclusive by the
organics review.

The complexation of Np(V) with edta has been stud-
ied extensively, and the organic review could select ther-
modynamic values for NpO2edta3�, NpO2(Hedta)2�

and NpO2(H2edta)�. A single value reported for the spe-
cies NpO2edtaOH4� has not yet been confirmed by any
other study. Although the reported stability constant
does not look unreasonable, indicating the formation
of this species at pH> 11, the value is not selected by
the organics review, but it may serve as qualitative
guidelines in modelling exercises.

No information has been found for the Np(V)eisa sys-
tem. As we may infer from the above discussion that
Np(V)eisa complexes might be stable with respect to re-
dox effects, and as there is no chemical analogue for this
system, the lack of data represents a gap in the database.

Stability constants have been reported for Pu(V) ox-
alate and edta complexes (see Table 2). However, Pu(V)
disproportionates strongly in oxalate solution [22] and
forms Pu(IV) and Pu(VI) oxalate complexes. The
Pu(VI) oxalate complex was observed to be slowly re-
duced to a Pu(IV) oxalate complex without the buildup
of a Pu(V) oxalate complex [23]. Furthermore, Pu(VI)
is reduced by edta to Pu(V) and finally to Pu(IV) [23].
Hence, no reliable stability constants are available for
Pu(V) oxalate and edta complexes, and no values are se-
lected in the organics review for these systems. No data
could be found for the Pu(V) citrate and isa systems.
However, there is no need to estimate values for highly
unstable Pu(V) organic complexes, except perhaps for
short-term laboratory studies involving the kinetics of
Pu(V) disproportionation and reduction in the presence
of organic ligands.

Am(V) in oxalate and edta solutions slowly changes
into the trivalent state. The rate of reduction of 1 mM
solution of Am(V) at 25 �C is similar in both cases,
i.e. 2e3% per hour in 0.05 M edta [24], and about 2%
in 0.1 M oxalate [25,26]. Stability constants were pro-
posed in the literature for the complexes AmO2ox�,
AmO2(ox)2

3�, and AmO2(Hedta)2�. Qualitatively,
AmO2

þ forms oxalate and edta complexes with similar
stabilities as NpO2

þ complexes, but no values were se-
lected in the organics review because of various short-
comings in the experimental procedures. However,
considering the instability of Am(V) in the presence of
oxalate and edta, their values may only be of importance
in short-term laboratory studies. They are of no impor-
tance in any long-term environmental modelling study.

No information about Am(V)ecitrate and isa sys-
tems could be found, but we may infer that citrate and
isa have similar reducing effects on Am(V) as oxalate
and edta, as higher oxidation states of americium are
generally reduced by organic complexing agents [19].

4.2.4. Hexavalent actinides
The U(VI)e oxalate, citrate and edta systems have

been studied extensively, and in all cases the NEA
organics review could select thermodynamic values
for several complexes (Table 3). In the case of oxalate,
only data for the mononuclear species UO2ox(aq),
UO2(ox)2

2� and UO2(ox)3
4� were selected, whereas

in the citrate and edta systems, data for dinuclear
species also, (UO2)2(cit)2

2� and (UO2)2edta(aq), and
complexes with protonated ligands, UO2(Hcit)(aq)
and UO2(Hedta)�, were selected.

The existence of the protonated U(VI) oxalate com-
plexes that were assumed to have formed in some exper-
iments, UO2(Hox)þ, UO2(Hox)2(aq) and UO2(H2ox)2þ,
is still open for debate. These species, difficult to
identify by physical methods, were usually postulated
to improve the fitting of potentiometric or spectrophoto-
metric data. If they form, it is most likely that they occur
in strongly acidic solutions. Taking into consideration
the contradictory information in the literature on the
presence of these complexes, stability constants re-
ported in the literature were not accepted by the or-
ganics review.

A few dinuclear U(VI) oxalate complexes were as-
sumed to exist in solutions, i.e. (UO2)2(ox)3

2� and
(UO2)2(ox)5

6�. The inclusion of such species in models
to interpret experimental data only slightly improved
the overall fit, as they remained minor species (<5%)
under the chosen experimental conditions. More studies
are needed to confirm the presence of such complexes in
solution and to obtain reliable stability constants.

A variety of ternary U(VI) oxalate complexes were
assumed to exist in solution. However, thermodynamic
data for such complexes are rare. Among the reported
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ternary complexes, the U(VI)ehydroxideeoxalate
complexes are of some importance in predicting the
chemical behaviour of U(VI) in pH neutral environ-
ments. Using the reported data on the U(VI)ehydroxi-
deeoxalate complexes for scoping calculations, it is
revealed that these ternary species could amount to
20e30% of the total U(VI) in the pH regions between
6 and 8. However, the stoichiometry of the formed com-
plexes is ambiguous and further studies are needed to
obtain reliable data on this system.

A similar situation is found in the U(VI)ecitrate sys-
tem: although the reported observations suggest the
formation of U(VI) complexes with H�1cit4� (deproto-
nation of the alcoholic hydroxyl group of citrate) or of
mixed hydroxideecitrate complexes in the pH regions
between 6 and 8, the available data are insufficient
and no conclusions can be drawn.

The linear O-U-O configuration of the uranyl ion al-
lows edta to coordinate only in the equatorial plane.
Hence, due to sterical hindrance the complex formally
written as UO2edta2� (Fig. 2) might actually be the
ternary complex UO2(Hedta)OH2�, forming above pH
5 from UO2(Hedta)� by the dissociation of a proton
from a coordinated water molecule.

