Why cannot always the mass action law rationalize the observed distribution ratios of
hydrometallurgical processes?

Stéphane Pellet-Rostaing, Jean-Francois Dufréche, Elise Guerinoni and Thomas Zemb

In any hydrometallurgical process involving metal transfers from an aqueous-rich phase and a
solvent phase, the traditional approach postulates competing complexations reactions. The
mass action law is then applied to each of the main competing complexes , taking into
fugacity via “ad hoc” activity coefficients. While some of these are tabulated for aqueous
solutions, this is not the case for complex fluids, which are more organized than regular
solutions. As early as 1966, Irving et al. observed that uranium extraction using the two
extractants thenoyltrifluoroacetone (TTA) and tributylphosphate (TBP) could not be
explained without unrealistic speciation of complexes or one parameter per measure. In the
most complex cases, such as the reprocessing of nuclear fuel, hundreds of parallel reactions
must be considered (shown in grey on the left). Phenomena such as synergy using mixed
extractants, process intensification via hydrotropes and the solvent effect due to proximity to
critical points are increasingly being considered and utilised in the 217(st) century. However,
these cannot be predicted over a large concentration range without an ad hoc parameter.

An alternative method of estimating the free energy of transfer corresponding to the
distribution coefficients is to consider nearest-neighbor complexation, as well as all terms
related to the organisation of the water-poor phase. This theory is simpler because the Gibbs
free energy terms relate to each cation that could potentially be transferred, considering all
possible local configurations simultaneously. This new, simplified decomposition of the free
energy of transfer allows the observed temperature, synergy, solvent effect and the effects of
modifiers and process intensification to be explained without an 'ad hoc' set of parameters.
Calculating the Gibbs free energy of transfer over a large concentration and temperature range
has made it possible to design and apply low-toxicity hydrotropes and weak acids in
intensified extraction processes, thereby minimising the need to recycle effluent.

We hope that, in the near future, quantitative knowledge of molecular forces, taking into
account the extensive entropy of the ternary system, will be useful in developing knowledge-
based, optimized hydrometallurgical processes.

Figure: The aqueous phase is shown in blue, the interphase
in green and the solvent phase in orange. The levels
represent the chemical potential of the metal ions that can
be transferred between the phases under chemical
engineering control. The classical enthalpy-entropy
decomposition is represented by a set of grey arrows. In the
'TENAICS' approach, the complexation term with the
nearest neighbour (shown as a red arrow) is considered to
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stoichiometric complexes, which has been used since the Manhattan Project.



