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Introduction

The interactions between carbohydrate derivatives — such as sugar carboxylates — and metal
ions has been extensively studied since the beginning of the last decade due to their numerous
biological functions (e.g., in calcium storage [1] and enzymatic reactions [2,3]) as well as
widespread applications in different industrial processes. Sugar acids exhibit great affinity
towards sequestering various metal ions, owing to the presence of their carboxylic and hydroxy
moieties [4].

A renowned member of this group is D-gluconic acid (GlucH, Figure 1), which also exists
in nature, for instance in fruits or honey. GlucH typically finds application in the food industry
as leavening, flavoring or fat absorption reducing agent. Furthermore, the different salts of
GlucH also play an important role in various industrial processes. The most widely used
sodium-gluconate (NaGluc) has a remarkable affinity towards di- and trivalent metal ions,
hence it is employed in bottle washing preparations for removing the accumulated scale from
the glass surface. Besides, it is used as an iron sequestrant in the textile industry and as a
derusting agent in metallurgy. Also, NaGluc is commonly used as a cement additive as set time
retarder, thereby increasing the strength and water resistance of concrete [5]. The outstanding
metal-chelating ability of this ligand is also utilized in the pharmaceutical field, mainly during
chelation therapy for treating calcium or iron deficiency [6].

In general, owing to the relative abundance and metal-ion-binding ability of these sugar-type
compounds, they have a potential impact on the efficiency of a number of industrial processes.
For instance, small-molecular-weight organic substances are introduced to the Bayer process
by most bauxites, where they are known to affect the solubility of Ca(OH),(s), which is used
for NaOH recovery (recausticization) [7,8]. In order to assess the role of these ligands in the
solution speciation of various metal ions, a deep understanding of their solution equilibria is
indispensable.

The solution chemistry of complex compounds consisting of hydroxy-carboxylates and
Group 11/ Group 11l metals is well-described in the acidic-to-neutral pH range. In this region,
the binding of metal ion typically takes place via the —COO-group, resulting in the formation
of weak mononuclear complexes [9,10]. However, in strongly alkaline media, the deprotonation
of (at least one) —OH group and the simultaneous formation of an alcoholate — being a strong

Lewis base — markedly enhances the stability of metal chelates. Furthermore, in alkaline



solutions containing polyhydroxy carboxylates, Ca2* and another tri- or tetravalent metal ions,
the formation of heteropolynuclear complexes (Cap,MqL:?**34, where L represents a ligand
containing —OH and —COO~groups) has been reported [11,12].

Regarding the Bayer process, apart from the accumulation of organic compounds, Gluc- is
also added intentionally to the spent liquor to drive the reaction towards the formation of CaCO3
and inhibit the formation of the undesired tricalcium aluminate [8,13]. Even though some
structural features of certain CapAlyL2P*34-" forming under these conditions have been already
known from the literature [14] the exactcomposition and equilibrium properties of these species
have remained elusive.

To adequately describe the solution equilibria of such a ternary system, a detailed
understanding of the corresponding binary sub-systems is inevitable. Furthermore, the reaction
parameters (temperature, ionic strength) should be adjusted to the industrial conditions as close
as possible. To this end, in the current work, the effect of both temperature and ionic strength
on the speciation in strongly alkaline aqueous solutions containing Ca2*and Gluc- were studied.
In addition, measurements were performed at 25 °C and 1 M ionic strength with the structurally
related o-D-heptagluconate (Hpgl, Figure 1), and the results were compared with those
reported earlier for Gluc- (under the same conditions), which allowed us to assess the effect of
the number and configuration of —OH groups on the complexation of Ca2* ions.

To explore the binding of AR+ ions to polyhydroxy carboxylates, Hpgh was used again as
complexing agent in a broad range of pH (2-14). Also, the results of the present work with
those already existing for Gluc- were compared. In the next step, based on the results obtained
for the binary systems, the speciation of Hpgl in the presence of both Ca2* and AB* ions was
investigated in the same pH region. Finally, to gain a comprehensive view on the overall
equilibrium including heterogeneous processes, the solid precipitates forming in the ternary and

binary systems were also characterized.
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Figure 1 Structural formulae of D-gluconate (left) and D-heptagluconate (right)



Literature review

The chemical equilibria of Bayer liquors and their relevance

Aluminum is the third most abundant of all chemical elements (after oxygen and silicone)
as well as the most abundant metal in the Earth’s crust, making up more than 8% of its mass
[15]. The reason of the substantial accumulation of this particular element in the lithosphere is
aluminum’s oxide-forming tendency, which bounds it to rocks (feldspars and micas), keeping
it relatively close to the surface, while less reactive metals sink to the core [16]. Owing to its
strong affinity towards oxygen, aluminum is almost never found in its elemental state, therefore
it is the main constituent of a set of different aluminosilicates and aluminum oxides [17].

Despite the occurrence of aluminum in many different minerals, its economically viable
sources are almost exclusively bauxite ores, which do not only contain high amounts of
aluminum, but the relative ease of their mining also renders bauxite the most important source
for alumina production. The importance of this raw material is indicated by the increasing
global consumption of bauxite, which exceeded 200 million tons per annumin 2007 [18].

Although the known reserves of high-quality bauxite could be sufficient for the next 300
years (based on the average projected growth rate in aluminum use), there is an ever-growing
need for the sustainable mining and refinement of this mineral. For instance, the aluminum
content of new automobiles was increasing at a rate of 4% every year till 2003, averaging at
130 kg per vehicle. Furthermore, if one considers that typically 4 to 6 tons of bauxite are
required to produce one ton of aluminum (which still counts as modest use of mineral resources,
compared to other materials,) the growing number of attempts on the improvement of aluminum
yield is evident [19].

Nowadays, the principal method of the large-scale alumina production is the renowned
Bayer process, invented by Karl Josef Bayer in 1888 [20]. The first step of this process involves
the recrystallization of the aluminum content of bauxite, by digesting it in extremely alkaline
(pH > 14) aqueous solution of sodium hydroxide at high temperature and pressure (T = 140—
270 °C, p <35 atm). Then, the different soluble aluminum-bearing hydroxido complexes are
converted to crystalline gibbsite (Al(OH)3(s)) in a reverse process, which is later calcined to
yield alumina (ALOs(s)).

Although the process itself has been used for more than 120 years now, unexplainable
artefacts still occur, partly due to our limited knowledge about Bayer liquors. Therefore,

tremendous effort and resources have been put into the investigation of the composition,



structure and stability of the aluminate complexes present in Bayer liquors. However, during
the investigation of these solutions one may encounter several obstacles. Apart from the widely
known practical difficulties, such as the uncommonly high concentration and alkalinity of the
solutions, the interpretation of the experimental data often proves to be challenging, owing to
the large number of interrelated experimental parameters. Moreover, a number of macroscopic
inhomogeneities as well as precipitates and crystal seeds are present in process liquors, which
makes the adequate description of these systems even more difficult.

Besides the heterogeneous nature of the process liqguor, most Bayer plants must deal with
the control of organic substances, originating from the humic content of Bauxite. According to
Lever, during the digestion process the humic matter degrades to various lower—molecular-
weight compounds, such as benzene carboxylic acids, phenolic acids or aliphatics [21]. It has
been shown that a substantial amount of these organic compounds in Bayer liquors can bring
about a set of serious process problems, including lower alumina vyield, decrement of
AI(OH)3(s) particle size, lower red mud settling rate or the loss of caustic. These unfavorable
impacts prompted scientists to put tremendous effort [21-25] in the in-process identification of
these materials, however apart from a few early initiatives [11], the literature on their behavior
in solution is sporadic.

For the digestion to be as efficient as possible, the causticity of the process liquor must be
maximized. Therefore, lime (slaked lime, Ca(OH),) is added to the spent liquor to convert the
in situ formed sodium carbonate back to sodium hydroxide by the formation of insoluble
calcium carbonate. This step is an essential and integral part of most Bayer refineries for their
cost-effective operation; hence, lime is one of the primary raw materials for alumina production.
Despite the crucial role that calcium plays in analumina refinery, relatively few in-depth studies
have been published on this topic in the literature, albeit at the end of the last century the
chemistry of lime in the Bayer process has drawn substantial attention [26-28].

Another scientifically interesting aspect of the chemistry of calcium in Bayer liquors is the
formation of different solid phases with aluminate ions and their interconversions [29-32].
According to a recent review by Rosenberg et al., the most stable solid calcium containing
compound forming in aluminate solutions is tricalcium aluminate hexahydrate (TCA,
CazALO46H,0), which is formed by the direct reaction of CaO or Ca(OH), with NaAIl(OH),
[8]. On the one hand, the formation of this precipitate is given its negative impact on the alumina
yield, however the presence of TCA may have its advantages, too: the particle size of TCA
could be conveniently modified through the adjustment of each component’s concentration,

which is an important property of filtering agents [33]. Furthermore, TCA can readily bind



silicon through the formation of hydrogarnets (CasAk(SiO4)3x(OH)sx), rendering TCA an
excellent silicon-removing agent [33-35].

As reported by Rosenberg [8],apart from the formation of TCA, two metastable compounds,
the [Ca,Al(OH)gl2-1/2C0O3-OH'-nH,O and the [Ca,Al(OH)s],CO3-nH,O layered double
hydroxides (LDHSs) are also discernible in most Bayer liquors. The formation of LDHs is a
critical reaction step in the recausticization of the liquor. Although these intermediate processes
first result in a decrease in the concentration of both carbonate and aluminate ions, the latter is
recovered due to the decomposition of LDHs above 80°C, yielding calcium carbonate and

soluble aluminate [8,36].

Ca-L Al-L

Ca-0OH —'—[ L ]—'—[ Al - OH

Figure 2 The roadmap for description of chemical equilibria in the Ca®" / AF*/ L system. The bottomrow refers
to the hydrolysis of Ca?* and AP*, as well as to the acid-base properties of L~ (= Gluc™ or Hpgl), while the second

row stands for the corresponding binary systems. The charges are omitted for better representability.

Despite the challenges mentioned above, with due effort and systematic thinking even a
complicated equilibrium system, i.e., a highly caustic aluminate solution containing Ca2* ions
and low-molecular-weight organics (Figure 2), can be appropriately characterized. Besides the
mindful planning of instrumentation and experiments, the system needs to be simplified to its
most fundamental building blocks, which in turn could be gradually expanded towards more

complicated fractions after sound description.



During my work in the Material and Solution Structure Research Group we have embarked
on the comprehensive characterization of a so-called “synthetic” Bayer liquor, consisting of
Ca?*, AB*, Hpgt and OH- ions, where calcium and heptagluconate ions are to represent the
additives and organics present in “real” process liquors. Therefore, in the following pages the

literature data for the corresponding subsystems will be reviewed.

Properties of hydroxycarboxylates in agueous solutions

Synthesis of sugar acids

D-glucose —and aldohexoses in general — can be readily oxidized using only mild oxidizing
agents, such as hypobromite or dilute nitric acid, yielding D-gluconic acid (GlucH) [37,38].
Considering that the oxidation step takes place on the pyranose form of glucose, the primary
products will be the lactone forms of the corresponding gluconic acid, which are in turn in

equilibrium with the open-chain form (see Figure 3) [39].
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Figure 3 The mild oxidation of D-glucoseand its products. In acidic medium, polyhydroxy carboxylates are usually
convertedto intramolecular five- (y) or six-membered (3) cyclic esters, i.e., lactones [39].

Apart from the above chemical route, GlucH can be produced by many different approaches,
such as electrochemical [40-43], ultrasound-assisted methods [44-46] or catalytic reactions
employing catalysts such as Pt, Rh [43,47-49] and Au/C [50]. However, these methods appear
to be less cost-efficient upon comparison with fermentation processes. Therefore, gluconic acid

manufacturing predominantly takes place through microbial fermentation [51-57].



To produce sugars that are difficult or impossible to obtain from natural sources, the Kiliani—
Fischer synthesis is the most convenient way to elongate their chains to the desired length (see
Figure 4). It proceeds via the synthesis and hydrolysis of a cyanohydrin, thus lengthening the
chain of an aldose by one carbon atom, while preserving the configuration of the other chiral
carbon atoms. As for the newly inserted carbon, both configurations are generated at the same
amount yielding a racemic mixture of the two epimers. This way, one can access any
stereoisomer of any chain-length aldose by an appropriate number of iterations of the Kiliani—
Fischer synthesis. Nevertheless, while it provides access to every aldose, the process is limited
by its own yield, which drops roughly exponentially with each additional iteration [58,59].

‘ HO. 1.0 HQ%/O H\J/,',/O
H\_&O HEC~OH HZ—0OH HO—&H ,
H-2—oH HCN H-3l—0on 1) lactonization H3l oH + H—B oy Mixture pf Cn+i.
HI—0H  HO" 4l gy Dreduction L dl oy gy C2epimers
R R R R

Cp aldose Cn+1 aldonic acid Kiliani-Fischer synthesis

Figure 4 The scheme of the Kiliani—Fischer synthesis performed on aldoses with arbitrary chain-length. The
desired stereochemistryand chain-length could be attained by the consecutive iterations of the synthesis [59].

The deprotonation of D-gluconate and D-heptagluconate in strongly alkaline medium

Generally, alcohols are considered weak acids, since the values of pK, for their acid
dissociation reactions range from 16 or 19 (slightly weaker than water, pK, = 14). For instance,
pK, = 15.5 for methanol and pK, = 16.0 for ethanol, respectively [60]. Polyhydroxy
carboxylates are expected to be stronger acids (i.e., they have lower pKj,) due to statistical
reasons: the presence of additional -OH functions increases the probability of proton
displacement [61]. The acid dissociation constant for these ligands reads as:

-+ H,0 = LH? + H;0* (1)
B _1_[LHEI] [H;07]
Ka_Kp - [ch 1 (2)

where L~ = Gluc- or Hpgl, K, is the protonation constant of LHE{ and c is the standard molar
concentration (1 M).

Owing to the experimental complications caused by the strongly alkaline medium, the main
tools for determining the pK, are pH-potentiometry using glass or H,/Pt electrodes or NMR
spectroscopy. According to anearly paper by Roos and Williams, the acid dissociation constant
of Gluc- was found to be unrealistically low, pK, = 11.18 (att =37°C and |1 =0.15 M NaClO,
employing GLE) [62]. Later, a value of pK; =13 £ 1 (att =22°C and | = 0.1 M NaClO,4) was
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proposed by Zhang et al. based on 13C NMR measurements [63]. More accurate values were
obtained for the pH measurement in alkaline solutions by adopting H,/Pt electrode, which is
known to have better performance in such ambience: Pallagi et al. obtained pK, = 13.68 + 0.03
for the deprotonation of Gluc- at t = 25°C and | = 1 M NaCl [64], whereas Coccioli and
Vicedomini found this value to be pK, = 13.66 + 0.24 at | = 1 M NaClO,. Furthermore, they
proposed, that GlucH?7 can also undergo a deprotonation to form GlucH?5; the corresponding
pK, was found to be 14.02 +0.3 [65]. The value of 13.92 +0.06 was obtained recently by Kutus
etal. under similar experimental conditions (t=25 °Cand | =4 M NacCl), which is in excellent
agreement with the previous values, with due consideration on the different ionic strength.
Regarding the structurally similar D-heptagluconate (Hpgl), which contains an additional —
CH,-OH moiety, the pK, was reported to be 13.41 + 0.02 (t=25°C, | =1 M NaCl), determined
by pH potentiometric measurements applying H./Ptelectrode [66]. Its increased acidity may be

explained by the statistical effects owing to the additional —OH functional groups [61].

The interactions of Ca?* ions with sugar acids in strongly

alkaline aqueous solutions

Hydrolytic properties of Ca2+ ions

The hydrolytic reactions of calcium(l1), given the important role of lime in various industrial
processes, have been a subject of several studies since the 19th century both on theoretical and
experimental basis [67—71]. Besides its central role in the concrete research, hydrometallurgy
or scale formation, the hydrolysis of calcium(ll) is of paramount significance in the Bayer
process, upon carbonate removal [8,72]. Despite the effort made to elucidate these equilibria,
the speciation of Ca(ll) in these strongly caustic solutions is still not completely understood.
The difficulty of such studies stems from the behavior of calcium in aqueous solutions: calcium,
as any other alkaline earth metal ions, only exists asa divalent cation in aqueous solutions. With
the increasing atomic number, the size of the alkaline earth cations also increases, which in turn
decreases their effective charge and causes the O-H bonds of the coordinated water molecules
to be less acidic. Since the calcium ion is significantly bigger, than the magnesium ion, it does
not hydrolyze until pH = 13, which makes the employment of the conventional glass electrodes
problematic [73-75].

According to Kolthoff, the existence of Ca(OH)* species was necessary to assume in
addition to the aqua-ion, in order to explain the results of the potentiometric measurements [69].

As for the monohydroxido complex, its formation is described in the following reaction:

11



2+ - N +
Ca (aq)+OH (aq) < C&(OH) (aq) (3)

Where the corresponding equilibrium constant is

_ [Ca( OH)+(aq)] 3
Keaom'y, = [Ca” uq] [OH (oq)] ?

Using these equations, Kolthoff obtained the value IogKCa(OH)+( = 0.87 in his work. Later,
aq

a plethora of studies attempted to determine the formation constantat 1 =0 M and t =25 °C.
Based on potentiometric [76,77], kinetic [78,79] or solubility measurements [80-83], the value

of IogKCa(OH)+( : ranges from 1.0 to 1.6. Furthermore, studies dealing with the determination
aq

of IogKCa(OH)+( ) at different ionic strengths and temperatures as well as other works invoking
aq

Ca(OH)* g to interpret various speciation models [64,66,84-90] cemented the existence of this
hitherto debated species.

Besides the monohydroxido complex, the existence of the dissolved Ca(OH); g has also
been proposed in several studies [91,92]. The underlying reaction and equilibrium constant of

its formation read as:

Ca™ (4 +20H (4 = Ca(OH), (5)

K — [Ca(OH) Z(aq)] ‘
Ca(OH)z(aq) [Ca(OH)+(aq)] [OHi(aq)]

(6)

5 - [caom, . q)]~c2
Ca(OH)Z(aQ) [Caz+(aq)] [OH_(aq)]2

In several instances, solubility data were also explained through the formation of

(7)

Ca(OH)2 () In strongly alkaline solutions [86,93,94]. Recently, Kutus et al. published a
comprehensive study on the formation of the dissolved Ca(OH); q) in strongly alkaline media.
According to their findings, Ca(OH); @g) forms more readily than Ca(OH)* i) in the pH > 13
region, with the former being almost exclusively present in solution at high pH. The authors

have also determined the solubility product of the solid Ca(OH),s) as well as the formation
constants of the Ca(OH)* (g and Ca(OH); g species, to be Ky ,=(8.8+0.2) x 10° M8,
KCa(OH)+(aq)= (1.5+£0.1) M and BCa(OH)z(aq):(4'7 +0.1) M2, respectively, att=25°Cand | =

1 M (NacCl), expressed in terms of concentration [95].

Complexation of Ca2* by polyhydroxy carboxylates

Generally, sugar-type ligands containing only hydroxyl- or formyl groups form weak

complexes with alkaline earth metals, due to the low electron density on the oxygen donor
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groups. Consequently, they can hardly displace the strongly-bound water molecules from the
first coordination sphere of the metal ions [96].

On the other hand, if one (or more) of the alcoholic groups is deprotonated, the forming
alcoholate has a much higher affinity towards binding bi- and trivalent metal ions, owing to its
increased basicity. In turn, the metal ion is a strong competitor of H* for the alcoholate moiety,
which facilitates the deprotonation of the —OH group. In other words, the apparent pK, of the
ligand in its metal-bound form is lower than the pK, of the free ligands, known as metal-ion-
induced deprotonation. If another coordinating group is already present in the ligand, i.e., a
carboxylate moiety, if highly stable chelate structures may be formed upon metal-ion binding,
which further promote complex formation [97].

The outstanding complexing potential of sugar acids in alkaline aqueous solutions could be
easily demonstrated by a simple test-tube experiment: in a solution containing approximately
0.1 M Ca?* ions at pH ~ 13, the extensive precipitation of portlandite (Ca(OH), ) is observed.
Introducing NaGluc in excess to this suspension, the rapid dissolution of the precipitate occurs,
which clearly indicates interaction between the sugar carboxylate and the metal ions.

In an early work of Mehltretter et al., this interaction has already been unfolded, as the
authors found that the calcium sequestering capability of Hpgl- and Gluc—-containing solutions
greatly improved with the increasing pH [98].

Later, a generalized ionization scheme for polyhydroxy carboxylates was proposed by van
Duin et al., in order to explain the enhanced complexing ability of this type of ligands.
Accordingly, the complexation starts with the deprotonation of the COOH group, which is
followed by the subsequent proton displacement of the neighboring a-OH group. Ultimately,
the dissociation of another OH group leads to the coordination of metal ion through the forming
diolate moiety [99]. Alcoholate — metal ion interactions, being stronger than the ones with
hydroxy groups, therefore yield complexes with higher stability.

Concerning the existence of multinuclear complexes of calcium ions with Gluc—, Sipes in
his PhD thesis proposed the formation of such species with 2:1 metal-ligand stoichiometry
[100].