A variety of polynuclear U(VI)eedta species, in-
cluding ternary U(VI)ehydroxideeedta complexes,
have been suggested in the literature. No values for
polymeric U(VI) edta other than (UO2)2edta(aq) are
selected in the organics review, but as long as systems
are modelled where edta is in excess with respect to ura-
nium, these complexes are not of importance.

A complexation study of isa with U(VI) in acidic solu-
tions could be interpreted in terms of the complexes
UO2isa

þ, UO2(isa)2(aq) and UO2(isa)3
�. Although their

reported stability constants appear reasonable, more stud-
ies are needed to confirm them. Thevalues may be used for
scoping calculations, but they only describe the U(VI)eisa
system in acidic solutions. In alkaline solutions, other
complexes of the type UO2(OH)x(isa�yH)1�x�y may dom-
inate the U(VI)eisa system.

The reduction of Np(VI) and Pu(VI) by oxalate, cit-
rate and edta has been investigated in low-ionic-
strength media and brines [23]. At low ionic strength,
Np(VI) was rapidly reduced to form Np(V) organic
complexes, whereas Pu(VI) was predominantly reduced
to Pu(IV). The presence of organic complexants also led
to the rapid reduction of Np(VI) and Pu(VI) in brines,
except in cases where carbonate and hydrolytic com-
plexes predominated.

Hence, it is no surprise that no thermodynamic data
have been found in the organic review for Np(VI) cit-
rate, edta and isa complexes, and solely approximate
values for Np(VI) oxalate complex formation are re-
ported. However, these values are only of qualitative
significance for laboratory studies. For any application
modelling the long-term behaviour of neptunium, e.g.,
for nuclear waste disposal, the unstable Np(VI) oxalate
complexes and the lack of experimental data for the
Np(VI) citrate, edta and isa systems are of no impor-
tance, and there is no need to estimate values for highly
unstable Np(VI) organic complexes.

Pu(VI) complexes with oxalate, citrate and edta have
been proposed in the literature (see Table 2). However,
none of these proposals has been considered reliable
and no thermodynamic values are selected in the
organics review. Considering the instability of Pu(VI)
organic solutions, this non-selection has no conse-
quences for environmental modelling studies.

Powerful oxidants oxidise Am(III) and Am(V) to
Am(VI), which forms the linear trans-dioxo americyl
cation AmO2

2þ [19]. In solutions with excess oxalic
acid, Am(VI) was found to be rapidly reduced by oxa-
late to Am(IV), which disproportionates into Am(III)
and Am(V) [21]. Also, the simultaneous formation of
Am(V) and Am(III) was observed in solutions of edta,
citrate and tartrate, although not all the reactions pro-
ceeded rapidly, and the yield of Am(III) depended on
the pH [21]. No information is available for Am(VI)e
isa interaction, but we may infer that isa has the same
reducing effect on Am(VI) as citrate and tartrate. No
thermodynamic data are available for these highly
unstable Am(VI) complexes.

5. Summary and conclusions

A detailed literature review of thermodynamic data
of compounds and complexes of U, Np, Pu and Am
with the selected organic ligands oxalate, citrate, edta
and isa has been carried out within the scope of the
OECD/NEAThermodynamic Data Base (TDB) project.

Thermodynamic data of solid compounds could be
selected for Ca oxalate, citrate and isa, as well as for
U(VI) oxalate. However, although the matrix of possi-
ble actinideeorganic ligand compounds is almost
empty (Table 1), no serious gaps have to be reported
from the viewpoint of environmental modelling studies.
The compounds formed by citrate, edta and isa are
generally highly soluble salts. Some of the actinidee
oxalate compounds have low solubilities, but in
environmental studies the concentration of oxalate in
solution can be assumed to be limited by Ca oxalate
precipitation, and the formation of actinideeoxalate
compounds is unlikely as long as the dissolved actinides
do not exceed trace-level concentrations.



958 W. Hummel et al. / C. R. Chimie 10 (2007) 948e958
As a result of the NEA TDB organics review, a num-
ber of reliable values could be selected for aqueous com-
plexes of oxalate, citrate and edta with actinides in their
most common redox states, i.e. with Am(III), Np(V) and
U(VI) (Table 3), as well as with the fission product Ni
and the major competing elements Ca and H. In the
cases of Pu(III), U(IV) and Np(IV), only data for edta
complexes could be selected (Table 3). For isa, selected
values could only be derived for Ca and H (Table 2).

The organic ligands considered in the NEA TDB
organics review not only form strong complexes with
actinides, they also influence the redox state of the acti-
nides in aqueous solutions. Hence, two kinds of gaps in
the matrix of possible actinideeorganic ligand com-
plexes (Table 2) were encountered.

(1) Missing or unreliable thermodynamic data, be-
cause the actinide in solution is oxidised or re-
duced in the presence of the organic ligand and
thus, the actinideeorganic complexes formed in
that unstable redox state are short-lived species
only. These unstable redox states in the presence
of organics are U(III), U(V), Pu(V), Am(V),
Np(VI), Pu(VI) and Am(VI). These gaps in the da-
tabase are of no importance from the viewpoint of
environmental modelling studies or performance
assessments for radioactive waste disposal.

(2) Missing or unreliable data in stable and important
redox states. These gaps mainly concern aqueous
complexes of oxalate, citrate and isa with the tetra-
valent actinides U(IV), Np(IV) and Pu(IV). Fur-
thermore, the systems Np(V)e isa in general and
U(VI)eisa in alkaline solutions are terra incognita
so far. From the viewpoint of performance assess-
ment, studies these are the real gaps which need to
be filled either by case specific estimates or by ad-
ditional experimental studies.
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