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Introduction

Theinteractionsbetween carbohydrate derivativesuch as sugar carboxylatesand metal
ions has been extensively studied sincebtinginning of the last decade due to their numerous
biological functions (e.g., in calcium storagé¢l] andenzymatic reactions[2,3]) as well as
widespread applications idifferent industrial processesSugar acidsexhibit great affinity
towards sequestering various metal ions, owing to the presence of their carboxylic and hydroxy
moieties [4].

A renownedmemberof this group is Bgluconic acid (GlucH Figure 1), which alsoexists
in nature for instancein fruits or honeyGlucH typically finds application in the food industry
as leavening, flavoring or fat absorption reducing agEuatthermore the different salts of
GlucH also play an iportant role invarious industrial processesThe most widely used
sodiumgluconate (NaGluc) has a remarkable affinity towards dind trivalent metal ions,
hence itis employedin bottle washing preparatiorier remowng the accumulated scale from
the glas surface Besides, it is useds an iron sequestramnt the textile industryand as a
derusting agent in metallurgyilso, NaGlucis commonly used as a cement additive as set time
retarde, thereby increasing the strength and water resistance of cofigtelée outstanding
metatchelating ability of this ligand is also utiized tine pharmaceutical field, mainly during
chelation therapy for treating calcium or iron deficiefi6}.

In general, owing tderelative abundancand metalon-binding ability of thesesugartype
compounds they haveapatential impact onthe efficiency ofa number oindustrial processes
For instancesmaltmolecularweight organic substanceseintroduced to the Bayer process
by most bauxiteswhere they are known @ffea the solubility of Ca(OH)s), which is used
for NaOH recoveryrecausticization [7,8]. In order to assess the role of these ligands in the
solution speciationof various metal ionsa deepunderstanding of their solution equilibria is
indispensable

The solution chemistry of complex compounds consistinghydroxy-carboxylatesand
Group Il / Group llimetalsis welldescribed in the acidio-neutral pH rangeln this region,
the binding of metal iontypically takes placeviathe 1 COO group, resulting n theformation
of weak mononuclear complex§10]. However, in strongly alkaline media, tdeprotonation
of (at least onej OH groupand the simultaneoutormation of a alcoholatei being a strong
Lewis basel markedly enhances the stability of metdlelates.Furthermore, in alkaline



solutions containing polyhydroxy carboxylates,2Cand another trior tetravalent metal ions,
the formation ofhetergolynuclear complexe¢Ca,MqL2P+3dr, where L represents a ligand
containing 1 OH andi COO groupsg has beerreported11,12]

Regarding the Bayer procesgart fromthe accumulation of organicompounds,Gluc is
also added intentionally tbe spentiquor to drive the reaction towards the formation of CaCO
and inhibit the formation of the dasiredtricalcium aluminate [8,13]. Even though some
structural features afertainCgAlqL2P*3d " forming under these conditionsave been already
known from the literature[14] the exactcomposition and equilbbrium properties cfdspecies
have remained elus.

To adequately describe the solution equilibria sofch a ternary systema detailed
understanding dhe corresponding binaryubsystemss inevitable. Furthermore the reaction
parameters (temperature, ionic strengihyuld be adjusted to the indwil conditions as close
as possible To this end,in the current workthe effect ofboth temperature annic strength
on the speciation in strongly alkaline agueous solutions containidga@hGlu¢ werestudied
In addition, measuremenigere perfomedat 25°C and1 M ionic strengtiwith the structurally
related a-D-heptaglucoate (Hpgl, Figure 1), and the resultsvere comparedvith those
reportedearlier forGluc® (underthe same conditions), which allowed tsassesthe effect of
the number ad configuration of 1 OH groups on the complexation of €#ns.

To explore thebinding of Al3* ions to polyhydroxy carboxylatesHpgl wasused agairas
complexing agenin a broad range of pH {24). Also, the results of the present work with
those alreayl existing for Glu¢ were comparedn the next step, based on the results obtained
for the binary systems, the speciation of Mpglthe presence of both €zaand AB* ions was
investigatedin the same pH regiorkinally, to gain a comprehensive view dhe overall
equilbrium including heterogeneous processes, the solid precipitates forming in the ternary and

binary systemsvere also characterized
OH OH

OH OH

Figurel Structuraformulaeof D-gluconate (left) and Meptagluconate (right)



Literature review

The chemical equilibria of Bayer liquors andtheir relevance

Aluminum is the third most abundant all chemicalelemens (after oxygen and siicone)
as well as the most abundant metal inBaer t h 0, snakiogr up sndre than 8% of its mass
[15]. The reasormf the substantiabccumulationof this particular elemerin the lithosphere is
a u mi nu mé&esming tendeney, which bounds it to rodsldspars and micaskeeping
it relatively close to the surface, while less reactive metals sink to thd1&préwing to its
strong affinity towards oxygen, aluminum is almost never fourkd Elemental stateherefore
it is the mainconstituent of a set of different aluminosilicates and aluminum oxXigs

Despite theoccurrence ofaluminum in many differenminerals, its economically viable
sources are almost exclusively bauxite orgkich do not only contain high amounts of
aluminum, but the relative ease of their minialgo render®auxite the most important source
for alumina production. The importancd this raw material is indicated by the increasing
global consumption of bauxite, which exceeded 200 milion parsnnumn 2007 [18].

Although the known reserves of higoality bauxite could be sufficient for the next 300
years(based orthe averagerpjected growth rate in aluminum Qséhere is an evegrowing
need for the sustainable mining and refinement of this min€l.instancethe aluminum
content of new automobiles was increasing at a rate of 4% everyily@803, averaging at
130 kg mr vehicle. Furthermore, ifone consides that typically 4 to 6 tons of bauxite are
required to produce one ton of aluminumvhich stil counts as modest use of mineral resources,
compared to other materials,) the growing number of attempts on the impraveiluminum
yield isevident[19].

Nowadays, the principal method of the laggale alumina production ihe renowned
Bayer process, invented by Karl Josef Bayer in 1888 The first step of this process involves
the recrystallization of the alumim content of bauxite, by digesting it in extremely alkaline
(pH > 14) aqueous solution of sodium hydroxide at high temperature and preBsutd(
270°C, p<35atm). Then, the different soluble alumindo@aring hydroxido complexes are
converted to grstaline gibbsite (AI(OHXS)) in a reverse process, whigh later calcined to
yield alumina (AJOs5(S)).

Although the process itself has been used for more than 120 yearsumexplainable
artefacts stil occurpartly due toour limited knowledge about Bayer liquors. Therefore,

tremendous effort and resourcbave beerput into the investigation of the composition,



structure and stabilty of the aluminate complexes present in Bayer ligdowgever, during

the investigation of these solutions one magoenter several obstacleSpart from the widely
known practical difficulties, such as the uncommonly high concentration and alkalinity of the
solutions, the interpretation of the experimental ddtian proves to behalenging owing to

the large numbeof interrelatedexperimental parametefgoreover,a number oMmacroscopic
inhomogenetitiesas well as precipitates andystal seeds are presemtprocess liquorswhich
makes the adequate description of these systems even more difficult.

Besides the hetegeneous nature of the process liquor, most Bayetsplaust deal with
the control of organic substances, originating from the humic content of BaArerding to
Lever, during the digestion procesise humic matter degrades to various Idweolecular
weight compounds, such as benzene carboxylic acids, phenolic acids or alif#Htidshas
been shown thad substantial amourdf these organic compounds in Bayer liquasn bring
about a set of serious process problems, including lower alumina, yddetrement of
Al(OH)3(s) particle size, lower red mud settling rate or the loss of caliskkse unfavorable
impacts prompted scientists to put tremendous dfart25] in the inprocess identification of
these materials, however apart from a few entigtives [11], the literature on thebehavior
in solution is sporadic.

For the digestion to be as efficient as possible, the causticity of the process liquor must be
maximized. Therefore, ime (slaked lime, Ca(QHy added to the spent liquor to vent the
in situ formed sodium carbonate back to sodium hydroxide by the formation of insoluble
calcium carbonatelhis step is an essential and integral part of most Bayer refineries for their
costeffective operation; hence, ime is one of the primavy maaterials for alumina production.
Despitethecrucialrole that calcium plays inrealuminarefinery, relatively few irdepth studies
have been published on this topic in the lteratalbeit atthe end of thelast century the
chemistry of ime in théayer process hadrawnsubstantialattention[261 28].

Anotherscientifically interesting aspect of the chemistry of calcium in Bayer liquors is the
formation of different sold phases with aluminate ions and their interconverfa8ng2).
According toarecent review byRosenberg et glthe moststable sold calcium containing
compound forming in aluminate solutions tHcalcium aluminate hexahydratgTCA,
CasAl,OsBH,0), which is formedoy the direct reaction of CaO or Ca(Qkith NaAl(OH),

[8]. On the one handheformation of this precipitate igiven its negative impact on the alumina

yield, howeverthe presence of TCA may have its advantages the partict size of TCA
could be conveniently modified through the
which is an important property of fitering agef83]. Furthermore, TCA can readiy bind



siicon through the formation of hydrogarnets $8la(SiO)s:x(OH)4x), rendering TCAan
excellent siicorremoving agent33i 35].

As reported byRosenber{g], apart from the formation of TCAvo metastable compounds,
the [CaAl(OH)g],A/2CO0 H A yOHand the [CaAIl(OH)g] . AAO:AH,O layered double
hydroxides (LDHs)arealsodiscernible in most Bayer liquors.The formation of LDHs is a
critical reactionstepin therecausticizationof the liquor. Although these intermediate processes
first result in a decrease in the concentration of loatfbonate and aluminate ioribe latter is
recovered due tthe decompositionof LDHs above 80°Cyielding calcium carbonate and

soluble aluminate8,36].

Ca-L Al-L

Ca-0OH —'—[ L ]—'—[ Al - OH

Figure2 The roadmap for description of chentieguilibria in the C& / AlI**/ L' system. The bottomrow refers

to the hydrolysis of Gdand AF*, as well as to the acluase properties of (=Gluc' or Hpgl), while the second
row stands for the corresponding binary systems. The charges areldoniktetter representability

Despite the chalenges mentioned above, with effiert and systematic thinking even a
complicated equilbrium systerme., a highly causticaluminate solution containing €aons
and lowmolecularweight organicsKigure 2), canbe appropriatelycharacterized. 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 fractiongfter sounddescription.



During my work in theMaterial and Solution Structure Research Graup have embarked
on the comprehensive characterization of @ sl | ed FfAsyntheticd Bayer
Ca*, AR+, Hpgl and OH ions, wherecalcium and Bptagluconate ions are to represent the
additives and organics Therefmeeimthe folowingfipagesathed pr o

iterature data fothe corresponding subsystems wil be reviewed.

