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Introduction

The interactions of sugar carboxylates with various metal ions have been extensively studied
since the very beginning of the last century owing to their widespread applications in industrial
processes.

Two prominent members of these compounds, namely D-gluconic (GlucH) and D-hepta-
gluconic acids (HpglH), find application in the food industry as leavening, flavoring or fat
absorption reducing agents, while their sodium salts are often utilized as metal chelators for a
wide range of medical and industrial purposes.

Small-molecular-weight organic substances, being common constituents of most bauxite
ores, are introduced to the Bayer process upon the digestion of raw bauxite. According to the
literature, they can form highly stable multinuclear complexes with Ca?* ions in strongly
alkaline medium. Thus, their presence can greatly affect the solubility of Ca(OH),(s), which is
used for NaOH recovery in the so-called recausticization process. Besides their incidental
accumulation, these organic compounds sometimes are added intentionally to the process liquor
to inhibit the extensive formation of undesired by-products, such as the well-known tricalcium-
aluminate, by driving the reaction towards the formation of CaCOjx(s).

From a process optimization perspective, the interactions of sugar carboxylates with AR+
ions should also be considered. Until now, the vast majority of previous research dealt only
with complexation reactions taking place in acidic to slightly alkaline pH regime (pH < 12),
which requires conventional methodology and experimentation.

Based on the results reported for systems containing not only Ca2* but also other metal ions,
sugar carboxylates have a high tendency to form heteropolynuclear species, CapMgL2P*xa,
where M represents another tri- (AR, Fe3*, x = 3) or tetravalent (Th**, x = 4) metal ion, and L
stands for the ligand containing OH and COO- groups.

Aims of the work

For effective optimization of an industrial process, adequate knowledge regarding the
boundary conditions where these ternary complexes tend to form is indispensable. Therefore,
our aim was to determine the composition and stability constants of the complexes forming
between Hpgl, Caz* and AR+ ions in a wide range of pH (2-12), with special emphasis on

interactions occurring in the strongly alkaline medium. Along with the description of the



solution equilibria prevailing in the ternary systems and the corresponding binary sub-systems,
we also attempted to extrapolate the equilibrium data to elevated temperatures and high ionic
strengths relevant to industrial conditions. Finally, we performed a comprehensive

characterization of the solid phases precipitated from aqueous solutions.

Experimental

The protonation constant of Hpgh was determined by pH potentiometric titrations
employing glass electrode, whereas the deprotonation of both Gluc- and Hpglk ions was
monitored using H,/Pt electrode. The latter reaction was probed by 13C nuclear magnetic
resonance (NMR) spectroscopy as well.

To quantify the complex formation equilibria for the binary and ternary systems,
potentiometry was applied using again a H,/Pt electrode. Additionally, the thus obtained data
were supplemented by polarimetric measurements, and the corresponding formation constants
were obtained by simultaneously fitting both cell potentials and optical rotations assuming
different speciation models. Furthermore, electrospray ionization mass spectrometric (ESI-
MS), freezing point depression and solubility measurements were used to validate the proposed
model. The metal-ion binding sites as well asthe possible structure of the complexes in solution
were scrutinized by means of H and 13C NMR spectroscopic techniques.

The various solid phases that were observed to precipitate at certain well-defined solution
compositions were investigated with a set of experimental tools: the crystallinity and
morphology along with the elemental distribution were characterized by X-ray diffraction
(XRD) and scanning electron microscopy with energy dispersive X-ray (SEM-EDX) analysis.
The information on the possible structure of these compounds were obtained by Raman and
infrared (IR) spectroscopies. The amount of Ca2* and AR* was determined by inductively
coupled plasma optical emission spectrometry (ICP-OES), whereas the concentration of the
ligand in each sample was calculated based on UV-vis spectrophotometric measurements.
Finally, the thermal properties of the solids were studied using differential thermogravimetric
analysis (DTG) coupled with IR spectroscopy, in order to identify the processesassociated with

each mass loss.



New scientific results

T1. It has been demonstrated that Gluc~ undergoes two consecutive deprotonation
steps, yielding GlucHE] and GluchE species.

The two stepwise acid dissociation constants were determined from fitting the 13C NMR
chemical shifts assuming the two underlying equilibria. Although the first deprotonation step
was sufficient to describe most of the observed variations, it was necessary to assume the
formation of the Gluch} species to obtain satisfactory agreement between the simulated and
measured data in the strongly alkaline region. Although the formation of the latter was only
around =~ 30%, the existence of this species was supported by matrix-rank analysis as an
independent numerical method.

T2. It was shown that in strongly alkaline solutions, the composition of highly stable
polynuclear Ca - Gluc~ complexes remains identical ina wide range of temperature.