The composition and stability of polynuclear complexes of calcium(ll) with various
polydydroxy carboxylates was scrutinized by Pallagi et al. Their results, obtained from pH
potentiometric measurements, indicated not only the presence of mononuclear calcium
complexes but also the simultaneous formation of polynuclear calcium complexes along with

the deprotonated Gluc- and Hpghk molecules [64,66]. According to their chemical model for the
Ca2* / Gluc- and Ca%* /| Hpgl systems, the formation of CaGluc+/CaHpgl+, CaGlucH’, /

13



CaHpglH’| , Ca,GlucH’; and Ca;Gluc,H;/CasHpgl, H’; species could be observed (in
addition to the Ca(OH)* complex). The existence of these bi- a trinuclear complexes was
supported by EXAFS and ESI-MS measurements as well.

Recently, the equilibria, structure and composition of calcium(ll)- gluconate complexes
forming in alkaline solutions was summarized by Kutus et al. In their review, the following
conclusion was drawn: in strongly alkaline aqueous solutions, Ca2* ions tend to form
polynuclear species with gluconate and its structurally related peers. These compounds are
mainly bi- or trinuclear complexes of surprisingly high stability, and mostly charge-neutral. In
these species, the Ca2* ions are simultaneously coordinated by the COO-/C(2)-O- and COO-
/C(3)-O~ moieties of Gluc-, forming Ca-L-Ca-L-Ca chains. They also proposed that the COO-
/C(2)-O- binding motif seems to be common for the related sugar-carboxylates, while the
participation of the COO-/C(3)-O- or the COO-/C(4)-O- depends on the configuration of the
ligand [101].

The hydrolysis of AP* ions and their complexation by gluconate

Although the thermodynamic properties of the mineral alumina phases are well-described,
some controversies still remained regarding the behavior of aqueous aluminum species. This
stems from the relatively high charge and small radius of the metal ion, which causes it to
hydrolyze and form complexes readily [102].

Aluminum can exist in a large variety of oxide-hydroxide minerals, such as corundum
(ALOs (), diaspore (a-AlO(OH) (), boehmite (y-AlO(OH) () or gibbsite (AI(OH)s (), which
are relevant in the production of alumina, primarily in the strongly alkaline medium. Gibbsite
is known to precipitate from oversaturated aluminum containing solutions already at room
temperature and it transforms into boehmite at elevated temperature [102—105].

The solubility of various oxide and hydroxide phases is fundamentally important in the high-
temperature production of alumina, where the formation of different hydrolysis species can be

observed. Among these hydrolysis products forming at high pH, AI(OH), is the predominant
one, although other hydrolyzed monomeric species, such as (AI(OH)%*, AI(OH); and

Al(OH)g @ag) are also known to occur. Furthermore, in concentrated aluminum solutions,
particularly relevant in various industrial processes, (such as the Bayer process), even

polymeric aluminum hydroxides have been identified, e.g. AIZ(OH);H, A13(OH)45‘+ or the

Al 3(OH)S (more precisely Al; 304(OH)ZD species [106].
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In his recent review, Sipos summarized the qualitative and quantitative description of the
speciation of concentrated alkaline aluminate solutions at temperatures up to 100 °C [107].

Besides of the mononuclear aluminate species, such as the well-established Al(OH), [108-
112], the pentacoordinated AI(OH); [113-115] or the AI(OH), [116,117], the formation of

the oxo-bridged dimeric aluminate species, (OH)3A1—O—A1(OH)§_ [111,118,119] and the

existence of various polymeric ones [120-122] were also discussed. The paper concluded that
in alkaline aluminate solutions, prevailing under industrial conditions, the predominant aqueous

aluminum-bearing species is the pseudo-tetrahedral Al(OH), ion, which can form stable

NaAl(OH)g ion-pairs, which (depending on the conditions) could be solvent-separated or

contact.

In order to assess the chemical composition of real Bayer liquors, the effect of organic
contaminants and additives needs to be understood first. Even though there are some initiatives
to clarify the equilibria of these systems, the available literature is rather scarce.

The complex equilibria of the AB* / Gluc- system was extensively studied in the pH range
of 2 to 10. In an early publication Motekaitis and Martell proposed the formation of three
mononuclear species: AlGluc?*, AI(OH)Gluc* and AI(OH)s;Gluc-. They assumed a “2,4,6”
coordination scheme, where the ionized hydroxyl oxygens (located on the C2, C4 and C6
carbon atoms) point towards the aluminum ion, concluding that the existence of 2:1 is sterically
possible [123].

Escandar et al. assessed the speciation via including the AI(OH)Gluc* and Al(OH);Gluc-
particles only, however based on the NMR data measured for the aluminum(l1l) — lactobionic
acid systems, they supposed the formation of the AI(OH),Gluc?- in alkaline medium [124].

Lakatos et al. unveiled the existence of several new complexes from pH = 2-10, such as
AlGluc?t, AI(OH)Gluc*, AI(OH),Gluc?, AI(OH);Gluc-, Al(OH)Glucg and Al(OH),Gluc, .
Besides, they recognized the role of alcoholate groups during metal chelation and proposed a
tridentate COO-/O-/O- coordination mode in the bis-complexes. As for the formation of the
deprotonated species, they assumed that the binding of AR+ by the carboxylate group is
accompanied by a metal-ion-induced deprotonation of one or two a-OH moieties. According to
the data acquired for other hydroxy carboxylates, they proposed that the third deprotonation
occurs on one of the coordinated water molecules of AR+ [125].

The formation of the AI(OH),Gluc- complex has been reported by Pallagi et al. The species

is formed in strongly alkaline medium, in a pH-independent process via the condensation of
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Al(OH)4ion with one or two alcoholic —OH groups of the ligand. The geometry of the forming
complex is tetrahedral, similarly to the bare anion [126].

AiIms of the thesis

It has been shown that the presence of organic impurities in Bayer liquors could significantly
alter the composition of the process liquor and thereby give rise to numerous process problems,
such as lower alumina yield, lower red mud settling rate or even the loss of caustic due to the
ion-pairing of organic compounds with sodium. On the other hand, these low-molecular-weight
organic compounds play a pivotal role during the regeneration of the spent liquor by inhibiting
the formation of undesired Ca-Al by-products through complexation.

As a result of extensive studies conducted on the solution equilibria of sugar-type ligands
with Group 11/Group 111 metals, the interactions of Hpgl (or Gluc-) with Ca2* or ARt ions are
largely understood in the pH range of 2 to 11. However, when it comes to the literature of these
interactions in hyperalkaline medium (pH > 12), only limited resources are at our disposal.
Even less information is available regarding the heteropolynuclear complex formation of these
ligands with both Ca2+* and AR+ ions as well as the speciation at elevated temperature and ionic
strength, which is essential to the cost-effective process design.

Therefore, our main goals in the present work were as follows:

e to compare the acid-base and calcium complexation properties of Hpgl with those
of Gluc- by determining the stability constants of their complexes.

e to calculate the stability and composition of aluminate complexes, forming with
Hpgl in the pH range of 2 to 14.

¢ to identify the APR* binding sites of Hpglh from acidic to strongly alkaline media to
gain insights into the structural features of the forming complexes.

e to investigate the complexation of Ca2*and APR* ions with Hpgl in the pH range of
2 to 14 as well as to characterize the corresponding binary and ternary solid
compounds.

e to assess the impact of elevated temperature and ionic strength on the speciation
using the Ca2*/ Gluc- model system; to calculate the corresponding thermodynamic

constants.
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Experimental Part

Reagents and solutions

All the materials mentioned throughout this work were used without further purification.
The solutions were prepared using deionized water (Merck Millipore Milli-Q®) and the ionic
strength (1) was adjusted to 4 M with NaCl (VWR, a. r. grade). Applying such high background
electrolyte concentrations was necessary to reduce the effects originating from the variation of
the activity coefficients of the solution species and to simulate the reaction conditions prevailing
during the Bayer—process.

Sodium a-D-heptagluconate (Sigma-Aldrich, >99% purity) was purchased as hydrated salt.
The water content was determined by weighing the solid before and after heating it at 80 °C for
six hours. Additionally, the purity of Hpgl~ sodium salt was checked by recording its 1H and
13C NMR spectra. No signals of contaminants which peak area was greater than 1% of the total
peak area were found. Sodium D-gluconate (Gluc-, Sigma-Aldrich, > 99% purity) was used as
received.

1 M NaOH stock solutions were made by gravimetric dilution of a 50 w/w% carbonate-free
NaOH solution, which was prepared from NaOH pellets (VWR, a. r. grade) according to the
procedure reported in the literature [72]. The required amount of cc. NaOH was diluted to 1
dm3 volume and standardized against HCI solution. The stock solutions of acid were made by
volumetric dilution of approx. 37 w/w% HCI (a.r. grade, Scharlau) and were standardized with
KHCOj3solution.

Sodium aluminate solutions (= 4 M NaAl(OH);, = 4 M excess NaOH) were prepared
according to procedures described in Ref. [127], i.e., by dissolving aluminum wires (J.M. &
Co., 99.99% purity) in a carbonate-free NaOH solution. The concentration of AI(OH), was
determined by two methods. First, the metal as well as the filtered stock solution after the
dissolution reaction was weighed. To convert the mass to volume, the density of the final
solution was determined by a 25 mL pycnometer at (25.0 £0.1) °C. Second, a =~ 0.02 M
NaAIl(OH), solution was prepared from the concentrated one and the metal content was
determined via EDTA titration at pH = 2. The agreement between the values obtained from the
two methods was within 1%.

The stock solutions of calcium chloride were prepared by dissolving calcium chloride

dihydrate (Analar Normapur, a. r. grade) in deionized water, while the ionic strength was set to
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4.0 M (NaCl). The concentration of Ca2* was determined prior to the measurements by EDTA

titration.

Table 1. List of compounds used throughout this work

Name Abbreviation Purity Vendor
Sodium D-gluconate NaGluc >09% Sigma—Aldrich
Sodium D-heptagluconate NaHpgl >99% Sigma—Aldrich
Malonic acid H.Mal a. r.grade Fluka
Calcium D-heptagluconate dihydrate Ca(Hpgl)2-2H.0 >08% Sigma—Aldrich
Sodium hydroxide pellets NaOH >98.5% VWR Chemicals
Sodium chloride NaCl a. r.grade VWR Chemicals
Hydrochloric acid solution, 37%w/w HCI a. r.grade Scharlab
Deuterium oxide D0 99.9% Sigma—Aldrich
Aluminum wires Al 99.99% J.M. & Co.
Calcium chloride dihydrate CaCl22H.0 >99% Sigma—Aldrich
Potentiometry

Potentiometric titrations were performed using an automatic titroprocessor (Metrohm 888
Titrando; tiamo™ 2.5, Metrohm AG, Switzerland) equipped with a SenTix®-62 (from WTW)
combined glass (GLE) or a homemade platinized platinum electrode (H./Pt); the latter was
prepared according to Ref. [128]. In strongly alkaline media (pH > 12), the conventional
combined glass electrodes exhibit the so-called alkaline error, during which a part of the H*
ions in the gel layer of the electrode membrane are replaced by Na* ions. As a result, the
electrode may eventually respond to Na* ions, giving pH values lower than the real values.
Therefore, most of the experiments were carried out using platinized platinum electrodes (built
in-house). Moreover, the dissolution of CO, was minimized by bubbling H, into the solution.
The electrochemical cell consisted of H,/Ptand a thermodynamic Ag/AgCl reference electrode

was constructed as follows:
Pt(s) | H2(g) | testsolution, | =4 M (NaCl) | 4 M NaCl | 4 M NaCl, AgClI | AgCI(s) | Ag(s)

The measurements were carried out in a closed custom-made titration vessel, covered with
a PTFE lid and externally thermostated to 25.0, 50.0 or 75.0 = 0.1 °C with a Julabo F12-MB
thermostat (with an accuracy of + 0.1 °C). Throughout the potentiometric measurements with
the H,/Ptelectrode, the bubbling H, gas was presaturated in a 4 M NaCl humidifier solution to
minimize evaporation loss [129]. The perceived decrease was less than 0.1% of the initial

solution mass, which was considered insignificant.
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The indicator electrodes were calibrated by titrating a weak acid (0.070 M malonic acid,
Fluka, a.r. grade) and a strong acid (0.150 M HCI) with =1 M NaOH solutions by the protocol
described in detail in the manual of the pHCali software [130]. The program is capable of the
determination of the electrode intercept, slope and the ionic product of water, taking the pH
effect caused by the dissolving CO; into account. During the fitting procedure, the log K, was
fixed to —14.26 [131]. As aresult of the calibration, the electrodes were found to be Nernstian
at all temperatures in the range of 1.9 < pH, < 13.6 (H,/Pt) and 1.9 < pH. < 10.9 (GLE),
respectively (where pH. is defined as —log ([H*]/c?). That is, the relative accuracies of the
determined slope values were found to be 0.24%, 0.44% and 0.25% at 25, 50 and 75 °C, while
the respective theoretical values are 59.16, 64.12 and 69.08 mV, respectively.

During data acquisition, 70 cm3 of the samples was titrated with NaOH, HCI or CaCl,
solutions, depending on the system. The corresponding cell potentials were recorded as follows:
to study the protonation of Hpgl, the solutions were titrated with 1.0056 M HCI, using GLE.
Hereafter for component X, the analytical concentration is denoted as [X]r o (at the starting
point of a titration) or [X]r (for pointwise measurements), while [X] is referred to as the
equilibrium concentration. To avoid the lactonization of the ligand, each solution was measured
right after preparation.

The pH effects due to the deprotonation of Hpgh and the complexation of Ca2* with L-
(where L~ was Gluc- or Hpgl) occurring in the strongly alkaline pH range were followed with
a platinized platinum (H,/Pt) electrode. Each solution contained [NaOH]y o =0.005 M and was
titrated with =1 M NaOH. The complexation of Hpglt with AB* as well as the interactions in
solutions containing Ca?*, AP+ and Hpgl were investigated by titrations in the pH range of 2—
14. The titrant was 1.0056 M HCI, whose ionic strength was set to 5 M (NaCl) to avoid the
decrease in background electrolyte concentration caused by neutralization. Due to the rather
slow kinetics known for AI(II1) in acidic medium, the titrations were started from the strongly
alkaline pH range using [NaOH]t o =0.050-0.200 M. During the experiments, a minimum and
maximum waiting time was set for eachdata point to check if the displayed cell potentials show
time-dependence. The measured value was accepted if the signal drift did not exceed the
maximum tolerance interval (x 0.3 mV) after the minimum waiting time. We found that to
attain chemical equilibrium in the entire pH range, the minimum waiting time must be
20 minutes. The CaClk-concentration dependent titrations for the Hpgl/OH- and AR+*/Hpgl-
/OH- systems were performed by changing the titrant to ~ 1 M CaCl, and employing various

[NaOH]+ 0. Each solution was titrated until the appearance of a white precipitate.
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Polarimetry

The optical rotation of the samples was measured using a Lippich-type polarimeter (Kriss
P-1000, A. KRUSS Optronic GmbH, Hamburg, Germany) equipped with a LED light source.
The degrees of rotation («) were measured at the sodium D line (589 nm) using polarimeter
tubes with 200 mm path length at room temperature (23 £2) °C and at | = 4 M (NaCl). The
reading accuracy of the instrument was +0.05°.

To observe the metal-ligand interactions in the binary systems, solution series with constant
[Hpgk]T and varying [Ca2*]+ or [AI(OH)4 ]+ were measured. A NaOH-concentration dependent
series contained [Hpgllr = [AI(OH)4 ]+ with [OH"]+ varying from 0.025 to 0.500 M.

For the ternary Ca2*/AB*/Hpglt system, solutions with [Hpgt]+/[AI(OH)4 ]+ = 2 were
assembled, while [Ca?*]+ was gradually increased from 0 to the value of [AI(OH)4 ]+. Systems
comprising of Ca2*/Hpglt and Ca2*/AR+/Hpgt contained 0.250 M excess NaOH, while for the
APB*/Hpglk system [NaOH]+ was set to 0.200 M.

Nuclear Magnetic Resonance (NMR) Spectroscopy

1H and 13C NMR spectra were recorded with a Bruker Avance Il HD 500 MHz NMR
spectrometer equipped with a 5 mm inverse broadband probe head (CryoProbe™ Prodigy)
furnished with z-oriented magnetic-field-gradient capability. The magnetic field was stabilized
by locking it to the 2D signal of the solvent prior to spectral acquisition. During the 13C NMR
acquisitions the proton decoupler was turned on. The temperature was maintained at
(25 £ 1) °C.

To quantify the deprotonation of gluconate, samples of solutions with 0.200 M [Gluc-]t and
with varying concentrations of [NaOH] (0-2.989 M) were placed into PTFE liners, which were
subsequently inserted into quartz tubes containing D,0O. By this approach, the use of D,O does
not alter the activity of H*. For each sample, 512 scans were recorded to obtain the 13C NMR
spectra. For the data to be comparable to those from the potentiometric titrations, the ionic
strength of the samples was setto 4 M with NaCl.

The Hpgl containing samples were prepared by adding 10 % (V/V) D,0 to the solutions.
The H peaks of Hpgl- were assigned according to earlier results published in the literature [66],
while that of the 13C nuclei was performed by recording a *H-13C heteronuclear single quantum

correlation spectrum for a 0.500 M NaHpgl solution (Figure 5).
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Figure 5 'H-'*C heteronuclear single quantumcorrelation spectrumfora 0.500 M NaHpglsolution

The pH of solutions containing Hpgl ions were set using GLE, which was calibrated with
dilute buffers (by WTW). Due to the fact that the activity coefficient of H* in the buffers differs
from that in the samples, the pH adjusted here is regarded as nominal, directly recorded from
the pH meter (pHnom). The difference between pH and pH. is the Irving or A factor [132], which
encapsulates the effects originating from the difference in the activity coefficient of H* and in
the liquid junction potential. To minimize A, no background electrolyte was added to the
samples.

Generally, 128 and 1024 interferograms were collected to obtain the 'H and 33C NMR
spectra of Hpgl containing samples, although for solutions with pH = 4 and 12, the 13C NMR
spectra with 8096 scans were also recorded. The spectra were baseline-corrected and

normalized for comparison.

Freezing Point Depression (FPD)

Freezing point depression was measured with a Testo 735 digital precision thermometer
using a probe with an accuracy of + 0.05 °C. The change of temperature was monitored and
recorded in every second during the measurements. The accepted temperature value was
calculated as the 30s moving average of temperature values after the onset of freezing. The

coolant was a mixture of water, ice and MgCl,-6H,0.
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Electrospray lonization Mass Spectrometry (ESI-MS).

The mass spectra of solutions containing [Hpgl-]r = [AI(OH)4~ ] =0.001 M at pHpem =7
and 12 were recorded in negative mode using a Micromass Q-TOF Premier (Waters MS
Technologies, Manchester, UK) mass spectrometer equipped with an electrospray ion source.
The samples were introduced into the MS by applying direct injection method: the built-in
syringe pump of the instrument with a 25 mL Hamilton syringe was used. The electrospray
needle was adjusted to 3 kV and N, was used as nebulizer gas. The theoretical mass spectra

were calculated using the Masslynx software [133].

Data evaluation and speciation calculations

The general complexation reaction between Ca2*, Al(OH),~ and L- ions as well as the

corresponding stability product, fyqrs, read as:

pCa?* + qAI(OH),” + 7L~ + sH* 2 CapAl, L, (OH)4q_s 2P T297774%9 4 51,0 (8)

0 _ {CapAlgLy(OH)_} - (1120} _ [CapAlgLrOH),,_| | YCapAlqLr(Otq_ (203 9
Boars = {Ca}P - {AI(OH)4}a - {L}" - {(H}s ~ [CalP - [AI(OH)4]4 - [L"- [H]$ Ve AR ©)
qurs — ngrs' F_l, (10)

where p, g, r > 0. In this respect, the calculated stability constants include the activity of
water {H,O}. The stability constants, freezing point depression and the molar rotation of the
individual species aswell as the limiting chemical shifts of Gluc- and its two— and three—fold
deprotonated forms were calculated with the PSEQUAD software [134]. Throughout the fitting

procedure, logfqrs Was refined by the minimization of the so-called fitting parameter (FP):

n , _V; 2
FP — \/Zl=1(YL,calc Yl,meas) ’ (11)

n—-k

where Yi caic and Yi meas represent the calculated and measured it data, while n refers to the
number of measured data and k to the number of fitted parameters.
The speciation calculations were performed with the aid of the MEDUSA [135] software. In

the AIl(lll)-containing systems, AI(OH);~ was set as the primary species, therefore,
[AI]r = [AOH)s ]

Characterization of the solid samples

Synthesis and sample preparation

During several titrations performed for the Ca2+/Gluc- and the Ca2*/Al(OH),/Hpgt systems,

the appearance of a white precipitate was observed. The binary calcium- or aluminum-
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containing solids were precipitated from solutions consisted of [Gluc ]t =0.150 M,
[Ca?*]r =0.100 M, [OH]r,0=0.005 M; [Hpgh]ro =0.200 M, [Ca?*]1,=0.135 M, [OH-
Jro= 0250 M and [Hpgtlro=0.146 M, [AI(OH)]r=0.292 M, [OH]y=0.146 M,
respectively. As for the ternary compounds, solid samples were obtained by titrating various
Al(OH)4~ and Hpgl containing solutions with 0.9923 M CaCl, (I = 4 M NaCl). The identifiers
of the solid samples and the corresponding solution compositions at the onset of precipitation
are listed in Table 2.