Properties of hydroxycarboxylates in aqueous solution

Synthesis of sugar acids

D-glucosei andaldohexoses general can be readily oxidized using only mild oxidizing
agents, such as hypobromite or dilute nitric acid, yieldingylugonic acid(GlucH) [37,38].
Considering that the oxidatiosteptakes plae on the pyranoseform of glucose the primary
products will be the lactone forms of the correspondshgconic acid, whichare in turnin

equilibrium with the opefthain form (se&igure 3) [39].

OH Br
HO OH ~pH=5 O
HO H\S
H
D-glucose
-HBr
COOH
S8 (llHBOH
OH
s ] HO—CH -©
HO Q —] <) kOH >= fo)
HO fo) O pb— OH
CH,OH
D-glucono-g-lactone D-gluconic acid D-glucono-y-lactone

Figure3 The mild oxidation of Pglucose and its prodisctin acidic medium, polyhydroxy carboxylatesusaaly
converted tantramolecular five(d) or sixmembered(() cyclic estersi,e., lactoneg39].

Apart from theabovechemicalroute GlucH can be produced byany different approaches
such as electahemical [40i 43], ultrasouneassisted methodpl4i 46] or catalytic reactions
employing catalysts such &, Rh[43,47 49] and Au/C[50]. However, these methods appear
to be less costfficient upon comparison with fermentation proces$asrefore glucoric acid

manufacturingpredominantlytakes placehrough microbial fermentatiofbli 57].



To produce sugars that are difficult or impossible to obtain from natural sptiveKgianii
Fischer synthesigs the most convenient way to elongate their chaitket@esired lengtlisee
Figure4). It proceedsviathe synthesis and hydrolysis of a cyanohydrin, thus lengthening the
chain of an aldose by one carbon atom, while preservingdhfiguration of the otherchiral
carbon atomsAs for the newy insertedcaribon both configurations are generated at the same
amount Yyielding a racemic mixture of the two epimers. This way, one can accesy
stereoisomer of any chalength aldose by an appropriate number of iterations dKillaanii
Fischer synthesidNeverthedss, vhile it provides access to every aldose, the process is imited

by its own yield, which dropsoughly exponentially with each additional iterati¢s8,59].

HO._ 1.0 H.1.0 H. 1

e
C HSCrOH HE—0H HO-
H-S—oH _HCN _ 38l oy Dlactonization 8l o + 42
HE—0H H 0" gl oy 2 reduction 4oy He
R R R R

Cp aldose Cn+1 aldonic acid Kiliani-Fischer synthesis

O

B

H
OH mixture of Ch+1.

OH C-2 epimers

[

EN

Figure4 The scheme of the KiliahFischer synthesis performed on aldoses with arbitrarindeagth. The
desired stereochemistry and chi@ngth could be attained by the consecutive iterations of the sy ftésis

The deprotonationf D-glucorateand D-heptaglucoatein strongly alkaline medium

Generally, alcohols are considered weak aciisce the values of Ky for their acid
dissociation reactions range from 16 or 19 (slightly weaker than witgr, p4). For instance,
pKa = 15.5 for methanol andKp = 16.0 for ethanol, respectivel§60]. Polyhydroxy
carboxylatesare expected to be stger acids i(e., they have lower ;) due to statistical
reasons: the presence of additionaDH functions increases the probabilty of proton
displacemen{61]. The acid dissociation constant for these ligands reads as:

oz, (L D
<1 LHP Hz0"
Ka:Klpl:—i'.'A—, 2

whereL' = Gluc or Hpgl, K, is the protonation constant bfh%"i andQis the standard molar
concentration(1 M).

Owing to the experimental complications causgdhe strongly alkaline medium, the main
tools for determining the Ky, arepH-potentiometry usingglass orH,/Pt electrodes oNMR
spectroscopyAccording to an earlpapemy Roos and Williamghe acid dissociation constant
of Gluc¢ was found to beinrealistically low, pK,; = 11.18 (att = 37°C and= 0.15M NaClO,
employing GLB [62]. Later,avalue of pK;= 13+ 1 (att = 22°C andl= 0.1 M NaClO,) was

10



proposed byhang et albased on3C NMR measurement63]. More accurate values were
obtained for he pH measurement in alkaline solutions by adopkhgPt electrodewhich is
known to have better performance in such ambieRedlagi et al.obtained K,= 13.68+ 0.03
for the deprotonation of Glicat t = 25°C and = 1 M NaCl [64], whereasCoccioli and
Vicedominifound this valueto be K, = 13.66+ 0.24 atl = 1 M NaCIlQ,. Furthermore, they
proposed, tha® | m,%; can also undergo a deprotonation to f@srh H?é; the corresponding
pKawas found to be 14.020.3[65]. The valueof 13.92+ 0.06 was obtained recently Bjutus
et al.under similar experimental conditions (t=25andl =4 M NaCl), which is in excellent
agreement with the previous values, with due consideration on the different ionic strength.
Regarding thestructurally simiér D-heptagluconateHpgl), which contains an additionail
CH>-OH moiety, the pK,was reported to be 13.410.02 (t = 25°C) = 1 M NacCl),determined
by pH potentiometric measuremerapplying Ho/Pt electrodd66]. Its increased aciditynaybe

explained B the statistical effectswing to the additional OH functional groupg61].

The interactions of C&* ions with sugar acids in strongly

alkaline aqueous solutions

Hydrolytic properties of C& ions

The hydrolytic reactions ofalcium(ll), given the impornt role of lime invariousindustial
processedave beem subject of several studisgce the 19th century both on theoretical and
experimental basif67i 71]. Besides itcentralrole in the concrete research, hydrometallurgy
or scale formation, theybrolysis of calcium(ll) is of paramount significance in the Bayer
process, upon carbonate remoj&l2). Despitethe effortmade to elucidate these equilibria,
the speciationof Ca(ll) in thesestrongly causticsolutions is stillnot completely understoo
The difficulty of such studies stems from the behavior of calcium in aqueous sola@asim,
as any other alkaline earth metalions, only exists as a divalent cation in aqueous sw\itions.
the increasing atomic number, the size of the alkalmeheations also increasegich in turn
decreases their effective chaiaedcauses the @ bonds of the coordinated water molecules
to be less acidicSincethe calcium ion is significantly bigger, than the magnesium ion, it does
not hydrolyze unti pHa ,WBich makes the employment of the conventional glass electrodes
problematic[73i 75].

According to Kolthoff, the existence of Ca(OH)pecieswas necessary to assume in
addition to the aqu#n, in orderto explain the results of thEotentiometricmeasurement$9].

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

11



C&latQH(a8)Ca( OH), 3
Wherethe corresponding equilbrium constant is

K _ Ca(é(rg)é&) y
Ca(%E)f«‘Z?aq@H'(aq) 4)

Using these equations, Koithafbtained the value 16 , ( EHIS 0.87 in his workLater,

a plethora of studies attempted to determine the formation constant0aM and t = 25°C.
Based on potentiometri[76,77], kinetic [78,79] or solubilty measuremen{80i 83], the value

of logK¢ 4 ( é(w)qr?ngesfrom 1.0 to 1.6Furthermore, studies dealing with the determination
of logK¢ 4 ( O(kg)qa)t different ionic strengths and temperatures asaseother works invoking

Ca(OHY g to interpret various speciation mod§iet,66,84 90] cemented the existenoéthis
hitherto debated species.

Besides the monohydroxido complex, the existence of the dissolved Ga{Phds also
been proposed ireseral studieg§91,92] The underlying reaction and equilibbrium constant of

its formation read as:

Ca{.B3O0Hag)Ca( QH), ©)
Ca( %H)/ﬁ\

K 7 =) 6

Ca(QHa)a)Ca(é(FL)QQH(aq) ()

b o Canky v

Ca( QM CE{aaoM(as)

In several instancessolubility data vere also exfained through theformation of
Ca(OH} g In strongly alkaline solutions[86,93,94] Recently, Kutus et al published a
comprehensive study on the formation of the dissoagOH) ) in strongly alkaline media.
According to their findings, Ca(Okygforms more readilythan Ca(OH)q) in the pH > 13
region, with the former being almost exclusively present in solution at highTjbid.authors
have also determined the solubility produttthe solid Ca(OHy)s)as well as the formation

constants of tte Ca(OHY g and Ca(OH)q) species,to be Ks78. 8 N1 0 .m2,
Kea G(Hd)j)l . 5 IN/I"'landh]:a( %Hai )4 . 7 MM 20resfdectively, att=2%C andl =

1 M (NaCl), expressed in terms of concentratjos].

Complexation of C& by polyhydroxy carboxylates

Generally, sugatype ligands containingonly hydroxyt or formyl groups form weak

complexeswith alkaline earth metals, due to the low electron density on the oxygen donor

12



groups. Consequently, thean hardl displacethe stronglypoound water molecules from the
first coordination sphere of the metal iof86].

On the other hand, if one (or more) of the alcohgimups is deprotonated, the forming
alcoholatehas a much higher affinity towards binditg andtrivalent metal ions, owing to its
increased basicityln turn, the metal ions a strong competitor of +or the alcoholate moiety,
which faciltates the deprotonation of thé&H group. In other words, the appargKt, of the
igand in its metalbound fam is lower than theko, of the free ligands, known asetalion-
induced deprotonationlf another coordinating group is already present in the ligaed, a
carboxylate moiety,fihighly stable chelate structuresay be formed upon metah binding,
which furtherpromote complex formation[97].

The outstanding complexingotential of sugar acids in alkaline aqueous solutions could be
easily demonstrated by a simple tegie experiment: in a solution containi@gpproximately
0.1 M Ca**ions at pHa 13, the extensive precipitation of portiandi{€a(OH} ) is observed.
Introducing NaGluc in excess to this suspension, the rapid dissolution of the precipitate occurs,
which clearly indicatesnteractionbetween the sugaarboxylate and the metal ions.

In an early work ofMehltretter et al, this interactionhasalreadybeenunfolded, asthe
authors found that the calcium sequestering capability of Hagtl Glu¢-containing solutions
greatly improved with the increasing [(eB].

Later, a generalized i@ation scheme for polyhydroxy carboxylates was proposedhby
Duin et al, in order toexplain the enhanced complexing abilty ofisthtype of ligands.
Accordingly the complexation starts with the deprotonation of the COOH group, which is
folowed by thesubsequent proton displacement of the neighbotiF@H group. Ultimately,
the dissociation of another OH group leads to the coordination of metal ion through the forming
diolate moiety[99]. Alcoholate i metal ion interactions, being strongéian the ong with
hydroxy groups, therefore yield complexes with higher stability.

Concerning the existence of multinuclear complexes of calcium ions with ,Gipesn
his PhD thesis proposed the formation of such species with 2:1-ligetal stoichiometry
[100].

The composition and stability of polynuclear complexes of calcium(ll) with various
polydydroxy carboxylatesvas scrutinized byPallagi et al Their results obtained from pH
potentiometric measurements, indicatedot only the presence of mononuclear caici
complexes buglsothe simultaneous formation of polynuclear calcium complexes along with

thedeprotonated Gliicand Hpgl molecules[64,66] According to their chemical model for the

Ca* / Glud and C&* / Hpgl systens, the formaton ofca I O@a Hp gGa GHYE

13



Ca Hpil) CaGl HE and CaGl sHY,IC aH p gHP, species could be observe(ih
addition to the Ca(OH)complex) The existence of these-ba trinuclear complexes was
supported by EXAFS and EMS measurements as well.

