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1. Introduction

Polyhydroxy carboxylates, such as gluconate (Gluc™) play an essential role in a variety of
industrial processing. Gluc™ is used in large quantities because of its complexing ability: for
example NaGluc is a common additive in the construction industry and employed to improve
certain properties of cement. In low- and intermediate-level (LL/IL) radioactive waste
repositories, containers are filled with cement to prevent leakage, but upon water intrusion, the
alkaline pore water might promote the complexation of metal ions by Gluc™, therefore these
complexing processes have been excessively studied in the past decades.

Gluc™ has been proven to be an efficient complexing agent for alkaline-earth (Ca(ll),
Mg(Il)) and transition (Cu(ll), Co(ll), Ni(ll), Mn(11), Zn(11)) metal ions, therefore it cannot be
disregarded that it might be capable of enhancing the solubility of tri- and tetravalent actinides
and lanthanides in alkaline media. Anoxic conditions characteristic of radioactive waste
repositories ensure that actinides are present in reduced oxidation states (Cm(Ill), Am(IlI),
Pu(lll), Pu(IV)). Possible complexing agents are also present in these repositories such as
organic ligands generated by the decomposition of contaminant cellulosic materials
(isosaccharinate, Isa”) or present as cement additives (Gluc").

It is of high priority to study the capability of these ligands to enhance the solubility of
actinide ions in case of water intrusion, since the calculation of the degree of mobilization these
metal ions can reach is integral for estimating the associated risk of disposal. Due to the
pronounced chemical analogies, stable (111) oxidation state lanthanide ions share with trivalent
actinides, tri- and tetravalent actinides can be modeled by less elaborate lanthanide ions.
To obtain a simplified and relevant model of possible complexation processes in radioactive
waste repositories, neodymium (Nd(111)) and Gluc™ have been employed previously as model
ions in measurements carried out in aqueous solutions, but data acquired in alkaline equilibria

are scarce.

2. Aims of the Thesis

Investigation of the binary Nd(II1)—Gluc™ system is necessary to assess the likelihood of Nd(l11)
forming polinuclear complexes. Collecting data in extreme conditions characteristic of storage
sites (high ionic strength and pH) makes it possible to create more accurate models.
Furthermore, the effect of large amounts of Ca(ll) present in cement pore water has been
scarcely investigated in regard to complexation equilibria, but published results trend towards

Ca(ll) promoting the formation of polynuclear complexes.



Considering these concerns, our first goal was to analyze the precipitates forming in
binary Nd(I11)-Gluc™ and ternary Ca(ll)-Nd(l11)-Gluc™ systems and to determine their
composition and stoichiometry. We also aimed at creating models for the binary Nd(111)-Gluc™
and ternary Ca(I1)-Nd(111)-Gluc™ aqueous systems accurately describing complexing reactions
in the pH range 10-14 and to determine the stability constants of the complexes of the models.
We investigated the coordination properties of Gluc™ and how the binary and ternary complexes
affect the solubility of Nd(I11) when in contact with solid phase.

3. Experimental part

Precipitates of the Nd(III)-Gluc™ and Ca(ll)-Nd(II1l)-Gluc™ systems were isolated and
investigated via X-ray diffractometry, IR and DR spectroscopy. Morphologies of the
precipitates were inspected via scanning electron microscopy while elemental analysis was
carried out using energy dispersive X-ray spectroscopy (EDAX). Compositions were
determined based on thermogravimetric and ICP-OES measurements.

Because of the appearing precipitate, reverse potentiometric titrations were carried out to
quantify the complexation in binary Nd(I11)-Gluc™ and ternary Ca(ll)-Nd(I11)-Gluc™ systems.
Potentiometric curves were fitted simultaneously with acquired spectrophotometric data using
PSEQUAD in case of both systems. For the binary samples assuming the formation of only
mononuclear complexes was not sufficient to reproduce the collected data, and inclusion of
binuclear complexes in the chemical model was necessary. Freezing point depression, CD and
NMR measurements were applied to validate the model. For the ternary solutions simultaneous
evaluation of potentiometric and spectrophotometric data resulted in a model consisting of three
polynuclear complexes. NMR and CD results validate complex formation. The created models
were utilized to carry out a simulation assuming conditions characteristic of radioactive
repositories to inspect how the solubility of Nd(111) is affected. Coordinating properties of Gluc™
were also investigated via CD and NMR measurements and other ligands such as gulonate and

galactonate were also studied for comparison via the same methods.