Each sample was filtered through a hydrophilic PVDF 0.45 um porous size membrane filter
and rinsed with boiling deionized water to remove NacCl traces from the surface. Prior to the
measurements, the solids were dried in a desiccator.

Table 2 The list of the prepared solid precipitates and the analytical concentrations of the solutions at which
the precipitates appeared. Here, L~ refers to the ligand, gluconate (Gluc™) or heptagluconate (Hpgl).

Sample ID [C¥r™M  [AIOH)Ir/M  [LF/M  [OH]r/M
Ca-Gluc 0.084 — 0.126 0.004
Ca-Hpgl 0.135 — 0.200 0.250
Al-Hpgl — 0.292 0.146 0.146
CaAl-Hpgl-l  0.055 0.095 0.095 0.236
CaAl-Hpgl-2  0.120 0.088 0.176 0.220
CaAl-Hpgl-3  0.122 0.132 0.175 0.220
CaAl-Hpgl-4  0.063 0.047 0.094 0.235
CaAl-Hpgl-5 0322 0.169 0.338 0.169
CaAl-Hpgl-6  0.197 0.081 0.160 0.042
CaAl-Hpgl-7  0.200 0.120 0.160 0.042
CaAl-Hpgl-8  0.175 0.165 0.165 0.044

Methods for the structural characterization of these solids

X-ray diffractograms were recorded with a Rigaku MiniFlex Type Il. X-ray diffractometer
with 3° 26/min sampling rate, using CuKa radiation (A=0.15406 nm) at 40 kV, 30 mA. After
processing, the diffractograms were smoothed with a 15 points adjacent-average algorithm and
their intensities were normalized.

The morphology of the binary and ternary precipitates was investigated by a Hitachi S-4700
scanning electron microscope at various magnifications and acceleration voltages. The
elemental distribution in the solids was analyzed by energy-dispersive X-ray spectroscopy

using a Rontec QX2 spectrometer mounted on the microscope and equipped with Be window.
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The thermal properties of the samples were investigated with a Setaram Labsys
derivatograph operating under a constant flow of air at 5°C-min-1 heating rate. For the analysis,
25-30 mg portions of the solids were placed into high-purity alpha-alumina crucibles.

The infrared spectra of the samples at room temperature were recorded using a Bio-Rad
Digilab Division FTS65A/896 FT-IR Spectrometer with a Harrick’s Meridian™ SplitPea
Single Reflection Diamond ATR accessory. The measurements were performed in the range of
4000-400 cm1 at 4 cm1 optical resolution and 128 interferograms were averaged to achieve
good signal to noise ratio. Raman spectra were obtained between 100 cm~1and 3500 cm~1 with
2 cm1 resolution using a Thermo Scientific Raman DXR microscope at room temperature. A
diode-pumped, frequency-doubled Nd:YAG laser (A= 760 nm) was used as a light source at 15
mW maximum laser power. All spectra were analyzed (including deconvolution, peak fitting,
etc.) with the aid of the Thermo Galactic Inc. GRAMS/AI version 7 software [136].

The total concentrations of Ca2* and ABR* ions were determined with a Thermo Scientific
iICAP 7400 ICP-OES DUO spectrometer with radial plasma viewing. ~25 mg portions of each
sample were dissolved in 5 cm3~2 M hydrochloric acid and diluted to 1:10 ratio with deionized
water. An ICP Multielement standard solution 1V (CertiPUR®) was used for the calibration
along with internal magnesium standard.

The spectra of heptagluconate were recorded with a Specord 210 plus double beam UV -vis
spectrophotometer at (25.1 £ 0.1) °C, in the wavelength range of 185-500 nm with 0.1 nm
resolution. The optical path length of the quartz cuvette was 1 cm. Minute amounts of each
sample (= 50 mg) were dissolved in ~ 2 M HCl and measured right after their preparation. This
approach was necessary to minimize the gradual shift in the absorbance caused by the
lactonization of Hpgl in strongly acidic medium [137]. Also, the absorbance readings were
taken at the isosbestic point at 218 nm, which is invariant of the progress of lactonization (see
Figure 6a). The calculation of concentrations in the samples was based on the calibration curve
recorded for a solution series with known concentrations of Hpgl- (0.001 M —0.010 M) at= 2

M HCI (Figure 6b), applying Beer’s law.
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Figure 6 Time-dependency of the UV-vis spectra ((NaHpgl]r =0.005 M, [HCI]}r =2.008 M, (a)) and the obtained
calibration curve of heptagluconic acid (b). The result of linear fitting is depicted as dashed line.
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Results and discussion

The acid-base properties of D-heptagluconate and D-gluconate

The acid-base equilibria of D-gluconate and D-heptagluconate were investigated by pH
potentiometric titrations as well as IH and (only in the case of Gluc-) 13C NMR spectroscopic
measurements.

The carboxylate group of Hpgl, as it is common for any other hydroxycarboxylates,
undergoes protonation yielding heptagluconic acid (HpglH) [101]:

Hpgl~ + H;0" = HpglH + H,0 (12)
_ __ [HpglH]c
Ko Poon = pgr im0 (13)

where K, is the protonation constant of the anion. Note that according to Equation 9,
Kp = Boo1z. To investigate the protonation of Hpgl, potentiometric measurements were
performed at [Hpgh]r = 0.050 M and 0.200 M, whereas the ionic strength was setto 1 =4 M
(NaCl). The two sets of experimental data were fitted simultaneously, while the ionic product
of water was fixed at 14.26 [131]. Fitting the potentiometric curves (Figure 7) resulted in an
excellent agreement between the measured and calculated data (FP =0.40 mV) and yielded
log K, = 3.64. This value agrees well with the one reported in Ref. [138], with due account to
the different ionic strength.
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Figure 7 Measured pH. values as a function of added titrant volume in solutions consisting of heptagluconate and
HCI (protonation experiments, Figure 7a) or NaOH (deprotonation experiments, Figure 7b). Experimental
conditions: t= (25 +£0.1) °C and | = 4 M (NaCl); the initial compositions are shown in the legend. Symbok
represent the measured data, whereas solid lines are the results of thefits based on the calculated stability constants
discussedin the text and providedin Tables3and 4.
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On the other hand, a much lower value has been determined by IH NMR spectroscopy [66],
which may be originated from the improper calibration of the glass electrode.
For Gluc-, log K, was reported to be 3.73 [97]. Nevertheless, we have found good agreement
with the reported values, determined at the same ionic strength.

Table 3 Protonation constants log K, of Gluc™ and Hpgl-, organized by reactionand background electrolyte.
Data correspondsto t =25°C. The triple standarderrors are included in parentheses.

Background

Reaction log K; Ref. Method
electrolyte

Gluc™ + H;0* = GlucH +H,0 4 M NacCl 3.73(5) [97] GLE

Hpgl™ + H;0" = HpglH +H,0 4 M NacCl 3.64(1) [137] GLE/POL
0.1 M NaNOs 3.38(2) [139] GLE
1M NaCl 2.49(2) [66] GLE /'H NMR

In strongly alkaline medium, the OH group(s) of hydroxycarboxylates undergoes
deprotonation [66]:

L~ +H,0 = LH?] + H;0" (14)
[LHZ][H30 ]
Ka:ﬁom-f# (15)

where K is the deprotonation constant of the ligand (L- = Hpgl or Gluc-).
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Figure 8 Observed (symbols) and calculated (lines) **C NMR chemical shifts of gluconate-containing species
as afunction of [NaOH]r. Experimental conditions: t =25 °C, | =4 M (NacCl); [NaGluc]r = 0.200 M, [NaOH]r =
0-2.989 M. The calculations were performed by fitting the first (dashed line) or the first and second (solid line)
deprotonation constants of Gluc™. For better visualization, the chemical shifts were normalized to those of 0.200

M NaGluc. The appropriate nuclei and theirnumbering are indicated in the legend.
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First, the deprotonation of Gluc- was investigated by using 13C NMR spectroscopy and pH
potentiometry. The 13C NMR measurements were performed with a solution series containing
[NaGluc]t = 0.200 M and [NaOH]y = 0-2.989 M. The addition of NaOH caused systematic
variations in the chemical shifts (Figure 8), indicative of the deprotonation of the OH groups
of Gluc-.

Fitting the experimental data assuming one deprotonation step yielded log fooi1
(= log Ky) = —14.16 with the fitting parameter (FP) being 0.025 ppm. However, using this
constant, systematic errors are seen between the observed and calculated chemical shifts
(Figure 8), which suggests a further chemical equilibrium. Therefore, a second deprotonation
of the anion was considered.

Gluc™ 4+ 2H,0 = GlucH_,>” + 2H;0" (16)
 [GlueH3][H30'T
Poo12™Guete? (17)

This assumption significantly decreased the value of FP to 0.003 ppm and yielded
logBoo1 1 =—13.90 and logBoo1 » =—28.82. That is, the two stepwise deprotonation constants of
Gluc- were found to be pK,; = 13.90 and pK,, = 14.92. In earlier publications logBo; 1 Was
reported to be —13.68 at 1 M NaCl [64], whereas at 1 M NaClOg, logBoo:_1 and logBgor> Were
found to be —13.66 and —27.68, respectively [65]. The difference between the literature data and
our results stems probably from the different ionic strength and/or the different background
electrolyte.

Considering that GlucH?>7 is formed to a rather low extent (only ~30%) at the highest pH
and that the chemical shifts of GlucH*7 and GlucH?>; are very similar, the formation of
GlucH?3 needs further affirmation. Hence, as an independent method, matrix rank analysis
[140] was used to determine the number of spectroscopically different gluconate-containing
species. In principle, this method is applicable to any ‘absorbance-type’ quantities for which
the experimental signal is linearly proportional to the concentration of the ‘absorbing species’.
For the present system, the observed chemical shift can be described as follows:

[Gluc™] [GlucH?7] [GlucH?3]

0= 0qy —— 2- ————— 3- -
Gluc [Gluc ™ ]t GlueHZ1 [Glye 7)1 GlueH=2 [Glue ™1

(18)

Equation 18 shows that the observed chemical shift (3) is linearly proportional to the free
concentration of a certain species and the proportionality coefficient is the ratio of the limiting
chemical shift of the species and [Gluc]r (0.200 M). In this respect, the chemical shift can be
regarded as an ‘absorbance-type’ quantity. For this system, the analysis yielded three linearly

independent species attesting the formation of GlucH%7 and GlucH3;,.
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The deprotonation constants of both Hpgl- and Gluc- were determined by pH potentiometric
titrations as well. Since a maximum of [NaOH]+ = 0.26 M was employed during the titrations,
only the first deprotonation step wasexpected to occur. Our results obtained from potentiometry
verified this assumption, as one deprotonation constant was sufficient to describe the titrations
curves adequately. For Gluc-, log fooi-1 was determined to be —14.08, which is in line with those
obtained from NMR spectroscopic experiments (—13.90), with due account to the different
experimental method. Regarding Hpgl, the fit yielded log K= -13.81 (FP =0.25 mV,
i.e.,0.004 pH. units); the simulated titration curves are depicted in Figure 7b. The thus obtained
agreesfairly well with the one obtained at 1 =1 M NaCl [66] (considering the effect of different
ionic strength).

Table 4 Deprotonation constants, log Ka, determined for Gluc™ and Hpgl-, organized by the reaction and
background electrolyte concentration, correspondingto t = 25 °C. The triple standard errors are included in

parentheses.

Reaction Background log Ka Ref. Method
electrolyte

Gluc™ + H,0= GlucH?; + H;O* 4 M NacCl —-14.08(3) p.w. H/PtPOT
4 M NaCl -13.90(3) pw. BCNMR
1M NaCl -13.68(3) [64] HJ/PtPOT
1 M NaClOq4 —13.66(24) [65] HA/PtPOT

Gluc™ + 2H,0 = GlucH*; + 2H,0* 4 M NaCl ~14.72(5) pw. H/PtPOT
1 M NaClOq4 —14.02(30) [65] HJ/PtPOT

Hpgl” + H,0= Hpngf‘1 +H;0" 4 M NaCl -13.81(1) pw H/PtPOT
1M NaCl -13.41(2) [66] HJ/PtPOT

The calcium complexation properties of D-gluconate and D-

heptagluconate ions in alkaline solutions

Complexation of Ca2* by gluconate ions in alkaline medium

The interactions between calcium ions and Gluc- in alkaline medium ([NaOH]+ =0.005-
0.267 M) were investigated by systematic potentiometric titrations using H,/Pt electrode. All
the measurements were performed in ligand excess, specifically by varying the ratio of
[Ca?*]t:[Gluc]t between 1:1.32 and 1:40. The obtained titration curves are shown in the order
of increasing [Gluc ]+ and [Ca2*]t in Figure 9a.

Atrelatively low metal and ligand concentrations, a minor shift in the fashion of the titration
curves can be observed indicating the formation of mononuclear complexes. Upon increasing
[Ca?*]y and [Gluc-]+, these shifts gradually become more pronounced, resulting in a noticeable

change in the shape of the titration curves at the same metal-to-ligand ratios. The detected
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changes in the curvature are very similar to those previously observed at 1 M ionic strength
[64], therefore the formation of multinuclear species can be inferred.

To reinforce our assumption, calcium(Il)-dependent titrations were performed with solutions
containing [NaGluc]y o= 0.1-0.2 M and [NaOH]y,,=0.1 M. Upon addition of 1 M CaCl, to
these solutions, a continuous decrease in the pH was seen (Figure 9b). Although the dilution
could give rise to a 0.08 decrease in the measured pH, the observed changes were one order of
magnitude higher (ca. 1-1.3 units), corresponding unambiguously to the formation of

deprotonated Ca(ll) gluconate complexes, which is indeed accompanied by such a decrease in

[NaGlucl; o /M; [NaOH]; o M
= 0100 0.100
* 0150 0.100
4 0200 0.100

[NaGluc]; ; (M); [CaClyl; 5 (M) T
= 0.050 0.025
+ 0050 0.038
= 0.100 0.025
« 0.100 0.051
+ 0.100 0.076
= 0200 0.099 11.84
« 0.200 0.152

6 s w2 R S S A
Veagy, fem®
(@) (b)
Figure 9 Measured (symbols) and calculated (lines) pH for gluconate in the presence of CaCl, and NaOH.
BExperimental conditions:t= 25 °C, | =4 M (NaCl); (a) [NaGluc]r, = 0.050-0.200 M, [CaCl:]r,0 = 0.025-0.152
M, [NaOH]ro = 0.005 M, Titrant: 1 M NaOH; (b) [NaGluc]r, = 0.100-0.200 M, [NaOH]r,0 =0.100 M, Titrant:

1M CaCl,. Symbols represent the measured data, whereas solid lines are the results of the fits based on the

3
Vyaon /cm

speciation model provided in Table6.

To extract the stoichiometry and stability constants of the various Ca2* complexes, the
measured titration datasets were simultaneously fitted by fixing pK,, to 14.26 and log foo1 1 tO
—13.81. The formation constants of Ca(OH)™ and Ca(OH)g, i.e., logBioo1 and logPip1 2, Were
taken from Ref. [95], while pK,, was fixed at 14.26 [131].

Fitting the titration data assuming only the formation of the CaGlucH(l1 mononuclear
complex yielded FP = 14.7 mV. To further decrease the average error between the measured
and calculated values, ca. 50 additional species were tested. By the inclusion of the
Ca3G1uczH2 , complex in the model, FP dropped to 2.4 mV. However, the possible formation
of this major trinuclear species is not unprecedental: earlier, its formation has been reported not

only in the presence of D-gluconate [64], but also with the structurally similar D-heptagluconate
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[66] and L-gulonate [141], too, at I =1 M. A significant reduction in the value of FP could be
achieved by assuming the formation of a third species, which can be either CaGlucH_,

(FP = 0.86 mV) or CazGluczHi; (FP = 0.70 mV). Previously, Ca,GlucH®; was reported to
form at | = 1 M NaCl [25]. On the other hand, Ca,GlucH?; is interchangeable with
CaZGluczH: yielding the same FP, therefore the formation of both species at I = 1 M NaCl
could be inferred, even though they are indistinguishable by potentiometry.

Considering the possibility, that both CaGlucH_, and CazGlucsz; may be present at |

=4 M, the formation of CazGluc, H°_ , could be described as follows:

CaGlucH” ; + H,O = CaGlucH_, + H;0" (19)
2CaGlucH_, = Ca,Gluc, H, (20)
Ca,Gluc,HY, + Ca®* 2 CasGluc,HY , (21)

By this proposed scheme, CaGlucH_, seems to dimerize yielding CazGluczH: Since the
latter species provided slightly lower FP, it was chosen for the final chemical model. The
respective logByqs constants are presented in Table 6.

Regarding these complexes, Ca3GluczH(_)4 is the predominant one above pH = 12.5 at
[NaGluc]+ =0.050 M and [CaCl,]+ = 0.025 M (see Figure 10, solid lines). Increasing [NaGluc]+
to 0.2 and [CaCl,]y to 0.150 M, respectively, the formation of this trinuclear complex is even
more pronounced (dashed lines). The binuclear species becomes dominant above pH. 13.3 at

both compositions.

' Y Ca,Gluc,H_°
084 ca? e
i \ Ca,Gluc,H
0.6 B [
_ \ \ 5 - \'\\ : V'
g
3 044
3 o
3
0.2 v N
CaGlucH_,° TS
- —— R
0.0 R
T T T 1
15 12,0 125 13.0 135
pH

Figure 10 Distribution of calcium(Il) among the various aqueous species in the presence of gluconate (Gluc™) as
a function of pH. The calculations correspondto t =25 °Cand | =4 M (NaCl); solid lines: [NaGluc]r = 0.050 M,
[CaCl.]Jr = 0.025 M, dashed lines: [NaGluc]r=0.200 M, [CaCl;]r = 0.150 M. The simulations were perfonmed
using the stability constants given in Table 6.
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Complexation of Ca2* by heptagluconate ions in alkaline medium

The Ca2* complexation properties of D-heptagluconate in alkaline medium were also studied
by pH potentiometry and polarimetry att= 25 °Cand | =4 M NaCl. As for potentiometry, both
pH- and Ca?*-dependent experiments were carried out using [NaHpgl]r o =0.04 —0.175 M and
[CaCly]t0=0.025-0.152 M initial concentrations (Figure 11). As expected, the structure of the
titration curves greatly resembled to those of D-gluconate due to the structural similarity of the
two ligands: heptagluconate only differs from gluconate in an additional —CH,-OH group and

thus the same speciation model could be envisaged (Figure 12). Upon fitting the potentiometric
data, it was found that assuming the formation of CaHpgl+, CaszgleEZ, Cay Hpglef3 and
Cay Hpg12H94 provides the best description of the experimental titrations (FP = 0.78 mV). An
intriguing aspect of the determined speciation is the presence of Ca3Hpg12Hf3 complex, which
could not be detected for gluconate in the present work (I =4 M) or previously (I =1 M) [66].
Nevertheless, these results are in line with those reported for heptagluconate [66] and gulonate
[142] in 1=1 M (NaCl) medium.

The difference between the speciation model between Gluc- and Hpgl can be explained by
the different arrangements of their OH functions. The C2-OH and C3-OH groups of Hpgl and
Gul- arein erythro, while the C3-OH and C4-OH moieties are in threo position, as compared
to Gluc-, where the C2-OH and C3-OH groups are also in threo position. Consequently, the

two ligands possess a different binding motif, even though their relative configuration is very

similar [141].
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Figure 11 Measured (symbols) and calculated (lines) pH for heptagluconate in the presence of CaCl, and NaOH.
Bxperimental conditions:t= 25 °C, | =4 M (NaCl); (a) [NaHpgl]r,,=0.050-0.200 M, [CaCl]r,c = 0.025-0.152
M, [NaOH]ro= 0.005 M, Titrant: 1 M NaOH; (b) [NaHpgl]ro=0.100-0.200 M, [NaOHJr, = 0.100 M, Titrant:
1 M CaCl,. Solid lines were fitted based on thespeciation model provided in Table 6.
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Ccalcium(in

Figure 12 Distribution of calcium(ll) among the various aqueous species in the presence of heptagluconate
(Hpgl) as afunction of pH. The calculations correspondto t=25 °Cand | =4 M (NaCl); solid lines: [NaHpgl}r
= 0.050 M, [CaCl.]r = 0.025 M, dashed lines: [NaHpgl]r = 0.200 M, [CaCl;]r = 0.150 M. The simulations were
performed using the stability constants provided in Table 6.

It is known that the association of alkaline earth metal ions may affect the optical activity of
the ligand [143]. Therefore, the CaZ*-complexation properties of heptagluconate was also
investigated by polarimetry (Figure 13) at different ligand concentrations in strongly alkaline
medium ([NaOH]y = 0.1 M). With increasing concentration of CaCl, the observed optical
rotation gradually increased, indicating that upon complexation the optically active species
formed have higher specific rotations than the plain ligand. While the direction of these
variations is obvious, the magnitude of the increase is rather small, which implies that the
adequate determination of formation constants is not possible. However, fitting this data
together with potentiometric ones is a reliable way to validate the calculated speciation.