Recently, the equilbria, structure and composition of calcium@ij)conate complexes
forming in alkaline solutions wasummarizedby Kutus et alln their review, the following
conclusion wasdrawn: in strongly alkaline aqueouslgions, C&* ions tend to form
polynuclear species with gluconate and its structurally related peers. These compounds are
mainly bt or trinuclear complexes of surprisingly high stabilty, and mostly chaeggral. In
thesespeciesthe C&tions are snultaneously coordinated by the COGO(2)-O' and COO
/C(3)O" moieties of Glut, forming CalL-CaL-Ca chains. They alsaroposedthatthe COQO
/IC(2}O" binding motif seems to be common for the related sogdooxylates, while the
participation of the COQC(3)O' or the COO/C(4)}O' depends on the configuration of the
ligand [101].

The hydrolysis of AlI** ions and their complexation by gluconate

Although the thermodynamic properties of the mineral alanphases are wedescribed,
some controversies stiiemained regarding the behavior of agueous aluminum species. This
stems fromthe relatively high charge and small radius of the metal ion, which causes it to
hydrolyze and form complexes readii02).

Aluminum can exist in a large variety of idehydroxide minerals, such as corundum
(Al,O3 sy, diaspore (- AIO(OH) ), boehmite §-AlO(OH) () or gibbsite (Al(OH} (), which
arerelevantin the production of alumina, pmarily in the strongly alkaline mediunGibbsite
is known to precipitate from oversaturated aluminum containing solutions alreadynat roo
temperature and it transforms into boehmite at elevated tempejrEQgir&05].

The solubility of various oxide and hydroxide phasdanglamentallyimportart in the high
temperature production of alumina, where the formation of different hydrolysisespmanbe
observed. Among these hydrolysis producisning at high pHA [ O E|i$ the predominant

one although other hydrolyzed monomeric specijesuch as(Al(OH)Z, A ( OEi)and

Al O§|(),q)) are also known to occur. Furthermore, in comded aluminum solutions,
particularly relevantin various industrial processegsuch as the Bayer procgsseven

polymeric aluminum hydroxides have been identifieglg. A }( Oéﬂ A §( Ol?ﬂor the

A1 { OB Xmore precisebAl; D, ( O B specied106].
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In his recent reviewSipossummarizedthe qualtative and quantitative description of the
speciation of concentrated alkaline aluminate solutions at temperatures up G [IQT].

Besides of the mononuclear alum@&aspecies, such as the wedtablishedA [ O ii‘d[)lOSl'
112], the pentacoordinated [ O E‘ J1131 115] or theA [ O %I ]116,117] the formation of
the oxoebridged dimeric aluminate species,O EATOTA ( Olgf J111,118,119] and the

exisence of various polymeric ong¢s20i 122] were also discussedhe paperconcluded that
in alkaline aluminate solutions, prevailing under industrial conditions, the predominant agueous

aluminumbearing species is the psetdtrahedralA ( Oi'j&)n, whch can form stable

Na Ao I%i;on-pairs, which (depending on the conditions) could be soebeparated or

contact.

In order to assess the chemical compostition of real Bayer liquors, the effect of organic
contaminants and additives needs to be undamidicst. Even though there are somiégative s
to clarify the equilbria of these systems, the available lteraturatherscarce.

The complex equilibria of the &/ Gluc' system was extensively studied in the pH range
of 2 to 10. In an early pubktion Motekaitis and Martelproposed the formation of three
mononuclear species: AIGEG Al(OH)Gluct and Al(OHXGluc'. They assumed &2,4,60
coordination scheme, where the ionized hydroxyl oxygdosated on the C2, C4 and C6
carbon atomspoint towads the aluminum ion, concluding that the existence of Zleigcally
possible [123].

Escandar et alassessed the speciatiora including the Al(OH)Glu¢ and AI(OH}Gluc!
particles only,howeverbased orthe NMR data measured for the aluminum(ITIjactobionic
acid systemsthey supposed ¢hformation ofthe A(OHYGIuc? in alkaline medim [124].

Lakatos et alunveiled the existence of several new complexes from pkH18,2such as
AlGluc?*, AOH)Gluct, A(OH),Gluc®, AIOH)Glud, Al ( GHYiand A OBQI b c
Besides, they recognized the role of alcoholate groups during metal chalatigoroposed a
tridentate CO@QQO'/O' coordination mode in the bsomplexes. As for the formation of the
deprotonated specieshey assumed thathe birding of AI3* by the carboxylate groups
accompanied by metafon-induced deprotonation ohe or twoJ-OH moietes. According to
the data acquired for other hydroxy carboxylates, feyposedthat the third deprotonation
occurs on one of the coordindtevater molecules of Al [125].

The formation of the A(OH),Gluc’ complexhas been reportday Pallagi et al. The species

is formedin strongly alkaline medium, in a piHdependent processa the condensation of
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Al(OH)' 4ion with one or two alcoholi@ OH groups of the ligand. The geometry of the forming
complex is tetrahedrasimiarly to the bare aniofil26].

Aims of the thesis

It has beeshownthat the presence of organic impurities in Bayer liquors csigiificantly
alter the composttion of the gress liquor and therelgive rise taaumerous 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 sodiur@n the other hand, these lanolecularweight
organic compounds play a pivotal role during the regeneration of the spent liquor by inhibiting
the formation of undesired &a by-products through complexation.
As a result of extensive studies conducted on the solution equilibria oftgpgaligands
with Group 1I/Group Il metals, the interactions of Hp¢br Gluc) with Ca&*or AR+ ions are
largely understoodh the pH range of 2 to 11. However, when it comes to the literature of these
interactions in hyperalkaline medium (pH 2)lonly limited resoures are at our disposal.
Even less informations availableregarding the heteropolynuclear complex formation of these
igands with both C& and A+ ions as well as the speciation at elevated temperature and ionic
strength which is essential to the cestfective process design.
Therefore, our main goals in the present work were as follows:
1 to compare thecidbaseand calcium complexation properties of Hpgith those
of Gluc by determining the stability constants ofitheomplexes
1 to calculate the tabiity and composition of aluminate complexes, forming with
Hpgl in the pH range of 2to 14
1 to identify the A% binding sites of Hpglfrom acidic to strongly alkaline media to
gain insights into the structural featuaghe forming complexes.
1 to investigate the complexation of €and A+ ions with Hpdl in the pH range of
2 to 14 as well asto characterize the correspondirgnary and ternarysolid
compounds.
1 to assess the impact of elevated temperature and ionic strength speth&tion
usingthe C&*/ Glu¢ 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 fuptingfication.
The solutions were prepared using ateézed water (Merck Milipore MiliQ®) and the ionic
strength(l) was adjustedo 4 M with NaCl (VWR, a. r. grade Applying such high background
electrolyte concentrations was necessamgtiucethe effects originating from the variation of
the activity coefficients of the solution speciand tosimulate the reaction conditions prevailing
during the Baydrprocess.

So di tDameptagluconate (Sigma | d r i 9% purityOwas purchased as hydrated satt.
The water content was determined by weighing thd $elfore and after heating it at 80 for
six hours. Additionally, the purity of Hpgbodium salt washeckedby recording itstH and
13C NMR spectra. No signals of contaminants which peak area was greater tbath&%otal
peak areavere found Sodium D-gluconate (Glug SigmaA | d r i 99% purity@vas used as
received.

1 M NaOH stock solutions were malg gravimetric dilution of &0 w/w% carbonatéree
NaOH solution which was prepared from NaOH pelets (VWR, a. r. grade) according to the
procedue reported irthe lterature[72]. The required amount afc. NaOH was diluted to 1
dn® 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 stizaih with
KHCOg3solution.

Sodium al umi n adtMeNaA{QH).u t 48\ exsess (N&OH) were prepared
according to procedures describedRef.[127], i.e., by dissolving aluminum wires (J.M. &
Co., 99.99% purity) ina carbonatedree NaOH solution. The concentration of Al(QHyvas
determined by two methods. First, the metal as well as the fitered 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 (2R1)°C. Secad, 0#2 M
NaAIl(OH), solution was prepared from the concentrated one and the metal content was
determinedvia EDTA titration at pHa 2. The agreement between the values obtained from the
two methods was within 1%.

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

dihydrate (Analar Normapur, a.grade) in deionized water, while the ionic strength was setto
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4.0 M (NaCl). The concentration of Eavas determined prior tihe 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 9% Sigmd Aldrich
Malonic acid H.Mal a.r.grade Fluka
Calcium D-heptagluconate dinydrate ~ Ca(Hpg&H,O 8% Sigma Aldrich
Sodium hydroxide pellets NaOH 08.5% VWR Chemicals
Sodiumchloride NacCl a.r. grade VWVR Chemicals
Hydrochloric acid solution, 37%w/w HCI a.r.grade Scharlab
Deuteriumoxide D-0O 99.9% Sigma Aldrich
Aluminum wires Al 99.99% J.M. & Co.
Calcium chloride dihydrate CaChRH;O 9% Sigma Aldrich
Potentiometry

Potentiometric titratins were performed using) automatictitroprocessor (Metrohm 888
Titrando; tiamoE 2. 5, equipeet wibhchSenTi&-6, (fro®@ WiITW)z e r | a n
combined glass (GLE) or momemadeplatinized platihum electrode ¢(HPt); the latter was
prepared acconay to Ref.[128]. In strongly alaline media (pH >2), the conventional
combined glass electrodes exhibit thecaded alkaline errorduring which a part of the H
ions in the gel layer of the electrode membrane are replaced byohsa As a result the
electrode may eventualy respond to*Nans, giving pH valuedower than the real values.
Therefore, most of the experiments were carried out ydatgized platinum electroge(built
in-house) Moreover, the dissolution of GQvasminimized by bublblig H, into the solution.