4. New scientific results

T1. We have isolated solid complexes precipitating from Nd(I11)-Gluc- and
Ca(ID)-Nd(I111)-Gluc- solutions, determined their composition and shown a correlation
between the stoichiometries of solid complexes and complexes in solution in the case of the
binary system.

The composition of the complexes:  NdGlucH-1(OH)-2H.0

CaNdGlucH-1(OH)3-2H20
The composition was determined by thermogravimetric (crystalline water) and ICP-OES
(Ca(In):Nd(I11) ratio) measurements. The FT-IR spectra demonstrated that both complexes
contain Gluc™ and indicate bidentate coordination of the carboxylate functional group, while
the similarity of the DR spectra is due to the invariance of the coordination environment of
Nd(111).

T2. It has been experimentally demonstrated that Nd(I11) can form binuclear complexes
in the presence of Gluc™ ions in the pH > 10 range. We have successfully determined the
composition and stability constant of the complexes formed in the Nd(I11)-Gluc- system

in strongly alkaline media.

Matrix rank analysis was performed on the spectrophotometric data set, which suggested the
presence of at least three colored particles in the binary system. By fitting the potentiometric
and spectrophotometric data together, a model was constructed that reproduces the
experimental data well. The chosen model was supported by freezing point depression

measurements.

T3. We found that the metal-ligand interaction is the strongest for complexes formed in
neutral solutions and weakens with increasing pH. The biner Nd(I11)-Gluc- complexes
formed were compared with Nd(I11) complexes of galactonate and gulonate and the

functional groups involved in the coordination of Nd(I11) were suggested.

By comparing the NMR and CD spectra of Nd(II1)-gluconate, -gulonate and -galactonate
complexes, it can be stated that at high pH ranges, hydroxyl functions other than the a-hydroxyl
group, at positions distant from the carboxylate, are involved in the coordination. Of these, the

involvement of hydroxyl groups at the - and 8-positions is most likely.



T4. We have demonstrated the formation of ternary complexes in Ca(ll)-Nd(I11)-Gluc-
systems in strongly alkaline solutions and found that they are characterized by a uniform
Ca(ll):Nd(I11) = 3:1 ratio. We determined the composition and stability factor of the

formed ternary complexes.

Using matrix rank analysis, the number of complexes formed in the highly alkaline range of the
ternary system was determined. By fitting the potentiometric and spectrophotometric data
together, a model was constructed which simulates the measured data series well.

T5. We have confirmed that hydroxyl groups involved in the coordination play an
important role in the formation of ternary complexes. We have shown that Ca(ll) ions

induce a change in the conformation of gluconate.

A new peak in the *H spectra of ternary solutions provides further evidence for the formation
of ternary complexes: it suggests that there is slow exchange between free ligand and
complexes, which suggests strong metal-ligand interaction. The difference between the CD
spectra of the binary Nd(I11)-Gluc™ and ternary Ca(ll)-Nd(I11)-Gluc™ solutions indicates a
change in the conformation of Gluc.

T6. Simulations under conditions typical of radioactive repositories suggest that neither
the formation of binary nor ternary complexes contributes significantly to the increase in

solubility of lanthanide ions.

The high Ca(Il) concentrations typical of radioactive repositories ensure that Gluc™ is in solution
in the form of Ca(ll)-Gluc- complexes, thus precluding the possibility that binary
Nd(11D-Gluc™ or ternary Ca(ll)-Nd(I11)-Gluc™ complexes further increase the solubility of
Nd(I11).



5. Practical applications

As highlighted previously, our final goal was to provide a comprehensive overview of a
complex three-component equilibrium system, which can provide an accurate description of
alkaline equilibria present in cementitious radioactive repositories. Models developed for
binary Nd(I11)-Gluc™ and ternary Ca(ll)-Nd(Il1l)-Gluc™ systems contribute to a better
understanding of the complexation reactions taking place in aqueous equilibria of radioactive
storage sites and enables quantitative evaluation of associated risk upon water intrusion.
Elaborate study of the structure of forming complexes may provide new insights into the overall

complexing ability of Gluc™.
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