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1. Introduction
Under the highly alkaline conditions prevailing in low and intermediate level
radioactive waste (L/ILW) repositories, the presence of small molecular metal chelators
are considered to have significant impact on the mobilization of radionuclides. Being the
main alkaline degradation product of cellulose, the ligand present in the largest quantity
in these repositories is α-D-isosaccharinate (Isa–), however, D-gluconate (Gluc–) is
frequently used as its structural and functional model (Fig. 1). Moreover, several minor
species, e.g., lactate (Lac–, see Fig 1) may also be present in L/ILW repositories. In these
systems, calcium is present in significantly higher quantities than actinides or lanthanides,
hence it can influence the complexing ability of the ligands towards the radioactive metal
ions either by forming complexes with them or by causing their precipitation in the form
of sparingly soluble salts. Therefore, investigating the complexation of these ligands with
calcium in highly alkaline medium is important with regard to environmental protection.

(a)

(b)

(c)

(d)

Figure 1. Structures of α-D-isosaccharinate (Isa–, a), lactate (Lac–, b), α-ketoglutarate
(α-Ket2–, c) and β-ketoglutarate (β-Ket2–, d).

In our previous works, we showed that calcium was able to induce the deprotonation
of polyhydroxy carboxylates in alkaline medium forming high stability, sometimes
multinuclear complexes involving the coordination of one (or more) alcoholate group(s).
However, little is known about the effect of Ca2+ on the deprotonation of oxocarboxylates,
where deprotonation occurs on a methylene group instead of a hydroxy moiety.
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2. Aims of the work
In the present work, we aimed to investigate the composition, formation constant
and structure of the species formed between Ca2+ and Isa– both in neutral and highly
alkaline media. We aimed at comparing the behaviour of Isa– and Gluc– in these systems
to examine whether Gluc– is a reliable model for Isa– under the conditions of L/ILW
repositories. Furthermore, we embarked on the determination of the single crystal
structure of both calcium isosaccharinate and calcium gluconate. Additionally, our goal
was to investigate the behaviour of Lac– (which contains similar structural elements than
Isa–, moreover, may be present in L/IL wastes) in the presence of Ca2+ in neutral and
strongly alkaline solutions.
We also aimed to determine whether (under suitable conditions) Ca2+ was able to
induce the deprotonation of oxocarboxylates. For this, our goal was to study the
interactions between Ca2+ and α/β-ketoglutarate (α/β-Ket2–, see Fig 1) in order to identify
the complexes forming in neutral and alkaline media.
3. Experimental
The complex formation between Ca2+ and Isa–, Lac–, α-Ket2– or β-Ket2– was studied
in neutral medium by potentiometry using a calcium ion selective electrode (Ca-ISE). For
Lac–,

13

C NMR and ESI-MS measurements were also performed. The structure of the

CaIsa+ and CaGluc+ complexes were optimized by quantum chemical calculations.
The crystal structures of CaIsa2 and CaGluc2·H2O were determined by single crystal
X-ray diffraction analyses.
In order to determine the alkaline deprotonation constants of Isa– and Lac–,
C NMR experiments were conducted. The deprotonation constants of α-Ket2– and β-

13

Ket2– were deduced on the basis of UV spectrophotometric measurements.
The complexation reaction taking place in highly alkaline medium between Ca2+
and Isa– was studied by means of pH potentiometry (using a hydrogen electrode), 13C and
1

H NMR spectroscopies as well as ESI-MS measurements and quantum chemical

optimizations. For Lac–, solubility measurement were performed in strongly alkaline
medium, the calcium content of the solutions was determined via ICP-OES. The calcium
complexation of α-Ket2– and β-Ket2– was investigated in alkaline solutions by 1H NMR
spectroscopy and UV spectrophotometry.