The electrochemical cedonsisted oH,/Ptand @hermodynamicAg/AgCl reference electrode

was constructed as follows:
Pt(s)| H2(g) | test solution,| =4 M (NaCl) | 4 M NaCl | 4 M NaCl, AgGIAgCI(s) | Ag(s)

The measurements wecarried outin a closed custormade titration vessel, covered with
a PTFE Iid and externally thermostated to 2%0.0or 75.0 + 0.1°C with a Julabo F1R1B
thermostat(with an accuracy af 0.1 °C). Throughout the potentiometric measurements with
the H,/Pt electrode, the bubbling slgas was presaturated in a 4 M NaCl humidifier solution to
minimize evaporation los§129]. The perceiveddecreaseavas less than 0.1% of the initial

solution mass, which was considered insignificant.
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The indicator electrodeswere calbrated by titrating a weak acid (0.070 M malonic acid,
FIl uka, a . r. grade) and 1M NaQHrsautiogs by the pdotoqolo . 150
described in detail in the manual of the pHCali softwWaB®]. The programis capable othe
determination of the electrode intercept, slope and the ionic product of,wakiag the pH
effect caused by the dissolving giBto accountDuring the fitting procedure, the Ild§,, was
fixed to114.26[131]. As a result of the calibration, the electrodesre found to be Nernstian
at all temperatures in the range of 1.9 <.pHL3.6 (H./Pt)and 1.9 < p< 10.9 (GLE),
respectively (where pHis defined aglog ([H*]/c9). That is, therelative accuraes of the
determinedslope values werdound to be0.24% 0.44%and0.25%at 25, 50 and 73C, while
the respective theoretical values are 59.16, 64.12 and 69.08aspectively

During data acquisition, 70 ¢énof the samples was titrated with NaOH, HCI or GacCl
solutions, depending on the system. The cormedipg cell potentials were recordas follows:
to study the protonation of Hpglthe solutions were titrated with 1.0056 M HCI, using GLE.
Hereafter for component X, the analytical concentration is denoted as (& the starting
point of a titration) or [X]t (for pointwise measuremetswhie [X] is referred to as the
equilbrium concentrationTo avoid the lactonization of the ligand, each solution was measured
right after preparation

The pH effects due to thdeprotonationof Hpgf andthe compleation of Ca&* with L'
(where L' wasGluc' or Hpgl) occurring in the strongly alkaline pH rangerefollowed with
aplatinized platinum (KHPt) electrodeEach solutioncontainedNaOH]}r o =0.005M andwas
tirated withal M NaOH. The complexation of Hpgwith AI3* as well aghe interactions in
solutions containing Ca& Al and Hpgl wereinvestigated byitrations in the pH rangeof 2i
14. The titrant was 1.0050 HCI, whose ionic strength waet to 5 M(NaCl) to avad the
decrease in background electrolyte concentration caused by neutraliZatiento the rather
slow kinetics known for Al(lll) in acidic medium, the titrations wetarted from the strongly
alkaline pH range using [NaOH}=0.05G 0.200 M.During the experimerd, aminimnum and
maximum waiting timewas set for each data poiwtcheck if thedisplayedcell potentials show
time-dependence. Thmeasuredvalue was accepted if the signal drift did not exceed the
maximum tolerance interval (£ 0.3 mV) aftdie minimum waiting timeWe found thato
attain chemical equilbrium in the entire pH range, the minimum waiting time must be
20 minutes The CaCl-concentrationdependent titrationgor the Hpgl/OH' and AB+/Hpgl
/OH' systemswere performed by changjnthe titrant tod 1 M CaC} and employing various

[NaOH}r o. Each solution was titrated until the appearanc@white precipitate.

19



Polarimetry

The gtical rotationof the samples wameasured using a Lippidigpe polarimeter (Kruss
P-1000, A.KRUSS Optronic GmbH, Hamby, Germany) equipped wita LED light source.
The degrees of rotationJ were measuredt the sodium D line (589 nm) using polarimeter
tubes with 200 mm path length at room temperaturet(28°C andatl = 4 M (NaCl). The
reading accuracy of the instnent was +0.05°.

To observe the metdijand interactions in the binary systems, solution series with constant
[Hpgl ]+ and varying [C&T]t or [Al(OH)4 ']t were measured NaOH-concentratiordependent
series containefHpgl+ = [AI(OH) 4]+ with [OH']+ varying from 0.025 to 0.500 M.

For the ternary Ca/Al3*/Hpgl system,solutions with[Hpgl']+/[A(OH)4 ]+ = 2 were
assembledwhile [C&*]+ wasgradually increased from O the value of AI(OH) 4 ]t. Systems
comprising of Céa/Hpgl and C&*/Al3*/Hpgl contaned 0.250 M excess NaOH, while for the
Al*/Hpgl system [NaOHj] wasset t00.200 M.

Nuclear Magnetic Resonance (NMR) Spectroscopy

IH and13C NMR spectra were recorded with a Bruker Avance Ill HD 500 MHz NMR
spectrometer equipped with a 5 mm inverse braadld pr obe head (CryoPr
furnished with zoriented magnetifield-gradient capability. The magnetic field was stabilized
by locking it to the?D signal of the solvent prior to spectral acquisiti@uring thel3C NMR
acquisitons the proton degger was turned onThe temperature was maintained at
(25+1)°C.

To quantify he deprotonation of gluconatesamples of solutionsvith 0.200M [Gluc']+ and
with varying concentrations ¢NaOH]y (0i 2.989 M)were placed into PTFE linergshich were
subseguently inserted into quartz tubes containing@ By this approachhe useof D,O does
not alterthe activity of H*. For each sample512 scansvere recordetb obtain the3C NMR
spectra For the data to be comparable to those from the potentiomdtadiotis, the ionic
strengthof the samplesvas setto 4 M with NaCl.

The Hpgl containing samples were prepared by addifg% /V) D,O to the solutions
ThelH peaks of Hpglwere assigned according to earlier requiislished in thditerature[66],
while that of the'3C nuclei was performed bycordingaHi 13C heteronuclear single quantum

correlation spectrum for a @G M NaHpgl solution (Figure 5).
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Figure 5Hi 3C heteronuclear single quantum correlation spectrumfofa ®3NaHpgl solution

The pH of solutionscontaining Hpgl ions were set using GLE, which was calibrated with
diute buffergby WTW). Due to thdact that theactivity coefficient of Hin the bufferddiffers
from that in the samples, the pH adjusted here is regarded as nodmeatly recorded from
the pH mete(pHnom). The difference between pH apHl. is the Irving orA factor[132], which
encapsulates thdfectsoriginating from the difference in the activity coefficient of &hdin
the liquid junction potentialTo minimze A, no background electrolyte was added to the
samples.

Generally, 128 and 1024 interferograms were collected to obtainlith@nd 13C NMR
spectraof Hpgl containing samplesalthough for solutions witpH = 4 and 12the 13C NMR
spectrawith 8096 scas were also recorded The spectra were baselreorrected 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 of0#5°C. The change of temperature was monitored and
recorded in every second during the measuremditts. accepted temperatus@lue was
calculated as th80s moving average of temperature valugfter theonset offreezing. The

coolant was a mixture of water, ice avidCl,-6H,0.
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Electrospray lonization Mass Spectrometry (ESIMS).

The mass spectra of solutions containing [Hpgk [AI(OH)4 ]+ =0.001M at pH,om=7
and 12 were recorded in negative mode using a Microma3®©R) Premier (Waters MS
Technologies, Manchest UK) mass spectrometer equipped with an electrospray ion source.
The samples were introduced into the MS by applying direct injection method: thénbuilt
syringe pump of the instrument with a @& Hamiton syringe was used. The electrospray
needle wasdjusted to 3 kV and Nvas used as nebulizer gas. The theoretwass spectra

were calculated usinthe Masslynx softwarg33].

Data evaluation and speciation calculations

The general complexation reactibetweenCa*, A(OH), and L' ions as well aghe

corresponding stabilty produdbys, read as:

A il ( iL" iHz#AId, I ( i H,O (8)
n CaAlL ( OIZ|) JOH>0 CaAlL ( OI5|) ’\CaAIL(Ohi) OHL0 9
r Ca DAIOH4 OL OH Ca DAIOHs OL OH = Carll H ©)
[ " Os (10)

wherep, q, rOO0. In this respect, the calculated stabiity constants include the activity of
water {H,O}. The stabilty constantdreezing point depression atite molar rotation of the
individual speciesas well as the limiting chemical shifts of Gluand its twd and threéfold
deprotonated forms were calculated with the PSEQUAD softj#84¢. Throughout the fitting

procedureloghbyys was refinedby the minimization othe secalled fitting parameteiP):

B ~ ~
FP h h , (1)

where ¥ cacand Y, measrepresent the calculated and measuifedata, while n refers to the
number of measured data datb the number of fitted parameters.

The speciation calculations were performetth the aid ofthe MEDUSA[135] software In
the AI(IIl) -containing systems,Al(OH), was setas the primary species, therefore,
[AICN] 1 = [A(OH) 4]+

Characterization of the solid samples

Synthesis and sample preparation

During severatitrations performedor the C&*/Gluc’ andthe C&*/Al(OH), /Hpgl systens,

the appearance d white precipitate was obseset The binary calcium or aluminum
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containing solids were precipitated from solutiorsonsisted of [Gluc']t o= 0.150 M,
[Ca2*]to =0.100M, [OH']70=0.005M; [Hpgl]to=0.200M, [Ca2*]t=0.135M, [OHi
]Jro= 0.250M and [Hpdl]to=0.146M, [AIl(OH)']+=0.292M, [OH']y=0.146M,
respectively. As for the ternagompounds sold samples were obtaindgy titrating various
AIl(OH)4 and Hpdl containing solutions h 0.9923 M CaGl (I = 4 M NaCl). The identifiers
of the solid sampleand the corresponding solution compositions at the onset of precipitation
are listed inTable2.

Eachsample vasfitered through a hydrophiic PVDF 0.43n porous size membrane fitter
and rinsed withboiing deionized water to remove NaCl traces from the surface. Pritreto
measurements, the solids wered in a desiccator.

Table 2 The list of the prepared solid precipitates and the analytical coatientof the solutions at which
the precipitates appeared. Harerefers to the ligand, gluconate (Gljor heptagluconate (Hpgl

Sample ID [C&]r M [AKOH) -/M  [L]r /M [OH ]+ /M
CaGluc 0.084 3 0.126 0.004
CaHpg| 0.135 3 0.200 0.250
Al-Hpgl 3 0.292 0.146 0.146
CaAkHpgl  0.055 0.095 0.095 0.236
CaAkHpgh2  0.120 0.088 0.176 0.220
CaAkHpgh3 0122 0.132 0.175 0.220
CaAkHpgH4  0.063 0.047 0.094 0.235
CaAkHpgt5 0322 0.169 0.338 0.169
CaAkHpgh6  0.197 0.081 0.160 0.042
CaAkHpg?  0.200 0.120 0.160 0.042
CaAkHpgt8  0.175 0.165 0.165 0.044

Methoddor thestructural characterizatiomf these solids

X-ray diffractograms were recorded withRigaku MiniFlex Type Il. Xay diffractometer
with 3° Zy/min sampling rate,usin@ u KU at @a d n  ( o = @t.40 /430 A Afiten)
processing, the diffractograms were smoothed with a 15 points ad@e¥age algorthm and
their intensities were normalized.

The morphology of the binary and ternary precipitatesinvestigatedby a HitachiS-4700
scanning electron microsa®pat various magnifications and acceleration voltages. The
elemental distributionin the solids was analyzed by enedigpersive Xray spectroscopy

using aRontec QX2 spectrometerounted on the microscope agguipped wh Be window
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The thermal properties of the samplegere investigated with a Setaram Labsys
derivatograph operating under a constant flow of air at 5°Ctrhating rate. For the analysis,
25130 mg portions of the solids were placed into {pghty alphaalumina crucibles.