Based on the results of potentiometric titrations performed att = 25, 50 and 75 °C, the
calculated speciation remained intact on all three temperature steps, with CazGluc,(OH),°
being the predominant species. This finding is in line with the titration curves obtained, which
remained nearly identical on all three temperatures.

T3. Asetofnovelcoordinationcompounds were found to be formed between aluminum
and heptagluconate ions both in acidic and in strongly alkaline aqueous solutions.

Potentiometric titrations and polarimetric measurements conducted from pH 1 to 14 revealed

the formation of several hitherto unknown complex species. Besides the mononuclear 1:1

complex already known in the literature, the formation of the AI(OH)sHpgl-, Al(OH)SHpgl“*,
Aly(OH), SHpglg_ as well as the Al (OH)BHpg]g_ complexes has been established, the latter

being the prevalent species in the strongly alkaline region.
Furthermore, below pH = 6 two dimers of the monomeric AI(OH),Hpgl® species, the

AL (OH) 4Hpgl(2) complex and its deprotonated form, Al,(OH);Hpgl, were detected.

T4. It was found that the species forming between aluminate and he ptagluconate ions
in the neutral pH range are likely to be ligand-stabilized hydroxides.

According to the results of IH and 13C NMR experiments conducted at pH =4, 8 and 12, the
spectra obtained at pH = 8 were nearly identical of that of the plain ligand indicating the lack
of substantial structural change of Hpglt upon metal-ion association. This proposition was

supported by semi-quantitative solubility simulations: as for the pH range of 6-11, the total



concentrations of AR+ and OH- ions exceeded the solubility product of AI(OH)s(s), yet no
precipitation could be observed in the presence of heptagluconate ions.

T5. It was proven that Hpgl- ions form ternary complexes with Ca?*, AI** ions in
strongly alkaline aqueous solutions. Assuming only the binary Ca?*/Hpgl- and AIF*/Hpgl-
complexes was not sufficient to describe the corresponding solution equilibria.

The results obtained from potentiometric titrations provided strong evidence for the
formation of ternary complexes in the pH range of 8-14, whereas at pH < 8, the inclusion of
binary complexes was adequate to fit the measured data. Besides the various protonated forms
of the CaAl(OH),Hpgl, species, complexes with 122, 2:1:2, 222 and even 3:1:4
stoichiometries were determined. These findings have been qualitatively confirmed by the 1H
and 13C NMR spectroscopic experiments: the spectra of Hpgl recorded in the presence of Ca2*
and AI(OH), displayed substantial differences (i.e., number and position of peaks, spectrum
shape) as compared to the spectra observed in the case of the binary samples. According to the
Ca?*-dependent NMR series, at least three different ternary complexes could be inferred, in line
with the simulated concentration distribution diagrams.

T6. It has been established that the compositions of the solid ternary complexes
precipitated from Ca?*-, Al**- and Hpgl--containing solutions are CaAlHpgl(OH)4° and
Ca2AlHpgl2(OH)s® above non/NHpg = 1.0 ratio, while CasAl.Hpgls(OH)e? is formed
exclusively below this ratio.

Based on ICP-OES and UV-vis measurements, two uniform groups of ternary complexes
could be distinguished, while for the binary complexes, the formation of AlsHpgl(OH)g® and
various mixed Ca-containing complexes was invoked. These results were reinforced by IR and
Raman spectroscopic measurements: Fourier self-deconvolution of the individual carboxylate
bands of the complexes indicated that the coordination of the ligand to Ca2* and APR* ions in
the ternary solids differ from its binding in the binary complexes.

T7. It was found that the thermal stability of binary and ternary complexes of
he ptagluconate was significantly higher than that of its commercially available salts.

Based on the IR spectra recorded for samples calcined at different temperatures, an increase
in the temperature associated with the onset of degradation could be observed in the following
order: NaHpgl and CaHpgl, salts < Al-Hpgl complex ~ Ca-Hpgl complexes < ternary
complexes. The outstanding thermal stability of ternary complexes was attributed to the
simultaneous binding of both metal ions to the ligand(s), implying the presence of stronger

chelate structures.



Practical applications

As discussed above, our main goal was to provide a comprehensive overview on a
complicated three-component equilibrium system, which may serve as a good starting point for
future optimization attempts regarding the Bayer process. Namely, our results may contribute
to a better understanding of the complexation reactions taking place in Bayer liquors, in
particular by providing a basis for the quantitative description of the corresponding equilibria.
Furthermore, the implications regarding the structure of the complexes may provide new
insights into the underlying mechanism and the role of different molecular motifs in metal-ion

coordination.
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