In analogy with Beer’s law, the observed optical rotation is linearly proportional to the free
concentration of formed complexes, [CaxHpghH.], (the charges were omitted for simplicity)

and the molar optical rotation, QCaxHpgl Hj'

a= aCaprglyHZ ) [Caprg]y HZ]’ (22)
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Figure 13 Optical rotation of D-heptagluconate (Hpgl) as a function of CaCl, concentration. Experimental
conditions: [NaOH]r=0.100 M, t = (25+ 2) °Cand I =4 M (NaCl); black curwe: [Hpgl ]+ =0.100 M, [Ca*'}r =
0-0.075 M; red curve: [Hpgl]r = 0.200 M, [Ca®']r = 0-0.100 M; blue curwe: [Hpgl]r =0.500 M, [Ca?*]r = 0-
0.500 M. Symbols referto the measured data whereas solid lines are the results of the fits based on the s peciation
modelprovided in Table6.

Table 5 Specific rotations of the free ligand, the deprotonated ligand and their calcium(ll) complexes. The data
corresponds tot =25 * 2 °C. The triple standard errors are included in parentheses.

Species [al?®/° en? - g - dm! Species [a]Z/° emd g - dm!
Hpgl 3.55° Ca,Hpgl,H, 13.62(3.71)
HpglH*| 4.84(43) Ca;Hpgl,H'; 16.25(69)

CaHpgl" 1.7(1.4)° Ca3Hpg12H94 30.50(85)

2 This constant was determined by measuring the optical rotationofa 0.500 M NaHpglsolution
b This constantwas taken fromthe literature [101] and correspondsto I=1 M (NaCl)

The stability constants and molar optical rotation values were determined by the
simultaneous fitting of the polarimetric and potentiometric data with the PSEQUAD software

[134], while the molar optical rotations of plain Hpglt and its calcium complex, CaHpgl* were

fixed at 1.6 °-dm>-mol " and 0.9 °-dm’-mol ', respectively. The calculation process yielded a
reasonably good fit with FP = 1.48, which is still acceptable considering the accuracy of the

two methods. At pH =~ 13, where polarimetric measurements were carried out, CaszgleEZ [

formed only to an extent of ca. 10%. Consequently, the correlation between its stability constant
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and the specific rotation is high, hence the larger error of the latter. The results of these

calculations are depicted on Figure 13 and summarized in Table 6.

Table 6 Stability products (log Bpars, with triple standard error) of CapLHs?*"* complexes, where L~ denotes
D-gluconate (Gluc™) or D-heptagluconate (Hpgl). The experiments were performed with Ha/Pt electrode, unless
indicated differently. Literature sources for the corresponding ligandare included in brackets. Data correspond to
t=25°C.

Reaction 52(élt<gor§/ ligd Gluc™ Hpgl
Ca¥ +L = Cal’ 1 M NacCl 1.08(4) ? [144] 1.21(12) 2 [66]
1 M NaCl 0.70(5) [101] 0.85 "4 [66]
4 M NaCl 0.42(19)
Ca**+L+H,0= CaLH’, +H" 1 M Nacl —10.76(3) [64] ~10.65(5)° [141]
4 M NaCl ~11.73(3)
2Ca*"+ 2L +4H,0 = Ca,L,H% +4H" 1M NaCl —44.99(8)* [144]
4 M NaCl —46.54(3) —46.61(25)
3Ca2"+2L +3H,0 = Ca;L,H; +3H" 4 M NaCl —31.19(19)
3Ca” +2L +4H,0 = Ca; L, H’, +4H" 1M NaCl —41.89(8)" [144]  —41.64(9)° [141]
4 M NaCl ~43.80(3) —42.98(11)

2 These constants were determined by Ca—ISE measurements

® These constants were determined by *C NMR measurements

¢ These constants were determined by the simultaneous fitting of potentiometric and polarimetric data
9 Triple standard error was notreported

To summarize the results, both Gluc- and Hpglt form high stability polynuclear complexes
with Ca?* in alkaline solutions. The stability and composition of these complexes are very

similar, although the overall speciations are not identical.

Complexation of AI* by heptagluconate ions in the pH range of
2-14

The impact of AI3* complexation on the potentiometric titrations and polarimetric data of
heptagluconate

To investigate the interactions between Hpgl- and AIl(OH),, both potentiometric and
polarimetric measurements were carried out. The first method is sensitive to any pH-dependent
processes, while the second one report on the formation of complexes where the structural
rearrangement of the ligand upon metal-ion binding significantly alters its optical rotation.
Given the different sensitivities of the two methods, a simultaneous fit of the titration curves

and optical rotations is instrumental to obtain a comprehensive picture on the speciation.
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For titrations conducted at [NaOH]t o =[AI(OH)4]1,0= 0.2 M (Figure 14, black curves), the
increase of [Hpglk]t o was found to exert a considerable impact on the shape of the curves in
the pH range of ~10.0-13.3. This shows that the formation of complexes, for which r/q > 2,
(for r and q see Equation 9 takes place mainly in the alkaline medium. Furthermore, the increase
of [AI(OH)4]r 0 at constant [NaOH]r o =[Hpgk]r0 = 0.2 M (Figure 14, blue curves) results in
strong aluminate-dependence of the curves below pH ~ 10. This is indicative of the formation
of multinuclear species, particularly with g > 1. in addition to this, when the [AI(OH);
Ir.o/[Hpgt]t0 = 2 (Figure 14, curve with blue triangles), the ligand cannot keep Al(II1) in the
solution phase, leading to the formation of solid phase below pH ~11.5. Essentially, the
presence of several inflection points in the titration curves suggests overlapping chemical
equilibria, where the forming complexes undergo stepwise protonation as HCl is added to the
samples.

Upon increasing [AI(OH), ]y at constant [Hpgt]+ (Figure 15), the optical rotation of the
ligand markedly increases, from ~0.5° to 2.5°, 5.5° and 11.5° at [Hpgk]r = 0.2, 0.4 and 0.8 M,
respectively. The ligand possesses five chiral centers, whose relative spatial arrangement
(through the HCCH dihedral angles) determines [a]D: and hence o through the well-known
relationship analogous to Beer’s law. Therefore, the marked increase in « is a strong indicator
that the conformation of Hpgl undergoes variation to a large extent as a token of complexation
with aluminate. Furthermore, the fact that o increases steeply and then reaches a plateau (at
least for [Hpgt]t = 0.1 and 0.2 M) implies (almost) quantitative complex formation. Another
discernible feature is that with the doubling of [Hpglt]r, the maximum value of o increases to
the same extent, signaling that the same species is formed, independently of the concentration
of the ligand. The minimum of the optical rotation appearing upon increasing [NaOH]+ at
constant [AI(OH); ]y and [Hpgt]y indicates the formation of at least three complexes with

different degrees of deprotonation.

Quantitative data analysis based on the potentiometric and polarimetric experiments

During the fitting procedure, first the values of log K, and log K, were fixed to the data
presented in Tables 3 and 4, whereas the log K,, was set to —14.26 [131]. Second, the
stoichiometric numbers q, r and s were systematically varied in order to minimize the FP.

To determine the stoichiometry and the corresponding stability constants of the individua l

complexes, the datasets of the pH-, Hpgl- and AI(OH),-dependent titrations were fitted
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simultaneously, while the protonation and deprotonation constants of the ligand were fixed.
(Figure 14).

[NaHpgll;/M ; [NaAI(OH),1/M ; [NaOH],/M
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Figure 14 Measured pH values as a function ofaddedtitrant volume in solutions consisting of Hpgl~, AI(OH)4
and NaOH. Experimental conditions:t= (25 £ 0.1) °C and I =4M (NaCl).; the initial compositions of the samples
are shown in the legend. Symbols representthe measured data, whereas lines were fitted are the results of the fits
based of the speciationmodel discussed in the text and provided in Table 8.

Assuming the formation of AI(OH),:Hpgl = 1:1 stoichiometry species and its various
protonated forms, i.e., the AI(OH)sHpgl-, AI(OH)Hpgl-, AI(OH)sHpgl-, AI(OH)Hpgl* and
AlHpgl?* as well as HpglH-;2~ and HpglH, the fitting parameter, FP, was calculated to be 37.47
mV (or 0.63 pH. units). (To improve the quality of the fit, inclusion of other hydroxido
complexes of aluminum, i.e., AI(OH)%*, AI(OH)*, , AI(OH)%, AL(OH)4*, AL(OH)%* and
Al304(0OH)7,4*, were also attempted [106]. However, the assumption of these species resulted
only in a minor decrease in the FP.) The second series of titrations (blue curves) consisted of
solutions containing [Hpgl]r+ =0.200 M and [AI(OH) 4 ]+ 0.100 — 0.400 M, while the third set
(red curves) of measurements were performed at [Hpgl-]+ = 0.200 M and [AI(OH)~4 ]+ =0.130
M with the variation of the initial concentration of sodium hydroxide from 0.050 M to 0.400
M. Upon increasing the metalligand ratio there was no significant change in the initial value
of Ec and the structure of the curves was practically identical, however a systematic shift
towards lower cell potential values could be observed. Additionally, the formation of
precipitation could be detected when [AI(OH), ]+ exceeded [Hpgl]r. The increment of

[NaOH]y yielded lower Eg values with congruent curves.
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Overall, the incompleteness of the fit strongly indicates that the inclusion of further species
in the model is necessary. To this end, the formation of numerous polynuclear complexes was
taken into account. In the light of the above results, the inclusion of polynuclear complexes for
further improvement was considered. The inclusion of polynuclear species, such as the bis-
complexes AIl(OH)sHpgl,~ and AL(OH)sHpgl, the dimeric species Al,(OH)4Hpgl°, and
AbL(OH)sHpgl, and trinuclear Al;(OH);0Hpgl>~ complexes was indispensable, resulting FP =
4.37 mV (or 0.07 pH units).

The above speciation model was augmented by the joint fitting of polarimetric and

potentiometric data. The prepared solutions and the corresponding degrees of rotation were as

follows:
[Hpgl-]r=0.175 M/[OH]+=0.200 M a=0.4°
[Al(OH)4 ]+ = 0.250 M/[OH]+= 0.200 M a=0.0°
[OH]+=0.200 M a=0.0°

The first solution contained heptagluconate dissolved in sodium hydroxide to avoid
lactonization. This way the ligand is mainly in the form of Hpgl- and the extent of
deprotonation, referring to one of the alcoholic OH groups, was ~37%. The other two solutions
were control measurements with components not contributing directly to the optical rotation.
This approach ensured, that the observed change in the degrees of rotation was exclusively
caused by the metal-ligand interaction.

Keeping the specific rotation of Hpgl constant, the simultaneous evaluation of polarimetric
and potentiometric data with the software PSEQUAD was carried out. First the model obtained
by potentiometry was fitted, considering the possible species forming in the highly alkaline
region (pH=13). Accordingly, fitting Al(OH)4Hpg127 , Al(OH)SHpgl3 ~and Al(OH)SHpglg*
resulted a systematic deviation between the calculated and measured optical rotation gradually
increased with higher [Hpgl]r, implying the existence of additional (polynuclear) species.
Supposing the formation of AlL(OH), 3Hpg137 and Al,(OH), 5Hpgl67, significantly improved
the structure of the fitted curves, with a fitting parameter of FP = 5.47. This slight deterioration
in the FP value can be attributed to the difference in the accuracy of the used methods, i.e., they
are not in the same order of magnitude. Another thing to mention is the relatively large standard
deviation of the calculated log Soss-15, which stems from the high correlation of the species
included in the model. Nevertheless, the simultaneous fitting of the two types of data required
the inclusion of these two additional complexes, which in turn greatly improved the structure

of the fitted curves, thus they are excellently describing both datasets.
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Table 7 Specific rotation of the individual species forming in the AI(OH)4 / Hpgl™ system. Experimental
conditions: t = (25+2) °C and | = 4 M (NaCl). Total concentrations: [AI(OH)s Jr=0- 0.800 M and [Hpgl'}r=
0.100 — 0.400 M.

Species [a]p /°-dmrt-cmi-gt
HpglH .+ 5.80
Al(OH)sHpgl* 60.69
Al(OH)sHpgl* 27.09
Al(OH)sHpgl2* 15.08
Als(OH)1sHpg % 45.40
Al:(OH):sHpg Is® 76.78

The thus obtained molar rotations of the respective species, and their formation constants
are listed in Tables 7 and 8, respectively. The simulated titration curves and optical rotations

are depicted in Figures 14 and 15.
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Figure 15 Optical rotation of D-heptagluconate as a function of added [AI(OH)4 ]+ (circle) and pH (diamond).

Bxperimental conditions: t = (25 £ 2) °C and | =4 M (NaCl). Total concentrations: [AI(OH) 4]r=0 — 0.800 M
and [Hpgl]r=0.100 — 0.400 M. Symbols and lines refer to the measuredand calculated values, respectively.

A speciation diagram corresponding to [AI(OH)4 ]+ = [Hpgt]r = 0.2 M is shown in Figure
16. We observe distinct complexation patterns. First, the formation of AlHpgl?* takes place
between pH = 2 and 4, and undergoes stepwise deprotonation vyielding AI(OH)Hpgl*,
Al(OH)sHpglk, AI(OH)4Hpglz and AI(OH)sHpglR-; the latter can bind a further ligand to form
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Al(OH)SHpglg_. We cannot discern the formation of the intermediate AI(OH),Hpgl® species,
however, we believe that it readily dimerizes, which manifests in the appearance of
Al (OH)4Hpgl(2) atpH > 3. This species is further deprotonated yielding AL (OH) Hpgl,.

0.8 Al,(OH);Hpgl;

Al(OH)gHpgl
Al,(OH),,Hpgl*

Al(OH),Hpg

0.6 4
Al (OH),sHpglS™

£
0.4 Al;(OH),;Hpgl;"
pal*

Al(OH) Hpgls

0.2 1 AI(OH);
(OH)sHpgl*~

0.0 - ?

2 4 6 8 10 12 14

pH,

Figure 16 Speciation diagramas a function of pHwith regard to Al(lI1). The calculations were performed using
the stability constants provided in Table 8, corresponding to t=25 °C and I =4 M (NaCl). Total concentrations:
[AI(OH)s Jr=[Hpgl]r=0.200 M.

Furthermore, the formation of Al,(OH)sHpgl and Al(OH)oHpgl- can be interpreted as the

abstraction of one or two aluminate ions by AI(OH),Hpgl®. Two other polynuclear species

appears above pH=8, namely, the Al,(OH), SHpglg’* and Al (OH)BHpg]g ones. The
tetranuclear A]4(OH)15Hpg1§_ complex may be formed via the association of Al;(OH)i0Hpgl2-

and Al(OH)SHngAF, while the appearance of A13(OH)13Hpg127 may be the result of the
aggregation of AI(OH)4Hpgl?, AI(OH)sHpgl> and AI(OH),. Additionally, this trinuclear
species is the one that gives rise to the marked increase in the optical rotation under
hyperalkaline conditions (pH > 13); see the speciation diagram in Figure 17.

Given the complexity of the system and hence the difficulty to pinpoint and properly
quantify all individual equilibrium processes, one may question the reliability of the
compositions of these complexes. Nevertheless, their inclusion in the model is necessaryto give
an appropriate proper description for the experimental data and their formation indicates that at

high concentrations, simple mononuclear species tend to aggregate.
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Figure 17 Speciationdiagramas a function of [AI(OH) 4 ]r in regard to Hpgl™. The calculations were on the basis
of stability constants provided in Table 8., corresponding to t = (25 + 0.1) °C and | = 4 M (NaCl). Total
concentrations: [AI(OH) 4Jr=0-0.800 M and [Hpgl]r=0.200 M.

The plethora of solution species found in this system is rather unexpected, based on previous
findings for Gluc- [123-126,145], i.e., the exclusive formation of mononuclear species. We
would like to emphasize, however, that those previous measurements were conducted in the
millimolar concentration range. (Albeit measurements at pH > 12 were undertaken at
[AI(OH)4]7 .0~ [Gluc ]t 0~ 0.1 M [126], the authors did not study the concentration-dependence
of the titrations curves, which is essential to detect polynuclear complexes). In such
concentration ranges, the effect of polynuclear complexes is significantly lower, therefore
harder to fit them during calculation. Setting [AI(OH)4 ]+ to 0.002 M and [Hpgh]t to 0.004 M,
the complexation equilibria simplifies to that proposed previously (Figure 18), however

Al(OH),Hpgl® remains interchangeable with its dimer.
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Figure 18 Speciation diagramas a function of pH with regard to Al(l11). The calculations were performed using
the stability constants provided in Table 8, corresponding to t=25 °C and | =4 M (NaCl). Total concentrations:
[AI(OH),]r=0.002 M, [Hpgl~]r=0.004 M.

As for the analogous gluconate complexes, we find that the stability constants are in fair
agreement with our data (Table 8); the deviations can be attributed to the much lower ionic
strength (0.1-0.2 M) applied in Refs. [123-126,145]. (Since the primary species was AR* in
these references, we converted them using the formation constant of AI(OH)4-, taken from Ref.
[106].) Based on these similarities between the two ligands, we propose that multinuclear
species are likely to be formed with Gluc- in concentrated solutions. This assumption is
supported by the fact that the CasL,(OH),° species dominates the complexation equilibria for
both ligands, in concentrated solutions of CaCl, [64,131,97].
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Table 8 Stability constants, log fqsr, determined for the various reactions taking place in the AI(OH)s / Hpgl
system. Experimental conditions: t=25 °C, | =4 M (NaCl). In parentheses, thetriple standard erroris given. For

analogous gluconate complexes, literature dataare also provided.

Reaction log st Method 2 Ref®
H.O = H* + OH" ~14.26 ° Ho/Pt [8]
Hpgl™ + H* = HpglH + H.0 3.64(1) GLE / POL p. W.
3.38(2) ° GLE [22]
2.49(2) ° GLE /*H [18]
NMR
Gluc™ + H* = HpglH + H,0 3.73(5) GLE [23]
Hpgl = HpglH-* + H* -13.81(2) H./Pt/ POL p. w.
~13.41(2) © Ha/Pt/ POL [18]
Gluc™ = GlucH-> + H* ~14.08(3) © Ho/Pt [8]
-13.90(3) 3C NMR [8]
AI(OH),™ + 4H* = AP* + 4H,0 22.81(19) H./Pt/ POL p. W.
23.23 ¢ [24]
2340 ¢ [12]
AI(OH)s + Hpgl + 4H" = AlHpgl* + 4H,0 24.85(29) H./Pt/ POL p.W.
Al(OH)s™ + Gluc™ + 4H* = AlGluc? + 4H,0 25.21 ©° GLE [9]
25.24(6) °° GLE [10]
25.78(3) °* GLE [12]
AI(OH),~ + Hpgl + 3H* = AI(OH)Hpgl* + 3H,0 22.06(13) H,/Pt/ POL p. W.
Al(OH)s™ + Gluc™ + 3H* = AI(OH)Gluc* + 3H,0 22.34 °° GLE [9]
22.35(12) °° GLE [10]
22.39(6) °* GLE [11]
21.91(6) °* GLE [12]
AI(OH),~ + Hpgl + H* = AI(OH)sHpgl™ +H,0 12.28(26) H,/Pt/ POL p. W.
AI(OH)s™ + Gluc™ + H* = AI(OH);Gluc™ + H,0 13.05 *¢ GLE [9]
13.05(24) °¢ GLE [10]
12.52(6) “° GLE [11]
11.41(3) °* GLE [12]
AI(OH),~ + Hpgl™ = AI(OH)Hpg > 1.89(17) Ha/Pt/ POL p. W.
AI(OH)s™ + Gluc™ = AI(OH),Gluc* 24(1.2) ° 'HNMR [13]
2.2(0.6) © POL [13]
AI(OH)s™ + Hpgl™ + H,0 = AI(OH)sHpg ™ + H* ~11.59(29) H./Pt/ POL p. W.
AI(OH)s™ + 2Hpgl™ + H,0 = AI(OH)sHpgl* + H* —9.02(15) H./Pt/ POL p. W.
2AI(OH)s + Hpgl™ + 2H* = AL(OH)sHpgl~ + 2H,0 24.98(21) Ha/Pt/ POL p. W.
2AI(OH)s~ + 2Hpgl™ + 4H* = AL(OH)JHpgl? + 4H,0 37.99(21) Ha/Pt/ POL p. W.
2AI(OH)s + 2Hpgl™ + 3H* = AL(OH)sHpgl,™ + 3H,0 33.41(20) Ha/Pt/ POL p. W.
3AI(OH), + Hpgl™ + 2H* = Al(OH)10Hpg P~ + 2H,0 28.23(26) Ha/Pt/ POL p. W.
3AI(OH)s + 2Hpgl™ + H.0 = Al(OH)1sHpgk® + H* —6.52(26) H./Pt/ POL p. W.
4AI(OH)s~ + 3Hpgl™ + H* = Aly(OH)1sHpgl® + H,0 21.74(39) Ha/Pt/ POL p. W.

8 H,/Pt, GLE: potentiomety applying a platinum H; or glass electrode, POL: polarimetry, NMR: nuclear (*H or

3C) magnetic resonance spectroscopy.

® In the present work, the constants were determined via the simultaneous fit of potentiometric and polarimetric

data.

¢ The stability products correspond to I =0.1 M KNOs [9], 0.1 M NaCl [10], 0.1 M NaNOs [11,23], 0.2 M KClI

[12], 1 M NaCl [13,18] and 4M NaCl [8,24].