The infrared spectra of the samples at room temperaweee recorded using Rio-Rad
Digilab Division FTS65A/896 FT R Spectr omet er wi t h a Harri
Single Reflection Diamond ATRccessory. The measurements wereqraréd in the range of
4000 400 cm?! at 4 cm! optical resolution and 128 interferograms were averaged to achieve
good signal to noise ratio. Raman spectra wétainedbetween 100 chhand3500 cmlwith
2 cm1resolution using a Thermo Scientific Raman DXR microscope at room tempetature
diodepumped, frequencg oubl ed Nd: YAG wasgsedras alight=sourcél& n m)
mW maximum laser poweAll spectra were anated (ncluding deconvolution, peak fitting,
etc) with the aid of the Thermo Galactic Inc. GRAMS/AI version 7 sofena36).

The total concentrations of €aand AP* ions were determined with a Thermo Scientific
iICAP 7400 ICFOES DUO spectrometer wit hporioasifieach pl as
sampleweredissolved in 5 cfa 2 M hydrochloric acid and dilutetb 1:10 ratiowith deionized
water.An ICP Multielement standard solution [V (CertiP®)Rvas used for the calibration
along with internal magnesium standard.

The spectra of heptagluconate were recorded with a Specord 210 plus double beam UV
spectrophotorter at (25.1 = 0.1) °C, in the wavelength range ofi 8889 nm with 0.1 nm
resolution. The optical path length of the quartz cuvette was IMMamite amounts of each
sampls@émg()a wer e d2M G dnd reedsuredmrightaafter their preparatibhis
approach was necessary to minimize the gradual shift in the absorbance caused by the
lactonization of Hpglin strongly acidic mediunjl37]. Also, the absorbance readings were
takenat the isosbestic point at 218 nm,ievhis 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 ses with known concentrations of Hpgd.001 Mi0. 010 M) at

M HCI (Figureéb) , applying Beerds | aw.

24



—— 0 min. 0.8 o

——— 15 min. P

— 30 min. 074 A=82.634x[HpgH]T - 0.0258 L

45 min. R? = 0.9995 R
) ——— 60 min. 0.6 - /_,’
@ —— 75 min. .
Q @ .
% 18 nm 90 min. 205 .7
2 l ——— 105 min. j: ,
o Ty —— 120 min. 5 0.4 0
B \ E Lt
N P
< N <3 L
A 02+
’}J
_ 0.1 .7
~ .
T T 1 T T T T T
220 240 260 0.000 0.002 0.004 0.006 0.008 0.010
Wavelength /nm [HpglH]; /M
(a) (b)

Figure 6 Time-dependency ofthe UVis spectra ([NaHpgll= 0.005M, [HCI]+ = 2.08 M, (a)) and the obtained
calibration curve of heptagluconic a¢). The result of lineditting is depicted as dashed line.
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Results and discussion

The acid-base properties of Dheptaglucorate and D-glucorate

The acidbase equilbria of BEgluconate and Eheptagluconate were investigated by pH
potentiometric titrations as well &8 and(only in the case of Glig 13C NMR spectroscopic
measurements.

The carboxylate group of Hpglas it is common for angther hydroxycarboxylat®
undergoes protonation yielding heptagluconic acid (Hp§lay]:

(PCIH3;0 z (BCI (/ (12
_ __ [ Hp o H]
Kp_bO OT]Hp [|H30+] (13)

where K, is the protonation constant of the anion. Note that accordingqteation9,
Kp=boo12. TO investigate the protonation of Hpglpotentiometric measurements reve
performed at [Hpg]t = 0.050M and 0.200 M, whreaghe ionic strength was setke 4 M
(NaCl). The two sets of experimental data were fitted simultaneowghjle the ionic product
of water was fixed at 14.2@31]. Fitting the potentiometric curvegFigure 7) resuled in an
excelent agreement between the measured and calculated dat®.®PmV) andyielded
log K, = 3.64. This value agrees well with the one reported in R&8], with due account to

the different ionic strength.

6 1.8 -
[NaHpgl]/M [NaHpgl},/M
= 0.050 12.04 s 0.044
+ 0200 |
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’ : — fit
o4 L 128
i & 128
13.0
34
13.2
13.4
24
13.6
0 5 10 15 0 5 10 15 20
Vg fem Viyaon f€m
(@) (b)

Figure 7 Measured pklvalues as a function of added titrant volume in solutions consisting of heptagluconate and
HCI (protonationexperimentsFigure 7a) or NaOH (deprotonatiorexperiments, Figuréb). Experimental
conditionst=(25+0.1)°C andl = 4 M (NacCl); the initial compositions are shovimthe legend. Symbols
represent the measured dathereas solitinesare the results dfiefits basednthecalculated stability constants
discussedin the teand provided in Tab&3 and4.
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On the other had, a much lower valubas beemletermined byH NMR spectroscopy66],
which may be originated from the improper calbration of the glass electrode.
For Gluc, log K, was reported to be 3.197]. Nevertheless, we have found good agreement
with the reportd values, determined at the same ionic strength.

Table 3 Protonation constants ld,, of Gluc¢ and Hpgl, organized by reaction and background electrolyte.
Data corresponds to t =25°Ch@ tiple standard errors are included in parentheses

] Background
Reaction logKp Ref. Method
electrolyte
Gl ucH;O z Gl uc H,0 4 M NacCl 3.73(5) [97] GLE
HpglH;O 2zHpgl HO 4 M NaCl 3.64(1) [137] GLE/POL
0.1 MNaNQ 3.38(2) [139] GLE
1 M NacCl 2.49(2) [66] GLE /*HNMR

In strongly alkdne medium, the OH group(s) ohydroxycarboxylates underges

deprotonation[66]:
s HzoZ LH H3O (14)
_p _[L HIHO'
Ka=b, 0 (L] (19

whereK,is the deprotonation constanttbé ligand (L = Hpgl or Gluc).

1.04

1.03

1.02

5""E':'Glun:‘

1.01

1.00

[NaOH]; /M

Figure 8 Observed (symbols) and calculated (iNnd8NMR chemical shifts of gluconatmntaining species
as a function of [NaOH] Experimental conditiong:= 25°C, | =4 M (NacCl); [NaGluc} = 0.200 M, [NaOHj =
0i 2.989 M. The calculations were parhed by fitting the first (dashed line) or the first and second (solid line)
deprotonation constants of Glu€or better visualization, the chemical shifts were normalized to those of 0.200

M NaGluc. The appropriate nuckaid their numberingre indicagéd in the legend.
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First, he deprotonation of Gluowas investigatedy using 13C NMR spectroscopgnd pH
potentiometry. The 13C NMR measurements were performed with a solution series containing
[NaGlucl = 0.200 M and [NaOH]=0i 2.989 M. The addition ofNaOH causedystematic
variations in the chemical shifi&igure 8), indicative ofthe deprotonation of the OH groups
of Gluc'.

Fitting the experimental data assuming one deprotonation step yielde@onlag
(= log Ky = 714.16 with the fittihg parameteFP) being 0.025 ppmHowever using this
constant, systematic erroese seen between the observed and calculated chemical shifts
(Figure 8), which suggests a further chemical equilbrium. Therefarsgcond deprotonation
of the anion wasonsidered

"1 OA2H,0z ' 1 OA( 2H3;0" (16)
_i6l uHIH0T
Bo 0o g, -q;q (17

This assumptionsignificantly decreased the value &P to 0.003 ppm and yielded
logboosi1z =1 13.90andlogbgori2 =128.82 That is, the twatepwisedeprotonationconstantof
Gluc' were foundto bepK,; = 13.90andpK,, = 14.92 In earlier publicationslogbgsi1 was
reported to bé 13.68at 1 M NaCl [64], whereasat1 M NaClO;, logbgoii1 and lodoozi2 Were
found to baé 13.66 and 27.68, respectivel§65]. The difference between the literature datd
our resultsstens probably from the different ionic strength and/or the different background
electrolyte.

ConsideringthatG| Hl ¢ is formedto a rather low extentonly 430%) at the highest pH
and that the chemical shifts &l W c andG| H c are verysimilar, the formation of
G| H c needs further affirmationHence,as an independent method, matrix rank amaly
[140] was used to determintne numberof spectroscopically differengluconatecontaining
specieslin principle, thismethodis applcablet o any O6fapp®d bgonaprtities
the experimentasignal is linearly proportional to the concentratn of t hsep edcaibessod .b
For the present system, the observed chemical shift can be described as follows:

Gl uc Gl ucH Gl ucH
— Bl = - 1
(] (-IGIU(G|U¢ (]G|UCHG|U¢ (]G|UCHG|U¢ (8)

Equation18shows that th@bserved chemical shiftl)is linearly proportional to the free
concentratiorof a certain species and the proportionaligefficientis the ratio of the limiting
chemicalshift of the speciesnd[Gluc]y (0.200 M).In this respectthe chemical shift can be
regardedaan6é abs ot lypede quant it the andlysiyielddd thies linearlys t e m,

independent species attesting the formatbe | H c andGl H c.
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The deprotonation constants of both F@gid Glu¢ were determined by pH potentiometric
titrations as well. Since a maximum [dfaOH}; = 0.26 Mwas employed during the titrations,
only the first deprotonation step was expecteattour. Our results obtained from potentiometry
verified this assumption, as one deprotonation constastsufficient to descritke titrations
curves adequatelfror Gluc, log byor 1 Was determined to bel4.08, which is in line with those
obtained fron NMR spectroscopiexperiments i(13.90) with due account to the different
experimental methodRegarding Hpgl the fit yielded log Ka= 713.81 (FP=0.25mV,
i.e.,0.004 pH units); the simulateditration curvesaredepicted inFigure 7b. The thus obtaied
agreegairly well with the one obtained &t 1 M NaCl[66] (considering the effect of different
ionic strength)

Table 4 Deprotonatiorconstants, lo¢., determined for Glucand Hpgl, organized by the reaction and
background electrolyte concenioat, corresponding to t = 28C. The triple standard errors are included in

parentheses

Reaction Background logKa Ref. Method
electrolyte

Gl u cH,0z Gl u c HH;0 4 M NaCl 114.08(3) p.w. HyPtPOT
4 M NacCl 113.90(3) p.w. PCNMR
1 M NacCl 113.68(3) [64] Ho/PtPOT
1 M NaClg 113.66(24) [65] HA/PtPOT

Gl u c¢H,0z Gl u c H2 HO 4 M NacCl 1 14.72(5) p.w. H/PtPOT
1M NaClO, 114.02(30) [65] Ho/PtPOT

HpglH,Oz Hp g | HH;0 4 M NaCl 113.81(1) pw HAPtPOT
1M NacCl 113.41(2) [66] Ho/PtPOT

The calcium complexationproperties of D-gluconate and D

heptagluconateions in alkaline solutions

Complextion of Ca2* by gluconate iongn alkaline medium

The interactioa betweencalcium ionsand Glu¢ in alkalne medium ([NaOH]= 0.005
0.267 M) werdanvestigatedby systematicpotentiometric titrationsusing H/Pt electrode All
the measurementsvere performed in ligand excesspecifically by varyingthe ratio of
[Ca2*]1[Gluc']t between 1:1.32 and D4 The oktainedtitration curves arehown inthe order
of increasing[Gluc']t and [C&*]t in Figure 9a.