2

4. New scientific results
T1. It was demonstrated that in alkaline medium both Isa–, Lac–, α-Ket2– and β-Ket2–
underwent deprotonation. The deprotonation constants of the ligands were
determined by 13C NMR spectroscopy or UV spectrophotometry.
For Isa– and Lac–, the deprotonation occurred on a hydroxy group, while for α-Ket2–
and β-Ket2–, it occurred in a methylene group resulting in the formation of an enolate
anion. All these ligands were found to be very weak acids, the pKa values ranging between
14.4 and 15.8.
T2. It was found that in highly alkaline medium, in the presence of Isa– and Ca2+,
the CaIsaH–10 complex was formed. Its structure was determined via molecular
modelling calculations.
From H2/Pt potentiometric measurements, the formation of the CaIsaH–10 complex
was observed. From quantum chemical calculations, four coordination isomers were
found, in which Isa– acted either as a bidentate or a tridentate ligand.
T3. Our results confirmed that the behaviour of Isa– in alkaline medium in the
presence of Ca2+ was significantly different from that of Gluc–, therefore Gluc– is not
a reliable for modelling Isa– in, e.g., L/ILW repository type systems.
In the Gluc–-containing solutions the formation of the Ca2GlucH–30 and
Ca3GlucH–40 complexes were previously shown, moreover, these species were found to
be the predominant ones. However, in the presence of Isa–, such polynuclear species were
not observed. It is suggested that the prerequisite for the formation of such polynuclear
species is the possibility of the simultaneous participation of the two hydroxy groups
closest to the carboxylate moiety in the metal ion binding. While this condition holds for
Gluc–, it does not hold for Isa–. Therefore, the two ligands are not expected to behave
identically in strongly alkaline medium in the presence of both calcium and
actinides/lanthanides, i.e. under the conditions of the L/ILW repositories.
T4. The positions of the hydroxy hydrogen sites and the hydrogen bonding network
of calcium isosaccharinate were determined by X-ray diffractometric measurements
using a synchrotron source.
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Although the single crystal structure of CaIsa2 was determined previously in 1968,
weak diffraction from the small specimen did not allow the location of the hydroxy
hydrogen sites. The use of a synchrotron source in this work provided data of sufficient
quality to determine the location of the electron density associated with the hydroxy
hydrogen sites. An extensive hydrogen bonding network was found to be present in the
structure of CaIsa2.
T5. Single crystal structure of CaGluc2·H2O has been solved for the first time, after
preparing single crystals by the hanging drop method.
Although gluconic acid is produced in a quantity of ⁓ 100,000 tonnes per year,
moreover, calcium gluconate is commonly used, e.g., as dietary calcium source, the single
crystal structure of calcium gluconate has not been determined yet. In our work, from
single crystal X-ray diffraction measurements we found that the structure of
CaGluc2·H2O was orthorhombic with non-centrosymmetric P212121 symmetry. It was
shown that adjacent metal centres were linked by μ-oxo bridges with the calcium ion
being coordinated eightfold. This structure is significantly different from that of CaIsa2,
in which adjacent metal centres are spanned by two Isa– ligands.
T6. Based on solubility measurements, two novel species, CaLacH –10 and
CaLacH–2– were identified in strongly alkaline solutions in the presence of Lac– and
Ca2+. It is assumed that in these species the deprotonation occurs on one (or two) of
the water molecules coordinated to the Ca2+ ion.
Since in these strongly alkaline solutions (i.e., up to 2.6 M NaOH) calcium is almost
exclusively present as CaOH+ and Ca(OH)20, furthermore the formation constants of the
CaLacH–10 and CaLacH–2– complexes were found to be significantly lower than that of a
complex containing a deprotonated hydroxy group (i.e., an O– moiety), these complexes
most probably contain a Lac– ligand coordinated to a CaOH+ or a Ca(OH)20 unit.
T7. It was demonstrated that in alkaline medium calcium was able to induce the
deprotonation of the two oxocarboxylates studied (i.e., α-Ket2– and β-Ket2–). From
1H

NMR spectroscopic and UV spectrophotometric measurements, two novel

species were identified between Ca2+ and both α-Ket2– and β-Ket2–.
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The behaviour of the two ligands was found to be similar. For α-Ket2–, the formation
of the Ca(α-Ket)H–1– and Ca2(α-Ket)H–3– complexes was observed. β-Ket2– was shown to
form Ca(β-Ket)H–1– and Ca2(β-Ket)H–1+ species was detected. These species involve the
coordination of an enolate functionality. The formation of the Ca2(α-Ket)H–3– species is
somewhat unexpected. Since it is unlikely that (α-Ket)H–13– undergoes a second (and a
third) deprotonation step, this complex is suggested to be a mixed calcium hydroxido
enolate species.
5. Practical applications
Although this work is mostly of fundamental nature, some of the observations here
may have potential industrial applications. Our findings regarding the complex formation
between calcium and these ligands under highly alkaline solutions may help to better
understand the processes occurring under the conditions of the low and intermediate level
radioactive waste repositories and may provide fundamental results for more complicated
systems involving several other metal ions.
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