9 The stability products of the analogous gluconate complexes were converted fromthe literature data [9-11] using
the formation constant of AI(OH)4 (1 = 0.1 M) reported in Ref. [24].
¢ The stability products of the analogous gluconate complexes were converted fromthe literature data [12] using
the formation constant of AI(OH)4~ (1 = 0.2 M) reported in Ref. [12].
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Model validation and the possible structure of the Al,(OH)sHpgl- complex

ESI-MS measurements and the structural iteration of Al,(OH)sHpgl- complex

We performed ESI-MS measurements to gain further experimental support for the chemical
speciation proposed in the previous section. The negative ion-mode spectrum shown in Figure
19 refers to a solution containing [Al(OH) 4]+ =0.001 M and [Hpgk]t =0.001 M atpH = 7. To
estimate which species is formed under the conditions of the MS experiments, we calculated
the speciation using the data in Table 8. Accordingly, AL(OH)sHpgl dominates the pH range
6-8 (the degree of its formation is ~40% relative to [Hpgl]r).

310.0383
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° 80
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l 312.0429
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Figure 19 ESI-MS spectrumofasolution containing [AI(OH)s Jr=[Hpgl]r=0.001 M at pH= 7. The spectrum
was recorded in negative ion mode. The peak at 310.0383 m/z corresponds to the Al,(OH)sHpgl™ species,
predominant in this solution. The inset shows the proposed structure of this species, where ‘R’ represents the
C(6)HOH-C(7)H.OH moiety and the hydrogens are omitted for clarity.

The experimental mass spectrum matches perfectly with aspecies having a chemical formula
of ALC,H,0, that is, AlL(OH),HpglH ;, where HpglH*; refers to the threefold
deprotonated ligand. This formula corresponds to the AlL(OH)sHpgl~ complex, supporting the
validity of the proposed model. Since APB* is a negligible species as compared to AI(OH)4 in
ligand-free solutions at this pH [146], the complex is likely to be formed via the binding of
aluminates. That is, one AI(OH), ion is coordinated by the COO- and the adjacent OH group
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of the ligand, the other is bound by two other OH functionalities (for instance, the C3(OH) and
C5(OH) ones). The binding is followed by the dissociation of an OH- ion due to COO-
coordination and by three condensation steps between the OH-s of Hpgt and AI(OH)4,
releasing three water molecules. Simultaneously, one OH- ion attached to each AB* ion is being
protonated yielding H,O. These two coordinated water molecules are likely to dissociate from
the complex during the evaporation process. The possible structure of the complex is depicted

in the inset of Figure 19. Here we assume the geometry of the metal center to be tetrahedral.

Freezing Point Depression (FPD) measurements

Additional experimental data were collected to reinforce the obtained speciation model. This
simple method proved to be handy to support the results obtained by other experimental
methods [64]. Freezing point depression, being acolligative property, is proportional to the total
concentration of the ions in relatively dilute solutions:

AT ppeo=Ke 2 [Xi I (23)

where Ksis the cryoscopic constant for water (which is taken as 1.86 °C-M-1, and the term

[Xi]r refers to the total concentration of discrete ions in the solution. If the number of solute

particles decreases, e.g. complex formation takes place, the freezing point depression also
decreases. The measured value corresponds to the sum of equilibrium concentrations:

AT meas =K i X3 (24)

In order to quantify the difference between the theoretical (i.e., assuming full dissociation)
and the observed values, the following equation could be used:

AAT =T heo~Trmeas=K - Xy ([Xi Ir-[Xi]) (25)

where AAT; refers to the extent of particle decrease, therefore to the extent of association.
This parameter and the measured FPD values for solutions with various NaAIl(OH),, NaHpgl,
NaOH and NaCl are presented in Table 9. Examining the first seven solutions, which are
exclusively strong electrolytes, the value ATimes agrees well with those calculated assuming
the full dissociation of the species (ATweo). In these solutions the AAT: value refers to the
uncertainty of the method and can be taken as 0.14°C. In solutions containing AI(OH),, Hpgl-
and OH-, starting from composition No. 8, the parameter AATsis at least two times higher than
the uncertainty of the method. Since this parameter is proportional to the magnitude of
association, its increase indicates the enhancement of complex formation. Regarding the first
Al(OH), -dependent solution series (No. 9-13), the value of AAT; increases until 3:2

metalligand ratio, where the fraction of Al(OH)13Hpgl®,;~ reachesits plateau value (Figure 17).
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hence the change of AAT: could be mainly credited to the formation of Aly(OH)sHpgl®;-
species.

In order to attest the performance of the suggested model, the equilibrium concentration of
each species (for a given sample) were calculated on the basis of compositions and stability
constants presented in Table 8, with the aid of PSEQUAD software. Using these concentrations,
the expected freezing point depression values (ATscqc presented in Table 9) were obtained and
compared with the measured ones. Although the ionic strength and the temperature of the
solutions used for the FPD experiments differed substantially from those which were evaluated

to deduce the formation constants, the observed and predicted values agree reasonably well.

Table 9 Freezing point depression measurements for the system containing various amounts of NaAI(OH),,
NaHpgl, NaOH or NaCl. AAT;refers to the difference between the theoretical (ATr meo, Calculated by assuming
complete dissociation of each compound) and measured (ATrmes) FPD. The term AAT:is the extent of particle
decrease. The calculated FPD values are listed in column ATs calc.

# [NaAl(OH)sr [NaHpgllr [NaOH]r [NaCllx ATitheo ATtmes AAT: ATrca
/M /M /M /M /°C /°C /[°C /°C

1 0.200 0 0.205 0 1.50 1.49 002 151
2 0 0.090 0 0 0.33 0.33 001 033
3 0 0.175 0 0 0.65 0.61 0.04 0.65
4 0 0.174 0 0 0.65 0.62 003 0.65
5 0 0.271 0 0 101 0.93 008 1.01
6 0 0.445 0 0 1.66 151 014 166
7 0 0 0.197 0 0.73 0.72 001 0.73
8 0 0.175 0.197 0 1.38 111 028 129
9 0.101 0.178 0.202 0 179 0.94 085 135
10 0.200 0.175 0.205 0 2.16 119 097 160
1 0.401 0.175 0.201 0.209 3.67 2.56 111 295
12 0.600 0.175 0.200 0414 5.16 3.89 128 441
13 0.800 0.175 0.205 0.615 6.68 5.82 085 591

Solubility simulations: the effect of NaHpgl on the solubility of AI(OH)3(s)

The effect caused by NaHpgl on the solubility of gibbsite was estimated by calculating the
solubility curves of AI(OH); for every initial composition used during potentiometry and
polarimetry. Our working hypothesis was as follows: if no complexation occurs between
aluminum and Hpgl, gibbsite may precipitate from the solution. The stability constants used in
the calculations are listed in Table 8. The solubility product of AI(OH); was assessed using the
value (log K*spaion), = 9.49) found in the literature obtained at 5.0 mol-kg™ (=5.74 M [147])

NaCl [106]; therefore the range, where gibbsite is expected to precipitate is only approximate.
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The pH ranged from 2 to 14 and the individual solution compositions were listed in the legend
of Figure 20. Given the following reaction, the solubility product of gibbsite can be calculated

as follows:

AP"+30H = Al(OH), (26)

o A
o7

(27)

Increasing the metal-to-ligand ratios, a considerable shift of the solubility curves can be
observed. Surprisingly, in the pH range where gibbsite was predicted to form, no precipitate
was observed. This phenomenon could be explained by the findings of Rossiter et al., that is,
sodium gluconate dramatically inhibits the formation of AI(OH)s(s) precipitation by blocking
the active crystal growth surfaces of gibbsite seeds [148]. These conclusions were further
confirmed by Beckham et al., who revealed that the interaction between D—gluconate and
gibbsite is solely a physical adsorption process, which can be properly described using a
modified Langmuir isotherm. Gluconate is reported to have a strong selectivity for flaws created
during the formation of crystal growth sites, thus able to block 50% more of the actually covered
sites [149].

In accordance with the publications above, the formation of Al,(OH)sHpgt , AI(OH)sHpgl-
and Al;(OH)1oHpgl?- particles is accompanied by a large excess of free ligand in the pH range
from 6 to 11, thus implying the stabilizing role of the ligand in this domain. In conclusion, the

lack of precipitate is due to the formation of ligand stabilized hydroxides.
111
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Figure 20 Solubility of AI(OH); regarding to pH. The calculations were performed on the basis of stability
constants correspondingto t=25 °C and 1=4 M (NaCl). The dashed line refers to the logK-s,aion), value, above

which AI(OH)s(s) is expected to precipitate.
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NMR study on the structural aspects of the complexation reactions and the possible metal
binding sites

Complexation of Al3* in the acidic region

To gain structural insight into the complex formation, a series of H and 13C NMR spectra
as a function of pH and [Al(OH);]T were recorded. Before any analysis concerning
complexation, we have to note that for the pH-dependent 1H and 13C NMR spectra, as well as
the [AI(OH), |-dependent *H and 13C NMR spectra at pH =4 (Figure 21, 22, 23 and 24,
respectively), there are several peaks marked as ‘L’. These signals are most likely to belong to
the lactone form of heptagluconic acid. The formation of such ring compounds is common for
hydroxycarboxylic acids, such as gluconic acid [63]. Due to their rigid structure, the lactones
are in general do not participate in metal complexation; hence, we focus solely on the ligand

peaks in the following discussion.

pH = 12
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Figure 21 *H NMRspectraofsolutions containing [AI(OH)4 ]r = [Hpgl 1+ =0.200 M as a function of the nominal
pHat (25 + 1) °C.
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Figure 22 ®*CNMRspectra of solutions containing [AI(OH), Tr = [Hpgl]r =0.200 M as a function of the nominal
pHat (25+ 1) °C.

For the solution with [AI(OH), |;= [Hpgt1r = 0.200 M and at pH = 4, the dominant species

is the Al (OH)4Hpglg dimer; see the speciation diagram of heptagluconate in Figure 16. The
1H spectrum (Figure 21) shows that the chemical exchange between the free and complexed
ligand is rather slow, giving rise to broad and thus not well-resolved signals. This is in line with
the [AI(OH);]T-dependent spectra at the same pH (Figure 23); that is, the signal half-widths
increase gradually, particularly the C2H(OH), C3H(OH) and the C4H(OH) ones. This indicates
their vital roles as coordination sites. As for the 13C NMR spectra (Figure 24), the drop in the

relative intensity of the C1-C5 signals also suggests their participation in the metal-ion binding.
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Figure 23 *HNMRspectraofsolutions containing [Hpgl ]+ =0.200 M as a functionof [AI(OH) s ]rat pH=4and
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L I— 0.200 M NaHpgl

] ! | ! | ! ] ! ] ! 1 ! | ! 1
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Chemical shift /ppm

(25 1) °C

elucidate this feature by the high charge density of the metal, resulting in strong coordinative
bonds between AR+ and the COO- as well as the OH groups. In turn, the coordination of AlR*
leads to the weakening of the O—H bonds. Inturn, the acidity of the OH function decreases, that
is, the deprotonation of the OH group can occur at much lower pH than in the metal-free system
(pK =13.8, Table 8). This the well-known metal-ion-induced ligand deprotonation and its

driving force is the formation of stable chelate rings with the AR+ ion being bound to the COO-

Furthermore, the slow exchange is indicative of strong metal-ligand interactions. We can

and (at least) one alcoholate moiety.
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Figure 24 3C NMR spectra of solutions containing [Hpgl ]+ = 0.200 M as a function of [AI(OH) s]rat pH =4
and (25t 1) °C. The assignation of thepeaks is depicted in the inset. Due to the decreasing relative intensity of the

C1 to C5 peaks, the lactone peaks become comparable to them.

This is further supported by the fact that the first deprotonation step referring to the reaction:
AlHpgl™" = AHpglH', +H' (28)
with a pK of 3.6 (logBo114 — l0gBo113, Table 8), being much lower than that of the AB* aqua-
ion (pK =5.5 at I =3 M NaCl [106]). This indicates that the first deprotonation step indeed
occurs on the ligand rather than on a metal-coordinated water molecule, similarly to the
AI(I1)/Gluc- system [125]. Whether the second deprotonation takes place on the ligand or on
a water molecule yielding the putative AI(OH),Hpgl® species (and its dimer), however, is not
deductible from the NMR spectra.

Complexation of Al3* in the close-to-neutral region

Increasing the pH further up to 9, the recovery of the spectrum of the plain ligand can be
observed (Figures 21 and 22). This becomes obvious when we compare the spectrum at pH =8

with the one of Hpgl at the same pH (Figure 21). Moreover, increasing [Al(OH)4 ]+ atpH =8
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results in only a minor downfield shift of the H peaks (Figure 25) and no noticeable variations
in the 13C spectra (Figure 26). Consequently, the complexes formed in the pH range of 6-9 are
in fast exchange with the free ligand. The acceleration of the chemical exchange upon the pH
increase implies the weakening of metal-ligand interactions. A possible (albeit somewhat
speculative) explanation for this striking feature is that further deprotonation takes place on
coordinated water molecules. The strong bond between AR+ and OH-ions leads to the apparent
destabilization of those between AR+ and Hpgl. This scenario seems to be valid for all species
formed in this range, particularly for Al,(OH)sHpgh being the predominant one (see the
distribution diagram in Figure 27). Furthermore, noy : na >3 holds for all complex
compositions, suggesting the formation of AI(OH); moieties being loosely bound to the ligand
through the COO- group.
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0.200 M NaHpgl + 0.100 M Al(OH);
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Figure 25 'HNMRspectraofsolutions containing [Hpgl ]+ =0.200 M as a function of [AI(OH) 4 ]ratpH=8and
25°Ct 1°C

Concerning AL(OH)gHpgl, this finding is in contradiction with the structure outlined in
Figure 19, where strong ALO—C bonds are present. As an attempt to resolve this contradiction,
we propose this species to be in the form of Al,(OH)sHpgl in solution with AR+ being sixfold
coordinated. A possible isomerization of the metal center from octa- to tetrahedral geometry

during the MS measurement may facilitate the condensation reactions, resulting in the
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formation of the Al,(OH),HpglH 3~ complex (Figure 19). Interestingly, such change in the
coordination number was suggested for the AI(OH)s;Gluc- complex previously [145].
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Figure 26 *C NMR spectra of solutions containing [Hpgl ]+=0.200 M as a function of [AI(OH), ]rat pH =8
and 25°C+ 1°C

Al,(OH),Hpgl; Aly(OH);Hpgl;

0LHng‘

2 4 6 8 10 12 14
pH,

Figure 27 Speciationdiagramas a function of pH regarding Hpgl™. The calculations were on the basis of stability
constants provided in Table 8, correspondingto t = (25+0.1) °C and | = 4 M (NaCl). Total concentrations:
[AlI(OH)s]r=0.200 M and [Hpgl ]+ =0.200 M.
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Complexation of Al3* in the alkaline region

Both the 1H and 13C spectra above pH =10 (Figures 21 and 22) exhibit salient variations,
namely, the appearance of new peaks which correspond to newly formed complexes. This is
apparent in the [AI(OH)4 ]+-dependent H and 13C spectra at pH = 12 (Figures 28 and 29). The
emergence of distinct peaks of the complexes indicates that the ligand exchange rate is even
slower than the one atpH = 4.

The slowdown of the exchange processes signals the formation of species that are considered
to be inert on the NMR timescale and again reflects strong metal-ligand interactions. This must
be the consequence of A-O-C ethereal-type bonds of highly covalent nature, forming via
intermolecular condensation reactions. (This mechanism and the concomitant slow exchange is
known for the AI(I11)/Gluc- system [126].) On the other hand, the deprotonation of the ligand
results in similar A-O—C bonds being present already at pH =4 (Figures 23 and 24). Why in
that case the exchange rate is somewhat faster might be answered by the different geometry.
That is, the dissociation of the complexes is slower when coordination geometry of the metal
center is tetrahedral when it is octahedral. This leads to the interesting presumption that the
change in the coordination geometry occurs in the neutral to mildly alkaline pH regime.
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e e
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Figure 28 *H NMR spectra of solutions containing [Hpgl ]+ = 0.200 M as a function of [AI(OH) 4 ]rat pH = 12
and (25+ 1) °C
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Figure 29 *C NMR spectra of solutions containing [Hpgl]r =0.200 M as a function of [AI(OH) s]rat pH = 12
and (25+ 1) °C

Furthermore, the 13C spectrum at pH =12 (Figure 30) exhibits eight additional peaks around
the C1 as well as the C7 peaks of the free ligand (being present at ~20%, see Figure 27). In
addition to Hpglh, three complexes dominate the equilibria, namely AIl(OH)sHpgl-,
Al(OH); Hpglézti and Al, (OH), 5Hpg127. The presence of at least eight complex signals clearly
shows that these species exist in isomeric forms. It is also important to note that at these
concentrations, a further deprotonation occurs on Al(OH),Hpgl?- yielding Al(OH)sHpgk- (and
Al(OH); Hpgl‘z‘f, see Figure 27). The existence of a five-coordinated APR* in strongly alkaline
medium is a long-running conundrum in the inorganic chemistry society [150]. Whether this is

the case in the present system cannot be concluded from our experiments, but future extended

X-ray absorption fine structure (EXAFS) measurements could probably address this question.
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Figure 30 Comparison of *C NMR spectra of a solution containing only [Hpgl-]r=0.200 M (black spectrum)
with one containing [Hpgl ]+ =0.200 and [AI(OH) 4]+ =0.200 (red spectra)atpH=12 and (25 1) °C
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The structural and thermal analysis of the solid compounds

forming in systems containing Ca?*, AP and heptagluconate ions

Crystallinity study of the prepared solids and reference compounds

First, the powder X-ray diffractograms of the precipitates as well as the Na- and Ca-
heptagluconate reference compounds were recorded to gain information on the reflection
patterns and crystallinity. The NaHpgl hydrate has sharp and well-separated reflections (Figure
31a), whereas the XRD traces of the Ca(Hpgl) ,-2H,O reference and the as-prepared binary Ca-
Hpgl and Al-Hpgl samples are rather broad and not well-structured indicating the amorphous
nature of the binary complexes. Similarly, the diffractogram of the ternary Ca-Al-Hpgl-5
sample shows broad reflections with low signal-to-noise ratio (Figure 31a; for the other ternary
compounds, see Figure 31b), referring again to a low degree of crystallinity. This finding is in

line with the formation of amorphous Ca-Al-gluconate solid phases, reported previously [151].

w
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Figure 31 X-ray diffractograms of a) the reference heptagluconate (Hpgl-) salts, the as-prepared binary Ca-and
Al-Hpglsolid compounds, andatypical ternary Ca-Al-Hpgl compound; b) all ternary compounds.

Normalized intensity

The morphology of precipitates: comparison of binary and ternary solids with the reference
compounds

The morphology of the forming solid phase was studied with scanning electron microscopy.
Compared to the angular particles of the well-crystallized sodium heptagluconate, the ternary
and binary solids exhibit a rather amorphous, therefore significantly different morphologies
(Figure 32), which is in line with the findings of XRD experiments.

For all these samples, exclusively highly aggregated particles (in the range of 500-1000 nm

merged into few micron sizes) with planar shape and smooth edges could be registered without
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the occurrence of crystallites. Meanwhile, the SEM-EDX analysis of the ternary samples (see
Figure 32 for CaAl-Hpgl) shows rather uniform distribution of calcium and aluminum atoms
implying that this compound is indeed a ternary complex and not a heterogeneous mixture of

two binary solids.

Figure 32 SEM images of sodiumheptagluconate (NaHpgl) and its binary (Ca-Hpgl, Al-Hpgl) as well as ternary
(CaAl-Hpgl) complexes with Ca?" and APF* ions. The images of CaAl-Hpgl-2 and CaAl-Hpgl-7 represent the
typical morphology, while the image of CaAl-Hpgl-5represents the metal distribution in the samples.

Calculation of the possible stoichiometries of the precipitates

The total concentrations of Ca2* and AR+ for the binary and ternary samples (dissolved in
~2 M HCI) were determined by ICP-OES, while the concentration of heptagluconate was
estimated on the basis of UV-vis spectrophotometry (see Experimental Part for further
discussion). The calculated mass percentages of Ca2*, AR+ and Hpgl are listed in Table 10.
The molar fraction of OH- was determined applying the charge balance equation and any
residual mass was ascribed to the presence of surface or lattice water. The molar fractions of
all components were referenced to that of AR+ (which was set to unity) and the thus obtained
cumulative stoichiometries are presented also in Table 10.

As a result, the Ca-Hpgl binary complex is most probably in the form of partially
deprotonated CaHpgl,, whereas the formula of Al-Hpgl binary sample (AlHpgl.4(OH).¢) can
be assigned to the trinuclear AlsHpgl(OH)s® complex, whose stoichiometry is similar to the
previously reported AlHpgl(OH)0?~ solution species, which was found to be formed in
alkaline solutions (see the distribution diagram in Figure 27).