Atrelatively low metal and ligandoncentrations, mninor shift in thefashionof the ftitration
curves anbe observedhdicating theformation of mononuclearcomplexes.Upon increasing
[Ca2*]t and [Glué]+, these shiftgradually become more pronouncerksultingin a noticeable

change in theshapeof the titration curves at the same medtdigand ratios.The detected

29



changes in the curvature arery similar to those previouslyobserved at 1 M ionic strength
[64], therefore the formation of multinuclear speaasbe inferred

To reinforce our assumption, calcilin-dependent titrations were performed watblutions
containing [NaGluc] o= 0.710.2 M and [MOH}; c=0.1 M Upon additon oft M CaC} to
these solutions a continuousdecreasdn the pH wasseen Figure 9b). Although the diution
could give rise toa0.08decrease the measurepH, the observed changesere one order of
magnitude higher ca. 1i 1.3 units), correspnding unambiguously to the formation of

deprotonated Ca(ll) gluconate complexes, whicindesedaccompanied bgucha decreasé

[NaGluc]y o /M; [NaOH]; 5 /M

13.5 13.0 = 0100 0.100
e 0.150 0.100
13.0 128 4 0200 0.100
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v 1254 ) o
T [NaGluclro (M); [CaClalro M) T
120 - 0050 0025 ’
. + 0050 0.038
- 0.100 0.025 12.2
15 - 0100 0.051
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- 0200 0.099
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r ’ ’ ’ ' . 6
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Figure 9 Measured (symbols) and calculated (linpkl)for gluconate in the presencéCaC} and NaOH.
BExperimental conditions:t= 2%, 1 =4 M (NaCl); (a) [NaGluc}ro = 0.050 0.200 M, [CaClt,0 = 0.025 0.152
M, [NaOH}r 0= 0.005 M Titrant: 1 M NaOH (b) [NaGluc}o = 0100'0.200 M, [NaOH} o= 0100 M, Titrant
1M CaC}b. Symbols rpresent the measured datdnereas soliines are the results of the fitsased on the
speciation modedrovided inTable6.

To extract the stoichiometry and stabilty constants of the variods dGmplexes,the
measureditration datasets werasimultan@usly fittedby fixing pK,, to 14.26and logbgs1 to
113.81 The formation constants 6fa ( O BINAC a ( O,He., logbiosi1 and logbioz2, wWere
taken from Ref[95], while pK,, was fixed at 14.26¢131].

Fitting the titration data ssuming only the formation of theC a G| u aenbhonuclear
complex yieldedFP = 14.7 mV. To further decrease the average erbatween the measured
and calculated valuesca. 50 additional species were testedy the inclusion of the
CaGl| uHc complex in the modelFP dropped to 2.4 mVHowever, he possible formation
of this major trinuclear species is nanprecedesatt: earlier,its formationhas beerneportednot

only in the presence of-Dluconate[64], butalsowith the structurally similar Eneptagluconate
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[66] andL-gulonate[141], tog atl =1 M. A significant reduction in the value of FP could be
achieved by ssuming the formation of a third specieshich can be etthelCa G| uc H

(FP=0.86mV) orCaGl ut (FP=0.70mV). Previously,C aG| H ¢ wasreportedto
foom atl = 1 M NaCl [25]. On the other handC aG| # c is interchangeable with
CaGl| uHc vyielding the saméP, thereforethe formation of both specieslat 1 M NaCl
could be inferredeven though they are indistinguishable by potentiometry.

Considering the possibility, that botha G| u endC aGl uHc may be presentat |

=4 M, theformation ofC aG| uH: could be described as follows:

Ca Gl uc H,0z Ca Gl u c H;O" (19
2 CaGl uze®HaGl uH (20
CaGl uH Ca z CaGl uH (21

By this proposed schemg,a G| u seldms to dierize yieldingC aG| uHt . Since the
latter species providedlightly lower FP, it waschosenfor the final chemical model. The
respective lobyys constants are presentedliable6.

Regardingthese complexesC aGl uH is the pedominant one above pH 12.5 at
[NaGluc]r =0.050 M and [CaGllr = 0.025 M geeFigure 10, solid lineg. Increasing [NaGlug]
to 0.2and [CaCl]t to 0.150 M, respectively, the formation ofstitrinuclear complex ieven
more pronounced (dashed linesheTbinuclear species becomes dominant abowelBl3 at

both compositions.

T Y Ca,Gluc,H_°
084 ca N g

Ca,Gluc,H

0.4 4

U'l:daum(l 1)

0.24

0.0 44—

T T T
15 12.0 125 13.0 135
pH

Figure 10Distribution of calcium(ll) among the various aqueous species in the presence of gluconatagGluc
a function of pH. The calculations correspondto t 2@%and =4 M (NaCl); solid lines: [NaGlug}= 0.050 M,
[CaCl]r = 0.025 M, dashed lines: [NaGly6] 0.200 M, [CaClr = 0.150 M. The simulations were performed
using the stability constants giveniable6.
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Complexation of C& by heptagluconate ions alkalinemedium

The C&* complexation properties of-Beptagluconate in alkaline medium were also studied
by pH potentiometry and polarimetrgit t= 25 °C andl = 4 M NaCl. As for potentiometry both
pH- and C&*-dependent experiments were carried out using [NdHggl0.0470.175 M and
[CaCl]t,0=0.025 0.152 Minitial concentration§Figure 11). As expectedfte structure of the
titration curves greatly resembled to thagfeD-gluconatedue to the structural similarity of the
two ligands: heptagluconate onlyffdrs from gluconate in an addition&lCH,-OH groupand
thusthe same speciation model could be envisg@eglre12). Upon fitting the potentiometric
datg it was found that assuminthe formation ofCa H p, G BH p gH-,-ZL CaHp g—ﬂfs ard
CaHp QH-,Q4 provides the best description of the experimental titratiéfi3=(0.78 m\). An
intriguing aspect of the determined speciation ispttesence o gH p g—|[,-*3 complex, which
could not be detectddr gluconatein the present workl 4 M) or previously (I = 1 M) [66].
Neverthelesshese results are in line withosereportedfor heptagluconat¢66] and gulonate
[142] in =1 M (NaCl) medium

The difference between the speciation model between @t Hpdl canbe explained by
the different arrangements of their OH functions. TheGE2and C30H groups of Hpgland
Guf are inerythro, whie the C30H and C40H moieties are ithreoposition as compared
to Glud, where the CGBDH and C30H groups are also ithreoposition. Consequentlythe
two ligands possess a different binding motif, even though their relative configuration is very
similar [141].

13.2
135
12.94
13.0
NaHpgl]; , [CaCl]; o 12.6
o125 M M
& .« 00440025 o
D- ! -
+ 00440038 5 123
12.04 + 0.087;0.025
* 00870051 12.0{ [NaHpgll; /M
= 0.087;0.076 0087
1577 s 0.175;0.101 :
« 0.175;0.152 11.7 4 + 0131
11.01¢ precipitate « 0175
0 5 10 15 20 11-4 T T T T T
\ 0 5 10 15 20
NaOH /€M \
Veaa, fom
(@) (b)

Figure 11 Measured (symbols) and calculated (lingldfor heptayluconate in the presence of Cedld NaOH.
BExperimental conditions:t= 2%, 1 =4 M (NaCl); (a) [NaHpgl]r0,=0.050 0.200 M, [CaCl|t,0c = 0.025 0.152
M, [NaOH}r o= 0.005 M Titrant 1 M NaOH (b) [NaHpgl]ro=0.100 0.200 M, [NaOHj o= 0100M, Titrant
1M CaCh. Solid lines weréttedbased on the speciation mogedvided inTable6.
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Ccalcium(in

Figure 12 Distribution of calcium(ll) among the various aqueous species in the preselneptafjluconate
(Hpgl) as afunction of pH. The calculations correspondto t 22&ndl = 4 M (NaCl); soid lines: [NaHpgl}r

= 0.050 M, [CaC]t= 0.025 M, dashed lines: [Rgpgllr= 0.200 M, [CaCl]r = 0.150 M. The simulations were
performed usingthe stability constaptsvidedn Table6.

It is known that the association of alkaline earth metal mayaffect the optical activity of
the ligand [143]. Therefore, the Ca-complexation properties of heptagluconate was also
investigated by polarimetryFigure 13) at different ligand concentrations in strongly alkaline
medium ([NaOH} = 0.1 M). With increasingconcentrationof CaC}, the observed optical
rotation gradually increased, indicating that upon complexation the optically active species
formed have higher specific rotations than the plain ligavwhile the direction of these
variations is obvious the nagnitude of the increases rather smal, which imples that the
adequate determination of formation constants is not posgisvever, fitting this data
together with potentiomeadr onesis a reliable way to validate the calculated speciation.

Inanaloy wi t h B keobsénged dptcal rotatiae linearly proportional tdhe free

concentration of formed complexefCaHpglH,], (the charges were omitted for simplicity)

and the molar optical rotation,c ar p g :

| Bl canpgn OCaHp gH | (22
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Figure 13 Optical rotation of BheptagluconatéHpgl) as a function of Ca&lconcentration. Experimental
conditions{NaOH}r = 0.100 M,t = (25 + 2) °C andi= 4 M (NaCl); black curve: [Hpgl']r = 0.100 M [C&*]r =
0i 0.075M; red curve: [Hpgl'Jr = 0200 M, [C&']r = O 0.100M; blue curve: [Hpgl']r = 0500 M, [C&*]r = Oi
0500M. Symbols referto the measured daleereas soliinesare the results of the fiteasedn the speciation
model provided iMTable6.

Table 5 Specific rotations of the free ligand, the deprotonated ligand and their calcium(ll) complexes. The data
corresponds tot=252°C. The riple standard errors are includedin parentheses.

Species | /J0c mAgAd it Species | /J0c tAg Ad it
Hpgl 3.58 CaHp gHf} 13.62(3.71)

Hp B2 4.84(43) CaHp gf; 16.25(69)

CaHpg 1.7(1.4Y CaHp gif, 30.50(85)

2This corstant was determined by measuring the optical rotation ofa 0.500 M NaHpglsolution
® This constantwas taken fromthe literatili@l]and corresponds a1 M (NaCl)

The stabiity constants and molar optical rotation values were deterniigedhe
simutaneous fitting of the polarimetric and potentiometric daita the PSEQUAD software
[134], while the molar optical rotatisnof plain Hpgl and its calcium complex, CaHpglere
fixed atl . A8 MAno tando . ARl r%ﬂmo"'f, respectively The calculation process yieldedc
reasonably good fit withP = 1.48, which is stilacceptable considerinthe accuracy of the

two methodsAt p H where paBrimetric measurements wereiedrout,C aH p g—||,2'4 is

formedonly to an extent ofa. 10%. Consequently, the correlation between its stabilty constant
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and the specific rotation is higthencethe larger error of the lattefhe results of these

calculations are depictechdigure 13and summarized ifable6.

