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Abstract – The solubility of uranium (IV) oxalate compounds was studied in order to have a precise insight 
of the behaviour of An(IV)-An(III) (An(IV) = U, Np or Pu and An(III) = Pu or Am) mixed oxalate in the 
context of oxalic co-conversion for actinide co-management. Concepts of thermodynamics of aqueous-solid 
solution are reviewed by introducing LIPPMANN theory [1] and THORSTENSON and PLUMMER 
“stoechiometric saturation” model [2] in a way to understand and model the system of interest. Different 
analytical techniques have been developed in order to titrate uranium and/or other actinides at trace levels 
in solution. This thorough investigation is the basis of further experiments on the solubility of mixed U(IV)-
An(III) oxalate solid solutions as a function of the nature of the trivalent actinide and the An(III)/U(IV) 
ratio. 
 

 
INTRODUCTION 
 
New concepts for spent fuel treatment are mostly 
based on actinide co-management, mainly in a 
way to deal with a more efficient use of energetic 
valuable elements such as uranium and 
plutonium. Oxalic co-conversion allows the 
actinide recovery in a mixed An(IV)-An(III) 
single-phase co-precipitate (An(IV) = U, Np or 
Pu and An(III) = Pu or Am) in order to obtain 
homogeneous oxide solid solution after thermal 
treatment [3]. Since 1998, structural studies have 
been carried out and original series were more 
precisely characterized [4] whose properties lie 
in an original crystallographic mixed site which 
can accept either a tetravalent actinide or a 
trivalent one.  The charge balance is ensured by 
the adjustment of single-charged ions M within 
the structure. An example of this type of 
crystallographic structures is given in figure 1 
(formula : M2+xUIV

2-xAnIII
x(C2O4)5.nH2O). 

 

 
Fig. 1. Environment of An(IV)-An(III) 
crystallographic mixed site and structural 
arrangement in mixed oxalate [4]. 
 
The knowledge of the solubility of these 

polymetallic compounds is crucial with a view to 
optimizing and modeling the co-conversion 
process. The present work deals with the 
theoretical basis and practical approach of this 
study. 
 
OBJECTIVES 
 
The concept of this study is schematized in 
figure 2 for AnIV(C2O4)2.6H2O.  

 

 
Fig. 2. Principles and aims of the study of 
solubility of mixed-oxalate. 
 
During a precipitation operation, nucleation and 
crystal growth rates are fundamental steps since 
they determine the final specific properties of a 
crystal sample. In order to optimize the step of 
precipitation, the understanding of these 
mechanisms (and also of the structure) is 
essential. One of the main parameters is related 
to the concept of supersaturation ratio S, which 
symbolizes the reaction driving force. By the 
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measurement of solubility in different conditions 
and media, it is possible to obtain an evaluation 
of the solubility product KS thanks to the 
determination of all equilibria in solution. As KS 
is linked to the S value, it would be possible to 
evaluate the latter parameter. 
 
THERMODYNAMICS OF AQUEOUS-
SOLID SOLUTION SYSTEMS 
  
Nevertheless, thermodynamical aspects of the 
solubility of mixed crystal are particular and 
based on models created by LIPPMANN [1]. In 
analogy to binary liquid-gas systems, he derived 
expressions which relate the equilibrium 
solubility of binary solid-solutions to the 
solubility products of the end members and the 
composition of the solid phase and the aqueous 
phase.  
In the case of a A(B1-xCx) solid solution, the 
definition of equilibrium is expressed by the 
following law-of-mass-action equations : 

BABABABABAAB
γχKaK))(a(a ==−+  (1) 

CACACACACAAC
γχKaK))(a(a ==−+  (2) 

where aA-, aB+ and aC+ represent respectively the 
aqueous activities of the ions A-, B+ and C+ ; KBA 
and KCA are the solubility products of the pure 
BA and CA endmembers ; aBA and aCA are the 
activities of the BA and CA components in the  
A(B1-xCx) solid solution ; χBA and χCA are the 
mole fractions of BA and CA in the solid and γBA 
and γCA are the activity coefficients of the BA 
and CA components in the solid solution. 
LIPPMANN introduced a new solubility variable 
∑∏ called the “total solubility product” variable : 
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By adding (1) and (2), he was able to obtain an 
expression of the equilibrium ∑∏ which is 
related to the mole fractions : 
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In order to describe fully this type of solid-
solution aqueous-solution equilibrium, 
LIPPMANN defined the “aqueous activity 
fractions” of B (χB,aq) and C (χC,aq) : 
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Rearranging (1) and (2) in terms of χBA and χCA, 
adding the two resulting equations together and 

using the last definitions, another equation is 
obtained : 
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From these equations, a LIPPMANN diagram 
can be drawn where equation (4) represents the 
“solidus” curve and equation (7) the “solutus” 
curve. These diagrams have a common ordinate 
∑∏ and two superimposed abscissas χBA and χB,aq 
and they define a series of possible equilibrium 
states for these binary systems. An example is 
given in figure 3 for an ideal solid solution 
(γBA= γCA = 1) (B0.4C0.6)A in thermodynamic 
equilibrium with an aqueous solution. 
 

 
Fig. 3. LIPPMANN diagram for a binary solid-
solution aqueous-solution system in 
thermodynamic equilibrium with the solid 
composition (B0.4C0.6)A (ideal solid solution). 
 