To assess the composition of the ternary products, we have simulated the speciation of the
APR*- and Hpgl-containing species for the applied [AI(OH), ]t and [Hpght]r concentrations
(see in Table 2), using the stability constants provided in Table 8. Under these conditions, the
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dominant solution species are the AlHpgl,(OH)s* and AlHpgl(OH)42- ones. Adding CaCl, to
these solutions, the formation of the solid phase could be observed. According to the
preliminary results from XRD and EDX studies, the formation of at least one low-solubility
heteropolynuclear Ca-Al-Hpgl complex could be inferred. Examining the calculated
cumulative stoichiometries listed in Table 10, three types of complexes can be conceived: in
the first case, when the nown/nupg ratio is above 1.0 (samples CaAl-Hpgl-1 to 4), both the
formation of CaAlHpgl(OH),° and Ca,AlHpgl,OHs? is possible:
Ca?"+AlHpgl (OH)} =CaAlHpgl (OH); (29)
2Ca®"+AlHpgl, (OH)# =Ca,AHpgl, (OH); (30)
The most plausible explanation for the calculated stoichiometries is that the samples
contained a mixture of ternary (or binary) compounds, which could be interpreted by the
products described in Equations 29 and 30.
On the other hand, for samples with non/NHpg < 1.0, one major compound with a more
sophisticated structure could be inferred. Examining the calculated stoichiometries for samples
CaAl-Hpgl-5 to 8, the differences among them are only minor implying the exclusive formation

of only one complex, Ca3A12Hpgl3(OH)8 which may be formed by the (formal) 1:1

combination of CaAIHpgl(OH),® and Ca,AlHpgl,OHs0. In addition, the stoichiometry of the
metal ions in Cay AL Hpgls (OH)8 strongly resembles that of TCA, CazAl(OH);,, which may

contribute to the understanding of the results published by Kim etal. [151,152].

Table 10 w/w% distribution of the components and the calculated cumulative stoichiometry

Calculated cumulative
Sample ID Ca** Wwlo)  AlIF*(wwoo)  Hpgl- (Wwob) o
stoichiometry

Ca-Hpgl 7.6 - 74.9 CaHpglis0Ho3%4.9 H,O

Al-Hpgl - 17.0 60.5 AlHpglo4sOHz6
CaAl-Hpgl-1 16.7 5.7 58.0 CazAlHpgl; ;OHs 7
CaAl-Hpgl-2 134 3.3 67.9 CazsAIHpPgl250H6.0x0.5 H.O
CaAl-Hpgl-3 12.6 4.1 66.6 Caz1AIHpgl1 9OHs 2x0.6 H.O
CaAl-Hpgl-4 14.8 29 62.3 CassAlHpgl260H7.4xH20
CaAl-Hpgl-5 11.6 44 63.9 CarsAlHpgli s0H48%1.3 H20
CaAl-Hpgl-6 124 57 64.9 CaisAlHpPgl1.4OH46x0.1 HO
CaAl-Hpgl-7 134 6.8 61.3 Ca13AIHpgl1.20H45%0.6 H.0
CaAl-Hpgl-8 12.0 54 63.9 Cai1sAlHpgl1.4OH46%0.6 H.O
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The effect of metal-ion coordination on the infrared and Raman spectra of sodium
heptagluconate

The information provided by the infrared and Raman spectra of the same sample is
complementary to each other, since their general selection rules are different. The intensities of
the infrared spectrum are proportional to the square of the transitional dipole moment, while
the magnitude of Raman-effectis determined by the change of the polarizability tensor during
the transition. Therefore, the vibrational normal modes of the D-heptagluconate ion can be
classified from this point of view.

The normal modes dominated by the displacement of the hydrogen atoms in the O—H groups
produce high transitional dipole moment, but hardly influence the polarizability tensor of the
molecule. Their intensities are high in the absorption spectrum, and they are practically invisible
in the Raman spectrum. On the other hand, the normal modes, dominated by the combinations
of the stretching vibrations of C—C bonds alter the polarizability tensor but produce negligible
change in the dipole moment. Hence, their signals are weak on the infrared and relatively
intense in the Raman spectrum.

The normal modes governed by the carboxylate group have both effects, since the
delocalized 4m electron system strongly shifted to the direction of the oxygen atoms, although
they are prone to further polarization, hence they are seen on both spectra. Consequently, the
infrared spectra of the samples provide information mainly on the coordination properties of
the ligand, whereas the Raman spectra report predominantly on the conformation of the
backbone. This difference is most spectacular in the O—H stretching range and that of the
carboxylate group:

CaAl-Hpgl-3

Absorbance / Raman Intensity

1800 1700 1600 1500 1400 1300
Wavenumbers/ Raman Shifts/cm?

3400 3200 3000 2800

Figure 33 Comparison ofthe IRand Raman signals in the O-H and C-O-O stretching vibration ranges in case on
sample CaAl-Hpgl-3
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The C—C stretching range of the Raman spectra divides the solid ternary specimens into two
groups, showing a clear difference in the conformation of the backbone of Hpgl- (Figure 34).
The Raman spectra of samples from CaAl-Hpgl-1 to CaAl-Hpgl-4 differ somewhat only in the
wavenumber range below 800 cm-1, which is in the out-of-plane deformation range of the
carboxylate and C—H groups (Figure 34, left (a)). Only slight relative intensity differences can
be identified elsewhere in the spectra.

The other group of samples from CaAl-Hpgl-5 to CaAl-Hpgl-8 show much more uniform
Raman spectra (they are indistinguishable), exceptaround 1600 cm1, which is the carboxylate
stretching region (Figure 34, left (b) ).

The C-C stretching region of the two groups differ essentially, indicating the difference in

the conformation of the carbon chain. This range is rather complicated in the spectra of CaAl-

Hpgl-1 to CaAl-Hpgl-4, but the other series of spectra shows very clearly a set of nearly
equidistant bands, the so-called ,band progression”, i.e., the sign of a fully stretched carbon
backbone [153].

CaAl-Hpgl- CaAl-Hpgl-

Raman Intensity
Absorbance

1800 1600 1400 1200 1000 800 600 1800 1600 1400 1200 1000 800 600
Raman Shifts /cm! Wavenumbers /cm—

Figure 34 Raman and IR spectra of the ternary compounds. The difference between the C—Cstretching region of
the two groups indicates the difference in the conformation of the carbon chain.

The corresponding infrared spectra seem to confirm our conclusions drawn from the Raman
spectra (Figure 34, right): the magnitude of differences for both groups of spectraare essentially
the same, therefore the division of samples into two groups from CaAl-Hpgl-1 to CaAl-Hpgl-4
and from CaAl-Hpgl-5 to CaAl-Hpgl-8 is appropriate.

Another interesting feature of the spectra is the carboxylate region, which is seen on Figure
33b. The position of the peaks, tentatively assigned to the carboxylate stretching modes, did
not coincide on the corresponding infrared and Raman spectra of the samples. Since the
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selection rules do not justify this difference, there were only two possibilities to consider. One
possible explanation is that the ligands are arranged in central symmetry around the metal ions,
resulting the separation of the gerade and ungeradespecies into the Raman and into the infrared
spectra, respectively. The other possibility is that the positions of the peaks could arise from
overlapping bands with various intensities, indicated by the differences in the carboxylate
stretching region depicted in Figure 34b [153].

A straightforward way of verifying this assumption is the analysis of the Fourier self-
deconvoluted spectra between 1850 and 1200 cml. A typical result of the Fourier self-

deconvolution is shown in Figure 35.

CaAl-Hpgl-8

IR

Deconv. Raman

Absorbance / Raman Intensity

1800 1700 1600 1500 1400 1300
Wavenumbers / Raman Shifts/cm1

Figure 35 Fourier self-deconvolution performed on the IRand Raman spectra of sample CaAl-Hpgl-8.

The carboxylate stretching peaks indeed split into at least two components in the infrared
spectra. However, the deconvolution of the same range of the Raman spectra provided less
information, since the peak around 1600 cm being too weak and too broad for a reliable
Fourier self-deconvolution. Nevertheless, the self-deconvoluted spectrum does not indicate the
presence of overlapping bands.

In conjunction with Fourier self-deconvolution, peak fitting was performed with each
spectrum in the same region. An example of such spectral decomposition for sample CaAl-

Hpgl-8 is depicted in Figure 36.
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Figure 36 The result of peakfitting demonstrated on sample CaAl-Hpgl-8. The position of the fitted carboxy late
stretchingbands imply a symmetry center betweenthe ligands.

As a result, there were apparent deviations between the two aforementioned groups of
samples. Generally, fewer peaks were sufficient for a satisfactory fit of the spectra of samples
from CaAl-Hpgl-1 to CaAl-Hpgl-4, than for samples from CaAl-Hpgl-5 to CaAl-Hpgl-8. More
importantly, no analogous bands could be found in the Raman spectra of the first group of
samples between 1600 and 1500 cmt matching the strong infrared band of the antisymmetric
carboxylate stretching mode. Besides, the fitting of the Raman spectra would have been
inadequate for the second set of samples, without the corresponding, very low intensity bands.
The positions of the fitted carboxylate stretching bands on the infrared and Raman spectra are
satisfactorily close to each other, ruling out the presence of a symmetry center between the

ligands. (For detailed data, see Table 11).

63



Table 11 Results of the peak fitting, performed in the carboxylate region (1850-1200 cm™) of the IR (plain
background) and Raman (grey background) spectra.

Areapt|

Areapt)

Sample ID vi /em-1 Lo(r)z ntz roe/:n v, fem-1 Log/eo ntz /752“ vs fem-! Lo(r;) ntz A/gz\n
Ca-Hpg| - - 1590 0.63 0.4 1413 0.00 33
1609 0.0 _ _ _ - 1428 0.0 11

Al-Hpgl 1634 0.0 - 1554 021 22 1393 047 24
1650 031 05 _ _ - 1405 0.00 20

CaAl-Hpgl-1 1621 027 19 1569 025 16 1418 1.00 20
1600 0.00 _ - _ 1427 0.0 15

CaAl-Hpgl-2 1609 001 13 1574 004 17 1419 081 20
1601 0.00 _ - - 1426 000 14

CaAlHpgl-3 1614 001 16 1571 001 14 1419 086 21
1602 000 - _ - 1427 0.0 14

CaAl-Hpgl-4 1613 034 12 1574 001 16 1417 064 21
1603 000 - _ - 1426 0.0 17

CaAl-Hpgh5 1604 013 0.8 1568 034 17 1419 100 23
1631 0.0 0.4 1581 0.0 1429 0.0 17

CaAl-Hpgl-6 1625 0.34 17 1565 0.60 0.6 1426 1.00 36
1631 0.0 02 1576 0.0 89 1429 021 16

CaAlHpgl-7 1619 0.00 0.6 1569 0.00 1.0 1423 0.50 35
1634 0.0 02 1576 0.0 838 1429 033 17

CaAl-Hpgl-8 1621 001 07 1569 039 0.8 1423 09 40
1634 000 02 1576 000 106 1429 033 16

64



The spectra of the binary samples Ca-Hpgl and Al-Hpgl were also studied. Their spectra,
together with the fitted carboxylate stretching bands were shown in Figure 37.

Absorbance / Raman Intensity

" Raman

1800 1700 1600 1500 1400 1300
Wavenumbers / Raman Shifts/cm—1

Figure 37 Fitting results ofthe Ca-Hpgland Al-Hpglbinary samples. The antisymmentric carboxylate stretching
mode of Hpgl above 1600 cm™ refers to the coordination with Al(l11), whereas theregionof 1600 - 1500 cm* is
indicative of Ca(ll) complexation.

Comparing the fitted peak positions to those of the ternary compounds, one can infer that
the presence of two bands in the antisymmetric carboxylate stretching region arises from the
coordination of Ca(ll) and Al(111) ions to Hpgl ligands. Explicitly, the antisymmetric stretching
mode above 1600 cm! corresponds to the coordination of Al(III), while the band between
1600 cm* and 1500 cmt may be the sign of coordination to Ca(ll) [154-156].

Finally, the ratios of the integrated intensities of the fitted antisymmetric carboxylate bands
above and below 1600 cm-1 corroborate the existence of the two types of solid compounds: the
ratios were above 1.0 for the samples from CaAl-Hpgl-1 to CaAl-Hpgl-4, and below 1.0 for
CaAl-Hpgl-5 to CaAl-Hpgl-8 (Table 11), indicating that the relative amount of AI(IIl) as
compared to Ca(ll) is higher for the latter precipitates in the second group. This agrees well
with the results obtained from the ICP-OES analysis.
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Thermal analysis of the ternary complexes

The thermograms of both the Al- and Ca-Hpgl solids (Figure 38aand Figure 40a-b) as well
as the CaAl-Hpgl-7 ternary complex (Figure 38b) exhibit well-distinguishable mass loss
processes. For all compounds, the physically adsorbed water (i.e., the fraction of water which
is bound to the surface) evaporate first at 50 °C, followed by the release of lattice water below
~180°C.
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Figure 38 Thermograms (left axis, black solid line) and differential thermograms (right axis, blue solid line) of
the Al-binary (a) and a typical ternary (CaAl-Hpgl-7) complex(b).

The next major loss peak appears between 180 and 400 °C (Al-Hpgl) or 180 and 350 °C
(Ca-Hpgl and CaAl-Hpgl-5). To reveal the underlying chemical processes, infrared spectra of
the CaAl-Hpgl-7 solid calcined at 200, 310, 340 and 500 °C (Figure 39a) were recorded. The
sample calcined at 200 °C remains essentially intact, since the peaks of the corresponding
spectrum are in similar positions and of similar shape as compared to the untreated solid (Figure
34, right). However, above 310 °C marked variations can be observed: namely, the intensities
of the ligand O—H/C—H stretching vibrational modes at 2750-3750 cm! decrease gradually, in
conjunction with the weakening of the C—O bands between 900 and 1200 cm-1. Parallel to the
mineralization of the heptagluconate, the dehydration of the AI(OH),3»)* ion may also occur,
as this step takes place < 300 °C in the case of Al(OH)3 [72].
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Figure 39 Infrared spectra of the CaAl-Hpgl-7 ternary solid compound after heat treatment at different
temperatures (a), and the binary and commercial solids at 200 °C and 340 °C (b).

Between 340 and 500°C, the caramelization of the ligand proceeds with similar mass losses
(16-22%), presumably along with the dehydration of the Ca(OH),@¥)* (which occurs at ~460
°C, see the TG curve of Ca(OH); in Figure 40c). The infrared spectrum of the solids calcined
at 500 °C shows the disappearance of the C—H and C-O bonds. The collapse of the
heptagluconate moiety is also shown by the variation of asymmetric and symmetric vibrations
of the COO- groups (at 1570 and 1410 cm1). Meanwhile, a signal at 1420 cm! ascribed to the
surface-adsorbed CO, molecules as well as a resonance mode at 1480 cm-1 corresponding to

the in situ generated calcite phase appeared [127].
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Figure 40 Thermograms of the commercial heptagluconatesodium- (a), and calciumsalts (b) from Sigma. Aldrich
as well as Ca(OH): (c) and CaCOs (d).

Above 500°C, the merger of calcite phase decomposition (Figure 40c) with the final-step
mineralization of Hpgl could be observed; the decarbonization processes took place in the most
substantial amounts (24-30% mass losses). A notable feature of the Al-Hpgl and Ca-Hpgl
binary samples is that the decomposition of Hpgl started at higher temperatures, than for the
commercially available sodium and calcium salts of heptagluconate. Furthermore, the ternary
samples exhibited even greater thermal stabilities: for the binary solids heat-treated at 200 °C a
significant decrease in the intensities of their C—O peaks (900-1200 cm?) in their infrared
spectra could be observed (Figure 39b), while those of the ternary compounds were unscathed.
This enhanced thermal stability of Hpgl is more evident for the calcination of samples at
340°C: the C—O bands and even the O—H/C—H stretching modes (2750-3750 cm1) of the Na-
and Ca-salts of heptagluconate disappeared on the spectrum, while these peaks were still
observable for CaAl-Hpgl-7 heat-treated at 340°C. Moreover, the calculated mass losses

remained under ~13% for the ternary solids between 200 and 350°C, and these values were
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significantly larger, 21 and 34%, in the case of binary precipitates (Table 12.). Ultimately, these
observations could indicate that the heteropolynuclear complexes are more stable than the
binary ones, explicable by the intuition that the simultaneous binding of Ca2* and AR+ yields

overall stronger metal-ligand interactions.

Table 12 Mass losses of the solids at differenttemperature ranges.

Mass loss under Mass loss Mass loss Mass loss above
Sample 1D 200 °C (%) 200-350 °C (%) 350-500 °C (%) 500 °C (%)
Ca-Hpgl 9 20.9 221 24.6
Al-Hpgl 125 338 17.1 49
CaAl-Hpgl-1 14.9 74 15.8 26.6
CaAl-Hpgl-2 13.2 126 15.8 29.7
CaAl-Hpgl-3 12.7 11.0 16.3 284
CaAl-Hpgl-4 135 10.6 14.4 29.7
CaAl-Hpgl-5 105 12.0 17.2 295
CaAl-Hpgl-6 11.3 10.9 17.0 26.2
CaAl-Hpgl-7 12.7 10.8 17.4 27.0
CaAl-Hpgl-8 14.7 11.0 16.8 249
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Ca?* | AP* [ heptagluconate complexes in the pH range of 8-14:

Preliminary insights into the solution equilibria and speciation

The cardinal step in our work was to describe the interactions in solutions containing Ca?*,
APR* and heptagluconate ions. The characterization of such acomplex system required a holistic
approach, therefore multiple experimental methods were employed, including potentiometry,
polarimetry as well as H and 13C NMR spectroscopy.

The interpretation of the pH-potentiometric and polarimetric data

First, potentiometric titrations were conducted on solutions containing Ca?*, AB* and
heptagluconate ions (hereafter ternary solutions). Due to the overlapping solution equilibria
detected previously in the case of the APR*-Hpgl system, an appropriate description of the
system required studying a in a broad pH range.

Comparing the titration curves of the plain ligand with those of the binary and ternary
solutions, the gradual shift towards lower pH could be observed (Figure 41). Among these, the
introduction of both metal ions caused the most spectacular pH effect, implying the formation

of complexes with remarkable stability.
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Figure 41 The effect of Ca?* and AP* ions on the titration curve of heptagluconate (Hpgl). Experimental
conditions: t=25°C, 1 =4 M (NaCl), [NaOH]r, = 0.250 M. The titrant was 1 M HCI.
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Although the introduction of both metal ions resulted in extensive proton release, the large
pH effects already seen for the binary solutions indicates that the contribution of these binary
species to the overall equilibria is not negligible. To check to which extent the observed pH
effects are due to the formation of ternary complexes, the titration curves of the binary systems
were simulated using the PSEQUAD software and were compared to those for the ternary

solutions at the same total concentrations.
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Figure 42 Measured (symbols) and calculated (dashed line) pH values for heptagluconate (Hpgl) in presence of
Ca?*and AP ions. Bxperimental conditions: t =25 °C, 1 = 4 M (NaCl), [NaOH]r, = 0.250 M. The titrant was 1 M
HCI. Symbols represent the experimental data, whereas solid lines are simulated curves for the binary systers
containing either Ca* or AF*, based on the log Bpqrs values of CapHpgliH{? 9" and AI((OH)4)qHpgl:Hs 9"
species presentedin Tables6and?7.

In the first scenario, the simulation of the measured titration curves was based on the
premise, that the mere inclusion of the binary complexes of CayHpglH@—+)* and
AI((OH)4)qHpglHsa 9+ compositions would yield a satisfactory fit. However, looking at
Figure 42, one can notice the significant deviation between the calculated and measured pH
values starting from approximately pH 7-8. On the other hand, the inclusion of binary
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complexes was sufficient to provide anadequate fit below pH = 6. Furthermore, in the pH range
of 6 to 14, the structure of the curves depends mainly on the total concentration of CaZ* ions.
These observations provided us two important remarks, namely that (1) ternary complexes do
form in these solutions and (2) they dominate the complexation equilibria in the pH range of 8
to 14.

[NaHng]T/M [NaAl(OH),];/M ; [CaCl,},/M

0.100 0.050 0.025
14~ - 0.100 0.050 0.050
: - 0.100 0.100 0.050
0.150 0.100 0.050
12+ 0.150 0.100 0.100
0.150 0.150 0.100
0.200 0.100 0.100
10 0.200 0.150 0.150
precipitate
— fit
8 - Y
T
o
6 -
a4 N T
2 -
0= T T T T T T : T T T
0 10 20 30 40 50

Wi ™

Figure 43 Measured (symbols) and calculated (dashed line) pH values for heptagluconate in presence of Ca? and
AP ions. Experimental conditions: t =25 °C, | =4 M (NaCl), [NaOHJro = 0.250 M; the titrant was 1M HCI.
Symbols represent experimental data, whereas solid lines are theresults of the fits based on the log Syqrs values of
CapAlHpgl(OH)4q 234 41*9* species presented in Table 13.

The evaluation of the measured potentiometric data was performed by fitting the pH- and
Ca2*-dependent sets simultaneously. Several various ternary species were systematically
included and checked, while all the aforementioned binary particles were incorporated in the
model, with their stability products fixed to the values presented in Tables 6 and 7. The best
model obtained on this system yielded FP =5.31 mV (=0.07 pH units), which provided a
satisfactory description of the measured data. The calculated species’ stoichiometries and their
stability products are listed below in Table 13, whereas the corresponding speciation diagram

is presented in Figure 44.
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Table 13 Stability constants, log Bpqsr, determined for the various reactions taking place in the Ca®* / AI(OH)s~ /

Hpgl system. Experimental conditions: t =25 °C, | =4 M (NaCl). In parentheses, the triple standard error is given.