Table 6 Stability products (lodpars, with triple standard error) of LaH{?""*s complexes, where idenotes
D-gluconate (Glug or D-heptagluconate (Hpgl The experiments were performed withilPt electrode, unless
indicated differently. Literature sources for the correspondjagnti are included in brackets. Datarespontb
t=25°C.

. Background i "

Reaction electrolyte Gluc Hpgl

céd%l' z ca’ 1M NaCl 1.08(4)* [144] 1.21(12)°[66]
1M NaCl 0.70(5)[101] 0.85"7[66]
4 M NaCl 0.42(19)

C&a%L'+H,0z Ca HY, +H" 1M NaCl i 10.76(3) [64] i 10.65(5) [141]
4 M NaCl 111.73(3)

2 Ca+ L'> H4Oz Cal,H>+ H4 1M NaCl i 44.99(8} [144]
4 M NaCl i 46.54(3) i 46.61(25)

3 Ca* L'> HPz Cal,H5+ H3 4MNaCl 1 31.19(19)

3 Cat L'2 H4Oz Cal,H,+ H4 1M NaCl i41.89(8 [144]  141.64(9) [141]
4 M NaCl i43.80(3) i 42.98(11)

2These constants were determined byISE measurements

® These constants were determined®@NMR meaurements

¢ These constants were determined by the simultaneous fitting of potentiometric and polarimetric data
4Triple standard error was notreported

To summarize the resultbpth Gluc' and Hpdl form high stabilty polynuclear complexes
with Ca* in akaline solutions. The stability and composition of thesemplexesare very

similar, although the overall speciations are not identical.

Complexation of AP* by heptagluconate ions in the pH range of
21 14

The impact of AF complexation on the potenti@tnic titrations and polarimetric data of
heptagluconate

To investigate the interactionsbetweenHpgl and Al(OH),, both potentiometric and
polarimetric measurementgere carried out The first method is sensitive to any joldpendent
processs while the second oneeport onthe formation of complexes where te&uctural
rearrangemenbf the ligand upon metalon binding significantly altersts optical rotation.
Given thedifferent sensttivities of the twomethods a simultaneousfit of the titration cuves

and optical rotationss instrumental to obtaia comprehensive picturen the speciation
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For titrations conducted at [NaOH]=[AI(OH)4]1.0= 0.2 M (Figure14, black curves), the
increase of [Hpd]r.o was found to exerd considerable impact dhe shape of the curves in
the pHr a n g e idl8.3. &hk Gho®s that the formation of complexes, for whighD2,
(for r andgseeEquation9takes place mainly in the alkaline medium. Furthermore, the increase
of [AI(OH)4']7 0 at constant [NaOH]o=[Hpgl']r,0 = 0.2M (Figure 14, blue curves) results in
strong aluminatel e pendence of t hle. Thiswsrindieatve df thd formatiom H &
of multinuclear speciesparticularly with g > 1. in addition to this when the [AI(OH) 4
Ir.o/[Hpgl]+.0 = 2 (Figure 14, curve with blue triangles), the ligand cannot keep Al(lll) in the
solution phase, leading to tfermation of solid phaséoelow pHa 11.5. Essentially, the
presence of several inflection poinis the titration curvessuggestsoverlapping cheial
equilbria, wherethe forming complexes undergo stepwise protonation as HCl is added to the
samples.

Upon increasing [Al(OHyj]r at constant [Hpglr (Figure 15), the optical rotation of the
ligand markedly increases fr om &0. 5A t°amt[Rpglh AQ.2 G4abd0.8and 11.
respectively The ligand possesses five chiral centers, whose relative spatial arrangement
(through the HCCH dihedral angles) determine®® and hencel through the weknown
relationship analogous to Béekaw. Therefore, he marked incrasein Uis a strong indicator
that the conformation of Hpglindergoes variation to a large extent as a token of complexation
with aluminate. Furthermore, the fact thaincreases steeply and then reache&mteau(at
leastfor [Hpgl']+ = 0.1 and 0.2M) implies (almost) quantitative complex formatioAnother
discernible feature ithatwith the doubling ofHpgl]t, the maximum value dlincreaseso
the same extensignaling that the same species is formiedependntly of the concentration
of the ligand The minimum of the optical rotation appearing upon increasNgQH]|+ at
constant[Al(OH) 4]+ and [Hpgl']+ indicates the formation ofat least three complexes with

different degresof deprotonation.

Quantitative datanalysis based on the potentiometric and polarimetric experiments

During the fitting procedurefirst the valuesof log K, and logK, were fixed to thedata
presented inTables 3 and 4, whereasthe log K,, was set toi 14.26 [131]. Second,the
stoichiometric numbersqg, r ands were systematically varield order to minimize thé&P.

To determinethe stoichiometry and the corresponding stability constants of the individual

complexes the datasets dhe pH, Hpgl- and Al(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

= 0200 0202 0.204
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4 0400  0.200 0.204
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10 ] + 0476  0.130 0.151
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Figure 14MeasuregHvalues as afunction of added titrant volume in solutions consisting of, AX§H).
and NaOHBExperimental conditions=(25% 0.1) °C andl = 4 M (NaCl); the initial compositions of the samples
are showrin the legend. Symbols representthe measuredvdadagadines were fittedretheresults of the fis
basdofthe speciation model discussed in the text and proirideable8.

Assuning the formation of AI(OHj :Hpgl = 1.1 stoichiometry speciesnd its various
protonated formsi.e., the A(OH)sHpgF', Al(OH)HpgF, AI(OH)sHpgl, AI(OH)Hpglr and
AlHpgl?* as well as HpglH? and HpglH, the fitting parametdfP, was calculated to be 37.47
mV (or 0.63 pH units. (To improve the quality of the fif inclusion of other hydroxido
complexes of aluminumi.e., A(OH)2*, A(OH)*, , AI(OH)%, Al,(OH)**, Als(OH)>;* and
Al1304(OH) 4%, were also attemptdd06]. However the assumption ofhese specieesulted
only in aminor decrease in theP.) The second series of titrations (blue curves) consisted of
solutions containing [Hpgl = 0.200 M and [AI(OH),]+0.1007 0.400 M, while the third set
(red curves) of measurements were performed at [Hpgl0.200 M and [Al(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 inttial value
of E. and thestructureof the curves was practically identical, however a systematic shift
towards lower cellpotential values could be observed. Additionally,e tformation of
precipitation could be detected when [Al(QH} exceeded [Hpglr. The increment of

[NaOH]Jr yielded lower Egvalues with congruent curves.

37



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 rausepolynuclear complexes was
taken into accountn the light of the above results, the inclusion of polynuclear complexes for
further improvementwas considered. e inclusion of polynucleaspecies such as the bis
complexes Al(OHgHpgt,” and AL(OH)sHpgl, the dimeric species AOH)HpgP, and
Aly(OH)sHpgf » and trinuclear A(OH):0HpgP ' complexes was indispensable, resultig=
4.37 mV (or 0.07 pHinits).

The above speciatiormodel was augmentediy the joint fitting of polarimetric and

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

follows:
[Hpgli]+= 0.175 M/[OH]7= 0.200 M U=0.4
[A(OH) 4"]T= 0.250 M/[OH]+=0.200 M U=0.0¢
[OH ]r=0.200 M O=0.0"

The first solution contained heptaglucanatissolved in sodium hydroxide to avoid
lactonization. This way the ligand is mainly in the form of Hpghd the extent of
deprotonation, referring to one of the alcoholic OH groups,a8@%o. The other two solutions
were control measurements with compots not contributing directly to theptical rotation.

This approach ensured, that the observed change in the degrees of rotation was exclusively
caused by the metdgand interaction.

Keeping the specific rotation of Hpglonstant, thesimultaneousevduation of polarimetric
and potentiometricdata with the software PSEQUADascarried out. First the model obtained

by potentiometry was fitted, considering the possible species forming in the highly alkaline
region (pHa13). Accordingly, fitting A OEHp diaro EHp § landA [ O EH pﬂ |

resulteda systematic deviation between the calculated and measured optical rotation gradually
increased with higher [Hpgt, implying the existence of additidngpolynuclear) species.
Supposing the formation & 4( O K M p gj BndAJ( OKHMp @ | significantly improved

the structure of the fitted curvesith afitting parametef FP=5.47 This slight deterioration

in the FPvalue can b attributed to the difference in the accuracy of the used meitmdgthey

are not in the same order of magnitudeother thing to mention ide relatively large standard
deviation of the calculated lodss15, Which stems from thehigh correlation of thespecies
included in the modeNevertheless, 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 curvesthus they are excellently describing both datasets.
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Table 7 Specificrotation of the individual species forming in the AI(GQH) Hpgl system Experimental
conditionst = (25+2) °C andl = 4 M (NacCl). Total concentrations: [AI(OK]r=071 0.800 M and [Hpgl =
0.1007 0.400 M.

Species [Uo/ A Ayt
HpglH: ¥ 5.80
AI(OH)sHpgF 60.69
Al(OH)HpgP' 27.09
Al(OH)sHpgh* 15.08
Al3(OH)1sHpgh® 45.40
Al4(OH)1sHpgk® 76.78

The thus obtainedmolar rotations othe respectivespeciesand their formation constants
are listed inTables 7 and8, respectively The simulated titration curves and optical rotations

are depicted ifrigures14andl15.

« 0.100 M Hpgl | 0.200M OH~  « 0.200 M Hpgl~ | 0.200 M OH"
+ 0.400 M Hpgl"|0.200 M OH~ = 0.200 M Hpgl~ | 0.200 M Al(OH),"

12 4 fit
Jaa
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Figure 15 Optical rotation of Bheptagluconate as a function of added [Al(@H)circle) and pH (diamond).

Experimental conditions:= (25+ 2) °C andl =4 M (NaCl). Total concentrations: [AI(OH)]r=07 0.800 M
and [Hpgl]r=0.100i 0.400 M. Symbols and lines refer to the measured and calculated values, respectively.

A speciation diagram corresponding to [Al(QHy = [Hpgl']+ = 0.2M is shown inFigure
16. We observe distinct complexation tigains. First, the formation of AIHpgl takes place
between pH= 2 and 4, and undergoes stepwise deprotonation vyielding AlOH)Hpgl
Al(OH)3Hpgl, AI(OH)4Hpgk and AI(OH}HpgF'; the latter can bind a further ligand to form

39



Al OEHp § IWe caniot discern the formation of the intermediate AI(QHPgP species,
however, we beleve that it readily dimerizes, which manifests in the appearance of

Ay OFHp %at pH> 3. This species is further deprotonated yieldkg( O EH pb I

0.8 Al,(OH);Hpgl;

Al(OH)gHpgl .
0.6 4 Aly(OH),,Hpgl

Al,(QH),sHpgl3”

5
0.4 - A;AS(OH)prgIS'
Al(OH)Hpgl;™
0.2 - A|(QH);
(OH);Hpgl*
0.0 - : ?
2 4 6 8 10 12 14

Figure 16 Speciation diagramas a functionpdfwith regard to Al(lll). The calculations were performed using
the stability constants providedTiable8, corresponding to=25°C andl =4 M (NaCl). Total concentrations:
[AI(OH)4 1+ =[Hpgl]+=0.200 M.