It is inherently assumed that the activity-
concentration relations are precisely known 
thanks to an appropriate speciation model in 
aqueous solution and thanks to a description of 
the thermodynamic properties of the solid 
solution in the case of a non-ideal one.   
At the same time, the concept of “stoechiometric 
saturation” to describe the physico-chemistry of 
metastable solid-solution aqueous-solution 
systems was published by THORSTENSTON 
and PLUMMER [2]. Dissolution experiments at 
a lab scale of relatively insoluble solid solutions 
have been observed to react as single-component 
phases. In fact, they do not attain equilibrium in 
an observable time-scale. Net dissolution is 
instead arrested, at least momentarily, when the 
aqueous-phase reaches a point of “stoechiometric 
saturation” with respect to the solid-phase. It 
refers to a steady state where, due to kinetic 
restrictions, the composition of the solid remains 
invariant and a congruent dissolution reaction 
occurs.   
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THORSTENSON and PLUMMER, like 
LIPPMANN’s work, introduced a new variable 
called the “ion-activity-product” IAPSS for this 
reaction : 

x

C

x

BASS aaaIAP )())(( 1
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−=  (8) 
At stoechiometric saturation, this value remains 
constant and is expressed by the “stoechiometric 
saturation” constant KSS : 
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where the index SS defines the activity of ions at 
stoechiometric saturation. It is also possible to 
report this state on a LIPPMANN diagram 
thanks to the following expression : 
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In the case of mixed oxalate solid solutions, it is 
crucial to be able to describe precisely, in a first 
step, the behaviour of simple components and 
mainly those of the end-members. The solubility 
of U(IV) oxalate have to be measured, for 
example UIV(C2O4)2.6H2O which is an analog of 
the well-known corresponding Pu(IV) structure. 
Paradoxically, very little work has been done on 
this U(IV) compound [5]. Moreover, this study is 
necessarily linked to the solubility of 
M2U2(C2O4)5.nH2O which is a pure end-member 
of the solid solution of interest in our work 
M2+xUIV

2-xAnIII
x(C2O4)5.nH2O. Prior to this, it is 

obvious that analytical techniques must be 
developed in regard with experimental 
conditions (analyses in glove boxes with high 
number of samples whose concentrations in 
actinides are in the range of some ppms). 
 
RESULTS 
 
A method is particularly developed in order to 
quantify uranium and/or plutonium in solution. 
arsenazo (III) (3,6-bis[2-arsonophenyl)-azo]-4,5-
dihydroxy-2,7-naphtalene disulphonic acid) is a 
molecule known to form complexes with 
actinide elements which have high molar 
extinction coefficients.  
Figure 4 illustrates absorption spectra of 
Arsenazo (III) complexes of uranium in acidic 
media (HNO3 3M) for different concentrations of 
this actinide. 
 

 
Fig. 4. Absorption spectra of arsenazo (III) 
complexes of uranium at different concentrations 
in HNO3 3M media. 
 
At the absorption maximum (653 nm), thanks to 
the Beer-Lambert law, it is allowed to correlate 
the absorption to the uranium concentration in 
the sample. The linearity is ensured in the range 
0.4-20 mg/L. 
Nevertheless, when two or more actinides are 
present in solution (which is the case for the 
study of mixed oxalates), different complexes are 
formed, so the method is no longer selective. 
This drawback is depicted in figure 5 for 
uranium and plutonium where each contribution 
is represented over the experimental spectrum. 
 

 
Fig. 5. Absorption spectra of arsenazo (III) 
complexes of uranium (4 mg/L) and plutonium 
(4 mg/L) in HNO3 3M media. 
 
DUBEY [6] suggested a method in order to 
overcome this problem. As the spectra are too 
similar, he proposed to treat first derivative 
spectra (plutonium range 0.1-5 mg/L). However, 
when the plutonium concentration is important in 
comparison with those of uranium, it becomes 
more difficult to gain insight of this last 
concentration (this can be guessed in figure 5). 
Another method was developed on the basis of 
the work of LEVAKOV [7]. He recommended to 
add DTPA (diethylenetriaminopentaacetic) into 
the sample. As plutonium forms stronger 
complex with DTPA, it no longer reacts with 
arsenazo (III) and its contribution disappears in 
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the studied wavelength range. The only signal 
corresponds therefore to the uranium-arsenazo 
complex. An example is given in figure 6 for 
different uranium contents and a 2 mg/L 
plutonium concentration. The Beer-Lambert law 
can also be used for uranium at the absorption 
maximum (around 651 nm) in the range 0.5-
5 mg/L. 
 

 
Fig. 6. Absorption spectra of arsenazo (III) 
complexes of uranium with plutonium (2 mg/L) 
in HNO3 0.05M media. 
 
CONCLUSION 
 
 This work depicts a new approach to study 
solubility of uranium (IV) oxalate and An(IV)-
An(III) mixed oxalate. Different analytical 
techniques have been developed depending on 
the presence of different actinides in the sample. 
The next stage will be focused on solubility 
measurements which will give an insight of 
speciation in solution and then will allow to draw 
the LIPPMANN diagram for the system of 
interest in order to model more precisely the 
operation of co-precipitation. 
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