Reaction log Spgrs
H;0"+OH" = 2H,0 14.26
Hpgl™ + H;O" = HpglH + H,0 3.64(1)
Hpgl™ +H,0= HpglH*| + H,0" —13.81(1)
Ca”*"+Hpgl” = CaHpgl" 0.42(19)
2Ca®"+ 2Hpgl +4H, 0 = Ca, Hpgl, H*; +4H" —46.61(25)
3Ca’ "+ 2Hpgl + 3H,0 = Ca; Hpgl, H'; +3H" —31.19(19)
3Ca’"+ 2Hpgl +4H, 0= Ca; Hpgl, H’, +4H" —42.98(11)
AIOH), +4H" = A" +4H,0 22.81(19)
AI(OH), +Hpgl +4H" = AlHpgl’” + 4H,0 24.85(29)
AI(OH), +Hpgl +3H" = AI(OH)Hpgl" +3H,0 22.06(13)
AI(OH), +Hpgl” +H" = AI(OH), Hpgl” +H,0 12.28(26)
AI(OH), +Hpgl™ = AI(OH),Hpgl®~ 1.89(17)
AI(OH), + Hpgl™ +H,0 = AI(OH), Hpgl’ +H" ~11.59(29)
AI(OH), +2Hpgl” +H,0 = AI(OH),Hpgl} + H" -9.02(15)
2A1(OH), +Hpgl™ +2H" = Al,(OH),Hpgl™ +2H,0 24.98(21)
2A1(OH), +2Hpgl +4H" = AL (OH),Hpgl) +4H,0 37.99(21)
2AI(OH), +2Hpgl +3H" = Al,(OH),Hpgl, +3H,0 33.41(20)
3AI(OH), + Hpgl™ +2H" = Aly(OH), ,Hpgl> +2H,0 28.23(26)
3AI(OH), +2Hpgl +H,0 = Al;(OH) ,Hpgl§ +H' —6.52(26)
4AI(OH), +3Hpgl +H" = Al,(OH), ;Hpgl] +H,0 21.74(39)
Ca®" + A(OH), +2Hpgl + H,0 = CaAl(OH);Hpgl, +H" —2.46(13)
Ca®" + AI(OH), + 2Hpgl™ = CaAl(OH), Hpgl, 7.67(8)
Ca®" + AI(OH), + 2Hpgl +H" = CaAl(OH), Hpgl) 15.73(11)
Ca”" + 2AI(OH), + 2Hpgl +2H,0 = CaAl, (OH), JHpgly +2H" -10.52(9)
2Ca’" + Al(OH), + 2Hpgl +2H, 0 = Ca,Al(OH)s HpgL +2H" ~10.44(29)
2Ca®" +2A1(OH), + 2Hpgl +2H,0 = Ca,Al,(OH), Hpgl +2H" —7.33(18)
3Ca”" + Al(OH), + 4Hpgl +3H, 0 = Ca;Al(OH), Hpgl; +3H" -13.33(28)
3Ca’" + AI(OH), +4Hpgl +2H" = Ca; AI(OH), Hpgl;, +2H,0 27.36(42)
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Figure 44 Speciationdiagramas a function of pH regarding to Hpgl. The calculations were performed using the
stability constants provided in Table 13, corresponding to t =25 °C and | = 4 M (NaCl). Total concentrations:
[Hpgl ]+ =0.200 M, [AI(OH)4 ]+ =0.100 M, [Ca?*]r = 0.050 M.

The obtained speciation presented on Figure 44 indeed demonstrates that ternary complexes

are the prevailing ones in the alkaline pH region, although some ternary species (i.e.,
Ca3A1(OH)2Hpgli+) do from in the slightly acidic region as well. According to the present
model, three major ternary species could be identified, i.e., the CaAl(OH)3Hpg]g ,

Ca; Al(OH)ZHpgli+ and their deprotonated forms, as well as the CaAl, (OH)loHngAZF complex
dominating the strongly alkaline regime. The formation process of the former could be
described by the initial coordination of a Ca2*ion to the binary AI(OH)s;Hpglk complex, yielding
CaAl(OH); Hpglg. This step is followed by its gradual deprotonation, which ultimately leads to
the formation of CaAl(OH)s Hpg]? . Regarding the CaAl, (OH) IOHngA; complex, the
substitution of one AI(OH); moiety of the Al (OH)BHpg]g binary complex to a Ca2*ion could
be a plausible explanation on its formation. Nevertheless, these working hypotheses will need
further verification in the future by spectroscopic methods.

In addition, Ca2*-dependent polarimetric and potentiometric measurements were also
conducted on solutions containing AI(OH), and Hpgl ions. Polarimetry proved to be a handy
tool in detecting complexes forming in a pH-independent process, thereby giving us a more
complete understanding of the speciation. Besides, fitting the acquired data with the already

existing model is a simple method for the validation of the speciation.
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Figure 45 Measured (symbols) and calculated (lines) Ca*-dependent potentiometric and polarimetric data
calculated onthe basis of stability constants listed in Table 13. Experimental conditions:t =25 °C, | =4 M (NaCl)
and (a) [NaOH]ro = 0.050; (b) [NaOH]r = 0.250. The titrantwas 1 M CaCl,.

Fitting the Ca2*-dependent data together with the pH-dependent potentiometric data did not
introduce additional particles. The recalculation of the model together with these datasets
yielded FP =5.34 and provided only small errors between the measured and calculated data,
although a significant deviation could be observed in the initial stage of polarimetry (Figure
45b). This error could be attributed to the lack of the CaAl(OH)s;Hpgl complex, however due
to the high correlation with Ca, Al, (OH)IOHpglzf, both species could not have been included

into the final model. Based on this fit, the specific rotations of the corresponding complexes
were obtained and are presented in Table 14.
Table 14 Specific rotation of the individual species forming in the Ca** / AI(OH)s / Hpgl system. Experimental

conditions: t = (25+2) °C and I = 4 M (NaCl). Total concentrations: [Ca?*]r = 0-100 M, [AI(OH)4 ]+ = 0.050-
0.100 M and [Hpgl ]+ =0.100-0.200 M.

Species [a]o /°-dmr-cm?-gL
CaAl(OH);Hpgl>~ -50.30
CaAl(OH), Hpgl;” 45.84
Ca, Al(OH)4 Hpg L 28.08
Ca; AI(OH), Hpgl?~ 16.65
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The effect of ternary complex formation on the *H and 13C NMR spectra of heptagluconate

In order to gain information on tthe preferable metal-ion binding sites of the ligand, *H and
13C NMR spectra of heptagluconate at varying [CaCl]y in the presence and absence of
Al(OH);~ were recorded. In solutions containing [Hpghk]y =0.100 M the signals of
heptagluconate go through spectacular changes upon addition of CaCl,. With increasing
[Caz*]y, significant line broadening occur in the 1H NMR spectra (Figure 46a), which stems
predominantly from the slowdown of the chemical exchange processes between the free and
bound ligand molecules. This line broadening is most remarkable for the H2 and H4 signals
suggesting the participation of the C(2)H,OH and C4(2)H,OH groups in the coordination of
Ca2*ions [64,66,101]. As for the 13C NMR spectra (Figure 46b), significant line broadening is
seen for all peaks (except for C7), hence the coordination sites cannot be deduced
unambiguously. Nevertheless, the C1 signals completely merge into the baseline already at 0.01

M CaCl, (seethe inset in Figure 46b), supporting the plausible coordination of the COO-group.
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Figure 46 H and **C NMR spectra of heptagluconate as a function of [CaCl.]r. Experimental conditions: t =
25 °C, I =4 M (NaCl); [NaHpgl}r=0.100 M, [CaCl:]Jr =0-0.075 M, [NaOH]r = 0.255 M. The appropriate nuclei
and theirnumbering are indicated in the legend.
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Conversely, in solutions containing [NaHpgl]r =0.100 M and [Al(OH), ]+ =0.050 M, several
new peaks appear with increasing [Ca2*]r (Figure 47). These new signals indicate that the
chemical exchange becomes even slower on the NMR timescale, than in the case of the binary
complexes, which may refer to the strengthening of metal-ligand interactions. According to the
speciation based on the stability constants presented in Table 13, the predominant aluminate
binary complex is Al(OH)SHpgl;_. At this composition, the C1 peak of Hpgl- could not be

identified and the overall signal-to-noise ratio is rather low. However, increasing [CaZ*]r only
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to 0.005 M, salient changes occur on the spectrum: a distinct peak emerges at 184.8 ppm, which
is indicative of a newly forming ternary complex (Figure 47a). (Note that this variation cannot
be attributed to a binary Ca(ll) complex, since the C1 peak is invisible in the absence of
aluminate; see the inset in Figure 46b.) Likewise, five new peaks appear in the range of 62—78
ppm (Figure 47b) as a token of ternary complex formation. Increasing [CaZ*]r above 0.030 M,
these peaks essentially disappear, while new albeit low-intensity signals show up at 184.9,
184.2, 77.5 and 75.5 ppm signaling the appearance of yet another ternary species. These
observations are in line with the qualitative changes seenin the tH NMR spectra (Figure 47c).

Based on the speciation diagram depicted in Figure 48, the new signals can be assigned to
the formation of the CaAl2(OH)10Hpg];_ ([CaCk]r = 0.005-0.030 M) and that of the

Ca3Al(OH)7Hpglff ([CaCl]y =0.030-0.075 M). Itis intriguing that the most intensive peaks
at the highest [CaCl,]+ (0.075 M) strongly resembles those of the free ligand (obvious in both
IH and 13C spectra), yet the fraction of free Hpgl is essentially zero. To resolve this
contradiction, one explanation is that the ligand-like spectra actually belong to the
CazAl(OH)6Hpg1§_ species (see Figure 48), which is possibly an anion-stabilized mixed
AI(HT)-Ca(ll) hydroxide, similarly to the Al(l11)-Hpgt binary system in the pH range of 7-10

(see Figure 16). Nevertheless, this interpretation need further verification.
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Figure 47 3C NMR (a, b) and'H (c) and spectra of heptagluconate as a function of [CaCl]r. Experimental
conditions: t = 25°C, | = 4 M (NaCl); [NaHpgl]r=0.100 M, [AI(OH),]r = 0.050 M, [CaCL]r = 0-0.075 M,

[NaOH]r=0.255 M. The appropriate nuclei and their numbering are indicated in the legend.
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Figure 48 (a) Distribution diagram of Hpgl--containing species regarding to [Ca?*]r referring to [Hpgl]r =
0.100 M, [AL(OH),Jr = 0.050 M and [NaOH]r = 0.260 M. The calculations were made based on the stabiltty
products presented in Table 13. (b) 1H NMR spectra of the binary (dashed lines) and ternary (solid lines)
complexes of heptagluconate with regardto the increasing [Ca®*]r. The well distinguishable spectral changes are
in line with the simulated speciation.
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Equilibria in solutions approaching industrial conditions: The
temperature dependence of the calcium complexation properties

of D-gluconate

The comprehensive description of the Ca(ll)-containing binary systems at elevated
temperatures played a pivotal role during our project, since no equilibrium model is useful for
industrial purposes without ample information on the solution species under these extreme
conditions.  Strictly speaking, such type of experimental work would require advanced
instrumentation, therefore the valid implementation of necessary analysis would have been
quite challenging in a laboratory environment. An elegant way to tackle this obstacle is to
determine the thermodynamic properties of the corresponding system, so they could be utilized
to extrapolate the distribution model to higher temperatures. In the following section, the
temperature-dependent characterization of the calcium-gluconate binary system and the
determination of the corresponding enthalpy and entropy changes will be described.

Determination of the ionic product of water at various temperatures —validation of the

measuring system

In order to check the robustness of the electrochemical cell and the reliability of the titration
protocol used for our measurements, the determination of the ionic product of water (pKy,) at
25, 50 and 75 °C was undertaken.

First, a weak acid-strong base (malonic acid, H,Mal, vs. NaOH) titration was performed
using a Ho/Ptelectrode. H,Mal is available in sufficiently high-purity form, thus, it can be used
as primary standard. For the titrations, [H,Mal]r owas set to 0.01 M. As a next step, a strong
acid-strong base (HCI versus NaOH) titration was carried out with [HCI]+ o being approximately
0.01 M. For both measurements, the titrant was 0.1 M NaOH. The resulted data points were
used to determine the exact concentration of the titrant base solution and to estimate its actual
carbonate concentration (usually between 0.1 and 0.2 mol% of the base; inevitably, this value
was found to gradually increase with time). Additionally, the intercept and slope of the
electrode, the pKy, as well as the first and second pK, of H,Mal were calculated using the non-
linear fitting procedure of the pHCali software. On the other hand, the two acidity constants of
H,CO3, corresponding tot = 25 °C and | =4 M [(CH3)4NCI], were taken from the literature
[157]. (It should be noted that the actual value of the acidity constants of H,COj3had only an
insignificant effect on the obtained results due to the very low concentration of the carbonate in

these calibrating solutions.) Due to experimental difficulties concerning the determination of
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pK, of HCO3and especially that of H,COj3at elevated temperatures, the data corresponding to
25 °C were used at each temperature.

For all the three temperatures, two parallel measurements were performed and the thus
obtained six pK,, values (Figure 49) were fitted linearly as a function of reciprocal temperature

(in K1) according to the van t’ Hoff equation:

nK = — .25 (31)
RT R

The standard enthalpy and entropy of reaction 32 were directly determined from the intercept

and slope of the fitted line.
H;0™+ OH = 2H,0 (32)

The results of these calculations are presented in Table 15. The pK,, versus T-1 relation showed
good linearity, demonstrated by the value of the correlation coefficient, R2 (0.9963). The
accepted values of pK,, (Table 15) were then obtained via recalculating them from the AH and
AS parameters.

At 25 °C, the pK,, was found to be 14.26, which agrees well with 14.29 [129], which was
determined previously with similar methodology under the same experimental conditions. The
corresponding AH and AS values were determined to be —56 kJ - mol! and 85 J - mol! - K1,
respectively. These values are in satisfactory agreement with the ones reported in the literature
(AH =-55.8 kJ - mot?! and AS =80.8 J - mol! - K-1), which led us to the conclusion, these pKy,
determination experiments could be considered as validation of the experimental protocol.
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Figure 49 The ionic product of water, pKw, as afunctionof /T at I = 4 M (NaCl). The results of linear fitting are
depictedas dashed line.
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Table 15 Stability constants, standard enthalpies and entropies determined for the various reactions taking place
in the Ca®*/Gluc/OH system. Experimental conditions: t = 25, 50 or 75 °C, I =4 M (NaCl). In parentheses, the
triple standard error is given.

Reaction T log fors AH AS
/°C /kI-molt /J-mol?-K?*
H,O0+OH = 2H,0 25 14.28(7) —56(5) 85(15)
14.25(5)
14.26
50  13.48(7)
13.48(5)
13.50
75 12.80(5)
12.91(5)
12.84
Gluc™ + H,0 2 GlucH*, + H;0" 25 -14.08(3) 57(1) ~79(4)
~13.90(3)¢
50 -13.32(3)
75 —12.65(2)
Gluc™ +2H,0 = GlucH?; +2H,0" 25 -28.82(2)
Ca(H,0)_+H,0 = Ca(H,0), ;(OH)" + H;0" 25 1392 68(5)F
50 —12.99°
75 —1220°
Ca(H,0), +2H,0 = Ca(H,0), ,(OH)) +2H,0° 25  -27.64" 126(10)}
50 2594
75 2445
Ca*" +Gluc™ + H,0 = CaGlucH’, + H,0" 25 -1173(3) 45(7) —73(23)
50 -11.17(3)
75 —10.59(3)
2Ca*" +2Gluc” +4H,0 2 Ca,Gluc,H?, + 4H,0" 25  —4654(3)  184(23) —276(70)
50  —44.21(5)
75 —41.91(22)
3Ca®" +2Gluc™ +4H,0 = Ca;Gluc,H’, + 4H,0" 25 —43.80(3) 193(6) —193(18)
50 -41.23(2)
75  —38.95(3)

" These constants were recalculated fromthe corresponding AHand AS parameters and then were used to
determine the stability products of the various CayGluc,Hs?* ™9* species.

* These constants were determined by 3 C NMR spectroscopy (the others by potentiometry).

“ These constants were calculated fromthe pKy values givenhere and fromthe AH parameters reported in
Ref. [95].

* These parameters were obtained fromthe AH of neutralization given here and fromthe AH parameters
reported in Ref. [95].
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The Ca2+ complexation of gluconate ions in strongly alkaline solutions on elevated
temperatures

Upon comparison, the titrations performed at 50 °C and 75 °C resulted in nearly identical
titration curves as observed at 25 °C (see Figures 11 and 50). However, the pH range where the
system was homogenous significantly shrank. (As aresult, the CaCl,-dependence of the titration
curves could not be studied at 75 °C). The incidental precipitation of Ca(OH), would be a
plausible explanation for that, since its solubility product greatly decreases with increasing
temperature [95], although the X-ray diffractogram taken for the precipitate indicated the
formation of an amorphous phase, which will be discussed later. The determination of the
stability constants and speciation was performed using the same boundary conditions as
discussed before (see the discussion on page 32). The thus obtained values for the different

complexation reaction are shown in Table 15.
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Figure 50 Measured (symbols) and calculated (lines) pH for gluconate (Gluc™) in presence of CaCl, and NaOH.
Bxperimental conditions: (aand ¢)t =50 °C, I =4 M (NaCl), (b) t =75 °C, I =4 M (NaCl); (aand b) [NaOH]r
=0.005 M, (c) [NaOH]r0 =0.100 M . The titrantswere 1 M NaOH (a, b) and 1M CaCl; (c).
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In the next step, the distributions of Ca(ll) among free Ca2* and the different Ca(ll)
complexes were compared at 25, 50 and 75 °C. It is important to mention that the overall pH
scale is rather different at different temperatures due to the temperature-dependence of pKy,
therefore, [NaOH]+ was chosen as independent variable for a reliable comparison of the species
distributions. Between [NaOH]+ =0.01 and 0.15 M (where the system was homogenous at each
temperature), the speciation remains practically unaltered regardless of the temperature (Figure
51).

104 ——25°C

50 °C
75°C

0.8 1

0
Ca,Gluc,H_,
0.6 -

0.4

O“calcium(ll)

0.2 1
CaGlucH_°

0.0+

Ca,Gluc,H_*

0.03 0.06 0.09 0.12 0.15
[NaOH]. / M

Figure 51 Distribution of calcium(ll) among the various aqueous species in the presence of gluconate (Gluc™) as
a function of pH. Thecalculations correspondto t =25-75°C, | =4 M (NaCl); [NaGluc]r =0.200 M and [CaCl]+
=0.150 M. Calculations were performed by using thestability constants givenin Table 15.

As in the case of the deprotonation constants, the enthalpy and entropy of these complex
formation reactions (Equation 8,page 22) were also determined. The results are shown in Table
15 and presented graphically in Figure 52. Generally, the deprotonation and Ca(ll)
complexation reactions of Gluc- are all enthalpy-driven. It can also be deduced that the Ca%

binding of GlucH ;2- described in the following reaction:
Ca®" +GlucH?; = CaGlucH’, (33)

is an exothermic process with AH being —12(8) kJ-mol!- Conversely, the Ca2*+ abstraction of
the Ca,Gluc,H 4> complex (Equation 21, see page 31) is accompanied with AH =~ 0.
(Numerically, it is 9(24) kJ-mol?, but the corresponding standard error is too high to consider

this process endothermic.)
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Figure 52 The deprotonation constant (log fooi-1) of gluconate (Gluc) as well as the log fSpyrs Stability products of
the various CayGluc,Hs*"*9* species as a function of /T at | =4 M (NaCl). The results of linear fitting are

depictedas dashed lines, and the calculated R? values are indicated in the legend.

To assess the effect of Gluc— on the solubility of Ca(OH),under the conditions of the Bayer
process [7,8,158], model calculations were performed. To take hetero- and homogenous
equilibria into consideration simultaneously, the solubility product of Ca(OH),was taken from
Ref. [95]. Using the enthalpies and entropies given in Table 15 and in Ref. [95], all equilibrium
constants corresponding to 100 °C were calculated. The variation in the solubility of calcium(l1)
is demonstrated in Figure 53. It is clearly seen that NaGluc has considerable impact on the
concentration of dissolved calcium(Il) in the whole range of [OH-] (0.01-2.51 M). At [OH] =
1 M, the increase of [CaZ*]; relative to that of the gluconate-free system is 10%, 23% and 76%
at [Gluc]y = 0.03, 0.05 and 0.10 M, respectively. In conclusion, the dissolution of Ca(OH),is
significantly enhanced by the addition of NaGluc (as a model of organic contaminants) in

agreement with previous results [7,8,158].
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Figure 53 The solubility of calcium(ll), log ([Ca?'J+/c), as a function of [OH]. The calculations correspond to
T=100 °C, I =4 M (NaCl) and [NaGluc]r= 0-0.10 M. The simulations were performed by using the log Sugs
stability products of the Ca,GlucH?*™9* complexes, the log Ks, solubility product of Ca(OH),, and the
corresponding AHand AS parameters givenin Table 15 andin Ref. [95].
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Figure 54 Distribution of calcium(Il) among the various aqueous species in the presence of gluconate (Gluc~) and
Ca(OH)(s) as a function of [OH]. The calculations correspond to T=100°C,1 =4M (NaCl) and
[NaGluc]r = 0.10 M. The simulations were performed by using the log Suqrs stability products of the Cap,Gluc,Hs*>
9* complexes, the log K, solubility productof Ca(OH), and the corresponding AH and AS parameters givenin
Table 15 andin Ref. [159].

85



Interestingly, the gluconate-containing Ca(ll) complexes are formed to a high extent at
[NaGluc]r = 0.1 M even in the presence of a solubility-controlling solid phase (Figure 54). At

[OH-] = 0.02 M, about 40% of [Ca2*]t is present as Ca;Gluc, (OH)Z, while the same fraction

of Ca,Gluc, (OH)7 is formed at [OH-] = 0.5 M. As the pH increases further, the Ca(OH)g

aqueous species becomes predominant.

Characterization of the solid phase forming at high temperature

As discussed above, the number of experimental points decreased to a large extent owing to
the precipitate forming in the titrated solutions at 75 °C. Although the explanation, that the K,
of Ca(OH),of calcium hydroxide decreases with increasing temperature, seemed plausible, the
fact that complexes with zero net charge tend to precipitate must have been considered.

First, XRD measurements were performed on the samples (Figure 55). Comparing the
diffractograms of the sample with those of the reference materials, the lack of distinct
reflections — which are typical of NaGluc, NaCl, Ca(OH),or CaCl, — indicated an amorphous
structure, possibly indicating some kind of reaction between the metal and the ligand.

Ww

M
NaCl
A A

201/°

Figure 55 Diffractogramofthe precipitate obtained frompH potentiometry (upper trace), in comparison with the
solution-forming materials. The sample was prepared at t =75 °C and | =4 M (NaCl) by titrating the solution
containing [NaGluc]ro=0.15 M and [CaCl;]ro = 0.10 M with 1 M NaOH.

To verify this assumption, the FT-IR spectra of the precipitate and the Na-salt of the ligand

were recorded (Figure 56). The comparison of the two spectra revealed that the amorphous
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precipitate contained gluconate. The sharp O—H stretching vibrations (from 3250 cm-1to 3500
cm1) of the plain ligand indicates that the coordination of the OH groups is weak. Regarding
the precipitate, conversely, the broadened signal in the same region implies the coordination of
OH groups. Such broadening was observed for the gluconate complexes of numerous divalent
metal ions including Ca2*[160,161]. Concerning the region of carbonyl vibrations of NaGluc
(from 1350 cm-1to 1650 cm1), the two peaks at 1633 cmr1and 1597 cm1 (presumably the two
components of the asymmetric stretching vibrations of the COO-group) shifted towards lower
wavenumbers (to 1558 cm1) in the case of the Ca(ll) complex. For Ca2*-binding proteins, a
shift of 10-25 cm! was attributed to the binding of Ca2*[162]. In the present case, the shift is at
least 40 cm! referring to strong metal ion coordination.

Furthermore, the difference between the peaks of the asymmetric and symmetric vibrations
is an indicative of the probable coordination mode [163]. That is, the difference for NaGluc
(200-235 cm ) refers to monodentate, whereas that for the Ca(ll) complex (160 cm-1) points
to the bridging-type binding mode (each oxygen of the COO-group is bound in a monodentate
manner to a Ca?* ion). Additionally, the signal with 1550 cm has been attributed to the

bridging-type coordination of the COO- group in the stearate and oleate sals of calcium(l1)

[164].
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Figure 56 Infrared spectra of the precipitate obtained during the pH potentiometric titrations, in comparison with
that of sodium gluconate (NaGluc). The sample was prepared at t =75 °C and | = 4 M (NaCl) by titrating the
solution containing [NaGluc]r=0.15M and [CaCl:]r,0=0.10 M with 1 M NaOH. The positions of the symmetric

(1398 cm') and the asymmetric (>1550 cm') stretching vibrations are indicated.
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Finally, anattempt was made to derive the stoichiometry of the solid complex by using ICP-
OES measurements. From the species distribution diagrams corresponding to 75 °C, the
predominant complex in agqueous solution is the neutral Ca3Gluc2H94, thus, this complex was
expected to precipitate. From the ICP results and assuming that the remaining mass after
subtracting the mass of Ca?* is purely gluconate, the molar ratio of Ca2+and Gluc- was found
to be approximately 3:2. For the trinuclear complex, two possible compositions with the same
molar mass can be envisaged. In the first case, the formula of the species can be described as
Ca;(GlucH_,),2H, (Xs), where the association of two double deprotonated gluconate and two
water molecules takes place (beside calcium). Second, the combination of two single
deprotonated ligands and two OH moieties, resulting in Cas;(GlucH_;),(OH),(s), is also a
plausible scenario. Using these two complex compositions, the aforementioned composition of
the complex, the calculated mass of the sample from measured calcium(ll) concentration agreed
with the original mass of the sample within 1.1%. Overall, these measurements confirmed that
the solid precipitate is the trinuclear complex, which lends credit to the proposed speciation

model in the solution phase.
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Conclusion

In this work, an extensive investigation was conducted on the complex formation reactions
of calcium and aluminate with D-heptagluconate ions at high ionic strength and in strongly
alkaline aqueous solutions. Furthermore, the temperature dependence of the interactions
between Ca2* and Gluc- was studied to assess the speciation under conditions relevant to the
Bayer process. Finally, the characterization of the structural and thermal properties of the solid
phase forming in the Ca2*/ Al(OH), / Hpgl system was carried out employing a wide range of
experimental methods.

In strongly alkaline solutions sugar carboxylates undergo deprotonation involving their
alcoholic OH groups. However, it was found via 13C NMR studies, that Gluc- could undergo
two consecutive deprotonation steps, yielding GlucHE} and GlucHig particles. Although the
formation of the latter was only around =~ 30%, the existence of this species was proved by
matrix-rank analysis as an independent method.

Upon the introduction of Ca2* ions, Gluc- and Hpglt form high stability polynuclear
complexes in alkaline media. Slight changes in the speciation were found with the increasing

ionic strength for both ligands: for Gluc- the complex Ca, Gluc(OH)g was interchangeable with
Ca, Glucz(OH)f[, which yielded lower standard deviation on 4 M (NacCl) ionic strength. As for

Hpgl, CaHpgl(OH)O could not be fitted, instead it was replaced by the Ca3Hpg12(OH);.
Therefore, the composition and stability products of polynuclear calcium complexes was found
to be slightly dependent on the ionic strength, i.e., it apparently facilitates the formation of
charged species.

The interactions between aluminate and heptagluconate ions were studied in a broad pH
range to get a sound understanding of the speciation of the system. Potentiometric titrations
revealed the formation of several hitherto unknown species in the alkaline pH region, greatly
extending the speciation models published earlier in the literature. The mononuclear 1:1
complex undergoes gradual protonation, while the species AI(OH),Hpgl could interact with
additional two aluminate ions, forming complexes with 2:1 and even 3:1 composition.
Polarimetry confirmed our calculated model and further broadened the speciation by the
inclusion of A13(OH)13Hpg127 and Al4(OH)15Hpg127 particles, both forming in the alkaline
region.

To provide qualitative insights on the Al-binding sites of the ligand, IH and 33C NMR
experiments were conducted on pH =4, 8 and 12. At pH = 4, the increase of 1H signal FWHM
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of C2-OH, C3-OH and C4-OH, as well as the drop of relative intensities of corresponding 13C
signals together with C5-OH outlined their vital role, as binding sites for aluminate
coordination. Based on the spectra recorded at pH = 8, the species forming at neutral medium
are ligand stabilized hydroxides. This proposition was supported by semi-quantitative solubility
simulations, which showed, that in the pH range of 6 to 11 the total concentrations of Al¥* and
OH-ions exceeded the solubility product of AI(OH)s(s), yet no precipitation could be observed
in the presence of heptagluconate ions. In alkaline solutions, the complexation proved to a slow
process, thus being commensurate with the exchange rate of the free and bound ligand, which
yielded numerous new peaks on the spectra. These signals could either belong to the

coordination isomers of AI(OH), Hpglz_ or the polynuclear Al (OH)lSHpglg_ complexes.

The calculated model was validated by freezing point depression (FPD) determinations and
with ESI-MS experiments. FPD measurements indicated a large extent of association in
solutions containing both aluminate and heptagluconate. Furthermore, the simulated AT¢cac
values, based on the speciation data, were in good agreement with the measured effect. ESI-
MS studies confirmed the existence of the 2:1 species at pH = 7 and provided indirect
information of its coordination mode as well.

The solid phases obtained from solutions containing Ca2*, AB* and Hpgl ions, were
characterized with various experimental methods. XRD and SEM-EDX measurements
revealed, that these compounds have a low degree of crystallinity, homogeneous elemental
distribution, and a significantly different morphology, than those of the commercially available
Hpgl salts.

According to the results of UV-Vis and ICP-OES measurements, two types of complexes
could be distinguished: CaAIHpgl(OH),° along with Ca,AlHpgk(OH)s® forms above non/Nupg!
= 1.0, while below the more uniform CazAlHpgl3(OH)y° stoichiometry can be proposed. The
latter strongly resembles to the composition of CazAL(OH)y, (tricalcium aluminate, TCA),
which explains the similar IR spectra published for the reaction of TCA with Gluc-earlier.
Regarding the binary complexes, the formation of AlsHpgl(OH)g® and various mixed Ca-
containing binary complexes was invoked.

FT-IR and Raman spectroscopic measurements reinforced our assumption regarding the two
different groups of complexes. Fourier self-deconvolution of the individual carboxylate bands
of the complexes assumes different coordination to Ca2*and AR* ions in the ternary and binary
particles. Furthermore, the centrally symmetric arrangement of ligands around the metal ion

was inferred from the positions of the fitted antisymmetric carboxylate stretching bands.
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Based on the thermal analysis of the commercially available salts of heptagluconate along
with the binary- and ternary complexes, the increased stability of the latter two was observed.
This stability was the highest in case of ternary complexes, which was attributed to the
simultaneous binding of both metal ions to the ligand(s).

Concerning the interactions of heptagluconate with Ca?* and Al(OH), in strongly alkaline

medium, the formation of ternary complexes was unambiguously detected by pH-potentiometry
and polarimetry. It was found that ternary complexes typically start to form in the pH range of
8 to 14, while below pH = 8 the inclusion of binary complexes was adequate to describe the

solution equilibria. Besides the various protonated forms of the CaAl(OH)4Hpgl, species, a

plethora of other species with more complex compositions was detected with 1:2:2, 2:1:2, 2:2:2
and even 3:1:4 stoichiometries.

The tH and 13C NMR spectra of heptagluconate in presence of Ca2* and Al(OH), ions were
also recorded in alkaline media. The rate of complex formation in the ternary solutions was

found to be even slower, than that observed in case of the AI(OH),/ Hpgl system, which

yielded a plenty of distinct peaks on the spectra. According to the Ca2*-dependent NMR series,
at least three different ternary complexes could be inferred, which lined up well with the
simulated distribution diagrams.

To approach industrially relevant conditions, the effect of elevated temperature and high
ionic strength on the speciation was assessed for the Ca2*/ Gluc- system. It was found that the
speciation is not significantly affected by the increasing temperature. Fitting the corresponding
stability constants for each species using the van’t Hoff equation, the AH and AS values for the
individual complex forming reactions could be calculated. According to the calculated results,
the formation of the CaGlucH91 is less endothermic than that of GlucHi which means that
Gluc- undergoes deprotonation more readily in the presence of Ca2* ions.

Finally, the distribution of CaZ* among the various aqueous species in gluconate and

Ca(OH),(s) containing solutions was extrapolated to t=100 °C , using the previously
calculated thermodynamic constants.
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Osszefoglalas

Munkank soran a D-heptagliikonat ion kalcium és aluminat ionokkal valo komplexképzodési
egyensulyait tanulmanyoztuk nagy ionerdsségli erésen lugos oldatokban. Megvizsgaltuk a Ca?
és Gluc- ionok kozotti kolcsonhatasok homérsékletfiiggését, amely eredmények segitségével
kozeliteni tudtuk a részecskeeloszlast a Bayer folyamatra jellemz6 koriilmények kozott. Az
oldatfazis mellett a Ca?* / AI(OH), / Hpgl rendszerben képzodé szilird fézis atfogo analizise
is céljaink kozott szerepelt.

A cukorsavak alkoholos OH csoportjai erésen ligos kozegben hajlamosak a
deprotonalédasra. Mindazonaltal, a Gluc- ion esetében 13C NMR mérések alapjan
megfigyelheté volt a ligandum két 1épésben torténd deprotonalodasa, ezdltal a GlucHz[ és
GlucH?; részecskék képzodése. Habar utdbbi részecske képzédésének mértéke csak =30%
koruli volt, ugyanakkor a fliggetlen matrix-rang analizis bebizonyitotta a jelenlétét.

CaZ* ionok hozzaadasara lugos kdzegben mind a Gluc-, mind pedig a Hpgl esetében nagy
stabilitasu tobbmagvi komplexképzodés figyelhetd6 meg. Mindkét ligandum esetében a
megnovelt ionerdsség hatasara kismértékii eltérést észleltiink a részecskeeloszlasban: a Gluc -

esetében a CazGluc(OH)g Osszetétell részecske helyettesithetonek  bizonyult a
CazGlucz(OH)f[ komplexszel, amely igy kisebb illesztési hibat eredményezett 4 M (NaCl)

kozegben. A Hpgl esetében a CaHpgl(OH)0 reszecske helyét a Ca;Hpgl, (OH)g vette at, igy
megallapitottuk, hogy a tobbmagvi kalciumkomplexek stabilitdsa ¢és képzddése enyhén

ionerdsségfiiggd, azaz a megnovelt ionerdsség eldsegiti a tobbmagva, toltéssel bird részecskék
képzodését.

Az alumindt és heptaglikonat ionok kozotti kolcsonhatasokat széles (2-14) pH-
tartomanyban tanulmanyoztuk. A potenciometrias titraldsok eredményei alapjan szamos ligos
kozegben képz6dd, eddig ismeretlen oldatbeli részecske képzddését detektaltuk, igy arnyalva
az e terlleten eddig kozolt részecskeeloszlasi modelleket. Az egymagvl, 1:1 osszetételi
komplex fokozatosan protonalodik, mig az AI(OH),Hpgl részecske tovabbi két aluminat
ionnal is kdlcsdnhatast Iétesithet, igy 2:1 vagy akar 3:1 Osszetételii komplexek képzddésére is
lehetdség nyilik. A polarimetrias mérések megerdsitették az altalunk javasolt modellt, tovabba

az AL (OH) 13Hpgl§_ és Al;(OH) 15Hpglg_ részecskek detektalasaval tisztabb képet szolgaltatott

a lugos kozegben képzddo részecskékrol.
A ligandum kotShelyeinek azonositasa céljabol 1H és 13C NMR méréseket végeztink pH =
4, 8 és 12 oldatokban. Savas kdzegben (pH = 4) a C2-OH, C3-OH és C4-OH protonjelek
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kiszélesedese, valamint a megfeleld szénjelek és a C5-OH jel relativ intenzitdsanak csokkenése
az aluminationok koordindcidja szempontjabdl kiemelt jelentdségii kotdhelyek jelenlétére utal
A pH = 8-on meért spektrumok ligandum-stabilizalt Gsszetett hidroxidok képzédésére engednek
kovetkeztetni. Ezt a félkvantitativ oldhatosagi szimulaciok is alatdmasztjak, melyek szerint a 6
és 11-es pH kozotti tartomanyban a szabad AR+ és OH- ionok teljes koncentracidja meghaladja
az AIl(OH);(s) oldhatdsagi szorzatat, csapadékképz6dés azonban nem volt észlelhetd
heptaglilkonat ionok jelenlétében. Erdsen ligos (pH = 12) kdzegben a komplexképzddés
sebessége meglehetésen lasst, olyannyira, hogy Osszemérhetové valik a szabad és kotott
ligandum kozotti cseresebességgel, ezaltal szamos Uj csucs megjelenését eredményezve a
megfelel6 NMR spektrumokon. Ezek az 0 csucsok tartozhatnak mind az Al(OH)4Hpg12_
komplex koordinacios izomerjeihez, mind pedig a tébbmagvu A14(OH)15Hpg1§* részecskéhez
is.

A szamitott modellt fagyaspontcstkkenés mérésekkel és ESI-MS kisérletekkel igazoltuk. Az
aluminatot és ligandumot is tartalmazo oldatokban mért fagyaspontcsokkenés nagyfokui
asszociaciora utalt, tovabba a részecskeeloszlasi adatok alapjan szamitott ATscc ertékek is jol
egyeztek a mért effektussal. Az ESI-MS mérések megerdsitették a 2:1 Osszetételii részecske
jelenlétét pH = 7-en, valamint kozvetett informaciét szolgaltattak a koordindciés madot
illeten.

A Caz*-, AB*- és Hpgl-tartalmi oldatokbol kivalt szilard mintakat kalonféle analitikai és
anyagtudomanyi  modszerekkel tanulmdnyoztuk. A porrontgendiffrakcios (XRD) és
elektronmikroszképos (SEM-EDX) vizsgalatok alapjan ezen anyagok alacsony kristalyossagi
fokkal, homogén elemeloszlassal ¢és jelentésen eltéré morfologiaval rendelkeznek, a
kereskedelmi forgalomban is kaphaté Hpgl-sékéhoz képest.

Az ICP-OES és UV-Vis meérések eredményei alapjan két fajta komplexet
kilonboztethettink meg: Az Now/NHpg > 1.0 arany mellett egyszerre képzédé CaAIHpgl(OH)4°
es Ca,AlHpgl(OH)s® komplexeket, valamint a non/Nppgr < 1.0 aranynal képzdds, egységesebb
sztéchiometriaval rendelkez6 CasALHpgls(OH)® részecskét. Utdbbi dsszetétel nagymértékben
hasonlt a CazAlk(OH)y;, (trikalcium aluminat, TCA) szerkezetére, mely részben
megmagyarazhatja a Gluc- és TCA reakciojaban keletkezé anyag korabban kozolt infravords
spektruméval valo hasonlésdgot. A biner komplexek esetében AlLHpgl(OH)s% valamint
kulonféle Ca-tartalmt biner komplexek képzodését feltételeztik.

Az FT-IR és Raman spektroszkopiai mérések eredményei megerdsitették a fenti két csoport
letezésére tett feltevésiinket. Az egyes komplexek karboxilat savjainak Fourier-dekonvoluciéja
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alapjan a biner és terner komplexek kiilonbozéképpen koordinalodnak a Ca?* illetve ABR*
ionokhoz. Tovabba az illesztett aszimmetrikus karboxilatrezgések helye alapjan a ligandumok
kdzéppontos szimmetriaban helyezkednek el a fémion kordil.

A kereskedelmi forgalomban kaphatok heptaglilkonat sok, valamint a Hpgl- biner ésterner
komplexeinek termoanalitikai vizsgalata soran utobbi kettd jelentsen stabilisabbnak bizonyult.
Ez a megnOvekedett stabilitas a terner fémkomplexek esetében volt a legmagasabb, ami a két
fém ligandum(ok) altali egyidejii megkotésének tulajdonithato.

A heptaglukonat Ca?*és Al(OH), ionokkal vald kdlcsonhatasat tekintve, a terner komplexek
jelenléte ligos kozegben egyértelmilen bizonyithatdé volt pH-potenciometrids és polarimetrias
mérésekkel. Ezek a részecskék jellemzéen a pH = 8 és 14 kozotti tartomanyban képzodtek, mig
a pH < 8 tartomdnyban az egyes oldatbeli biner fémkomplexek elegendének bizonyultak a
rendszer oldategyensulyainak korrekt leirasahoz. A CaAl(OH),Hpgl, kiilonbozé protonaltsa gi
fokii komplexei mellett egy sor bonyolultabb Gsszetételii részecske is képzodik 1:2:2, 2:1:2,
2:2:2, valamint 3:1:4 sztéchiometriaval.

A heptaglikonat ligos kozegben, Ca2?*és AI(OH), ionok jelenlétében felvett tH és3C NMR
spektrumai alapjan a komplexképzddési sebességaz AI(OH), / Hpgt rendszerben tapasztaltnal
is lassabb, nagyszdmu Uj csucsot eredményezve az NMR spektrumokon. A kalcium-fiiggo
mérési sorozat esetében a csucsok szdma ¢és helye alapjan legalabb 3 kiilonb6z6 fémkomplex
képzddése volt megfigyelhetd, amely dsszhangban van a modell alapjan azonos koriilményekre
szimulalt részecskeeloszlassal.

Végiil a magas ionerdsség €s homérséklet speciaciora gyakorolt hatasatis megvizsgaltuk a
mar ismert Ca2?* / Gluc- modellrendszeren keresztill, mely soran a részecskeeloszlas nem
valtozott jelentésen. Az egyes oldatbeli részecskék kiilonbozé hémérsékleteken meghatarozott
stabilitasi allandoi és a van’t Hoff egyenlet segitségével kiszamitottuk az egyes reakciok AH és
AS értékeit. Ezek szerint a CaGlucH’; komplex képzédése endotermebbnek bizonyult a
GlucH?] részecskéénél, mely értelemben a Gluc- ion kdnnyebben deprotonaldédik Ca2* ionok
jelenlétében. A kordbban meghatarozott termodinamikai allandok segitségevel extrapolalni

tudtuk a CaZ*-tartalmu részecskék eloszlasat Ca(OH),(s) és Gluc—-ot tartalmaz6 t = 100 °C
homérsékleti oldatokra.
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