Furthermore, the formation of ADH)sHpgl and Ak(OH),0HpgF can be interpreted as the

abstraction of one or two aluminate ions by Al(GH)gP. Two other polynuclear species

appears above pBi8, namely, theAj( OHM pg land A t( O K M pﬂ lones. The
tetranucleaA J( O H Bl p % tomplex may be formed via the association g{@H),oHpgl?'

andA( OHH pﬂ I while the appearance & 4( O K} pg Imay be the result of the
aggregation of Al(Ob4HpgF, AI(OH)sHpgl and AI(OH)!. Additionally, this trinuclear
species is the one that gives rise to the markedease in the optical rotation under
hyperalkaline conditions (p13); see the speciation diagramFigure17.

Given the complexity of the system and hence the difficulty to pinpoint and properly
qguantify all individual equilbrium processes, omeay question the reliabiity 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 manuclear species tend to aggregate.
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Gppgl
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0.2 H
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[AOH);]; /M
Figure 17 Speciation diagramas a function of [Al(Ok)r in regard to Hpgl The calculations were on the basis
of stability constants provided Fable8., corresponding ta = (25+ 0.1) °C andl = 4 M (NaCl). Total
concentrations: [AI(OH)]r=07 0.800 M and [Hpdl+=0.200 M.

The plethora of solutio species found in this system is rather unexpected, based on previous
findings for Glu¢ [123126,145] i.e., the exclusive formation of mononuclear species. We
would like to emphasize, however, that those previous measurements were conducted in the
mili molar concentration range. (Albeit measurements at>pt2 were undertaken at
[AOH) 4108 [ Gloé c M.[1R6], the authors did not study the concentratiependence
of the titrations curves, which is essential to detect polynuclear complekesjuch
concentration ranges, the effect of polynuclear complexes is significantly loweefotlee
harder to fit them during calculatiorsetting [AI(OH),' ]+ to 0.002M and [Hpgl]+ to 0.004M,
the complexation equilbria simplifies to that proposed previousiigufe 18), however
Al(OH),HpgP remains interchangeable with its dimer
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Figure 18 Speciation diagramas a function of pH with regard to Al(lll). The calculations were performed using
the stability constants providedTiable8, corresponding tb=25°C andl =4 M (NaCl). Total concentrations:

[AI(OH) ]+ = 0.002M, [Hpgl ]+ =0.004 M.

As for the analogous gluconate complexes, we find that the stability constants are in fair

agreement with our datddble8); the deviationscan be attributedo the much lower ionic
strength (0..0.2 M) applied in Refs[123 126,145] (Since the primary species wasAh

these referencewe converted them using the formation constant of Alg@QHAken from Ref.
[106].) Based on these simiarities between the two ligands, we propose that multinuclear
species are likelyto be formed with Gluc in concentrated solutions. This assumption is
supported by the fact that the £aOH),° species dominates the complexation equilibria for

both ligands,in concentrated solutions of Ca@$4,131,97]
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Table 8 Stability constantdog by, determined for the various reactions taking place in the A{OH)Ipgl

system. Experimental conditions: 25°C, | =4 M (NaCl). In parentheses, thetriple standard erroris given. For
analogous gluconate complexes, literature datasoegabvided.

Reaction log Pgsr Method 2 Ref®
H.Oz H*+ OH i14.26° Ho/Pt [8]
Hpgl + H"z HpglH+ KO 3.64(1) GLE / POL p.w.
3.38(2)° GLE [22]
2.49(2)° GLE /*H [18]
NMR
Gluc + H"'z HpgH+ H0 3.73(5)° GLE [23]
Hpgl z HpglH: * '+ H* 113.81(1) H./Pt/ POL p. W.
i13.41(2)° Ha/Pt/ POL [18]
Gluc z GlucH 2™+ H' i 14.08(3)° H./Pt [8]
i 13.90(3)° 13C NMR [8]
Al(OH)J + 4H" z AI** + 4H,0 22.81(19) Ha/Pt/ POL p. W.
23.23 [24]
23.40° [12]
Al(OH)4 + Hpgl + 4H z AlHpgl*" + 4H:,0 24.85(29) HJ/Pt/ POL p. W.
Al(OH)4 + Glud +4H"z AlGluc® + 4H,0 25.21°¢ GLE [9]
25.24(6)°" GLE [10]
25.78(3)°° GLE [12]
Al(OH)4 + Hpgl + 3H z AI(OH)Hpgl* + 3H0 22.06(13) H/Pt/ POL p.w.
AI(OH)J + Glu¢ + 3H z AI(OH)Gluc* + 3HO 22.34°¢ GLE [9]
22.35(13 °° GLE [10]
22.39(6)°" GLE [11]
21.91(6)°° GLE [12]
Al(OH)4 + Hpgl + H"z Al(OH)sHpgl +H,0 12.28(26) H./Pt/ POL p. W.
Al(OH)4 + Gluc + H* z AI(OH)sGluc + H.0 13.05%¢ GLE [9]
13.05(24)° GLE [10]
12.52(6)°" GLE [11]
11.41(3)°* GLE [12]
Al(OH)4 + Hpgl z AI(OH)4HpgP' 1.89(17) Ho/Pt/ POL p. W.
Al(OH)4 + Gluc z Al(OH).Gluc®’ 2.4(1.2)° 'HNMR [13]
2.2(0.6)° POL [13]
AI(OH), + Hpgl + H:Oz Al(OH)sHpgF "+ H* i 11.59(29) Ha/Pt/ POL p. W.
AI(OH)4 + 2Hpgl + H,0z AI(OH)sHpgk* '+ H* 9.02(15) H./Pt/ POL p.
2AI(OH)4 + Hpgl + 2H" z Al (OH)Hpgl + 2H0 24.98(21) H./Pt/ POL p. W.
2Al(OH)4 + 2Hpgl + 4H z Alx(OH)HpgL? + 4H,0 37.99(21) Ha/Pt/ POL p. W.
2AI(OH)4" + 2Hpgl + 3H" z Alx(OH)Hpgk' + 3HO 33.41(20) H./Pt/ POL p. W.
3AI(OH)4 + Hpgl + 2H" z Al3(OH)HpgP ™+ 2H,0 28.23(26) Ha/Pt/ POL p. W.
3AI(OH)4 + 2Hpgl + H:Oz Al3(OH)iHpgh? '+ H* i 6.52(26) Ha/Pt/ POL p. W.
4AI(OH)4 + 3Hpgl + H" 2 Aly(OH)isHpgk® '+ H.0 21.74(39) H./Pt/ POL p. W.

% H./Pt, GLE: potentiomety applying a platinuraét glass electrode, POL: polarimetry, NMR: nuclébirdr

13C) magnetic resonance spectroscopy.

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

data.

° The stability products correspondite 0.1M KNOs [9], 0.1M NaCl [10], 0.1 M NaN®@[11,23], 0.2\ KCI

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

4 The stability products of the analogous gluconate complexes were converted fromthe lidetafgré1] using

the formation constant of Al(OHX|

the formation constant of Al(OkX|

=0.1M)reported in Ref.
¢ The stability products of the analogous gluconate complexes were converted fromthe literature data [12] using
=0.2M)reporta in Ref. [12].

[24].
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Model validationand the possible structure of the(@H)sHpgl' complex

ESEMS measurements and tsieuctural iteration of A(OH)sHpgl' complex

We performed ESIMS measurements to gain further experimental support for the chemical
specidion proposed in the previous section. The negativamiode spectrum shown kigure
19refers to a solution containing [A(OH)]t=0.001 M and [Hpg]r = 0.001 M atpH=7. To
estimate which species is formed under the conditions of the MS experimentsalculate d
the speciation using the dataTiable8. Accordingly, A(OH)sHpgl dominates the pH range

68 (the degree of its fdgdmation is a40% rela
310.0383
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(&]
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311.0414
l 312.0429
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I v 1 M I ! I ! I
310.0 310.5 311.0 311.5 312.0
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Figure 19ESFMS spectrumofa solution containing [AI(QH) =[Hpgl]r= 0.0 M at pH= 7. The spectrum

was recorded in negative ion mode. The peak at 310.688%orresponds to the ADH)Hpgl species,
predominant in this solution. The inset shows the |
C(6)HOHC(7)H:OH moiety and the hydrogens are omitted for clarity.

The experimental mass spectrum matches perfectly with a species having a chemical formula
of A}C;H; Q& o that is, A} OH,Hp @:::IS, where H p giﬂ'g, refers to the threefold
depotonatedligand This formulacorresponds tthe AL(OH)sHpgl complex, supporting the
validity of the proposed model. Since3Ak a negligible species as compared to Al(QH)
igandfree solutions at this plHL46], the complex is likely to be formeda the binding of
aluminates. That is, one Al(OR)ion is coordinated by the COQand 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 ke dissociation of an OHon due to COO
coordination and bythree o©ndensation steps between the -©tf Hpgl and AI(OH),,
releasing three water molecules. Simultaneously, oneiddtattached to each®lion is being
protonated yielding bkD. These two coordinated water molecules are likely to dissociate from
the com@x during the evaporation process. The possible structure of the complex is depicted

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

Freezing Point Depression (FPD) measurements

Additional experimental data wecollected to reinforce thabtainedspeciationmodel. This
simple method proved to be handy to support the results obtained by other experimental
methods[64]. Freezing point depression, being a coligative property, is proportional to the total
concentation of the ionsn relatively dilute solutions

@, KB = Xi 7, (23
whereK;is the cryoscopic constant for water (which is taksf.86 °C-Mi1, and the term
[Xi]T refers to the totatoncentration of discte ions in the solubn. If the number of solute
particles decreases,g.complex formation takes place, the freezing point depression also
decreases. The measured value corresponds to the sum of equilbrium concentrations:
W, nidkeB] X - (24)

In order b quantify the difference between the theoretic&l ,@ssuming full dissociation)

and the observed values, the following equation could be used:
Pd=Tr , +-Fre,oniec KB = Xi 7- X (29

whereee &; refers to the extent ofapticle decrease, therefore to the extent of association.
This parameter and the measured FPD values for solutions with various NaAl(CH)pgl,
NaOH and NaCl are presented Table 9. Examining the first seven solutions, which are
exclusively strong etdrolytes, the valuesel;neasagrees well with those calculated assuming
the full dissociation of thespecies @Ttiheo) - I n t hese Tivaue vefeistontte t he
uncertainty of the method and can be taken as 0.14°C. In solutions containing AlEGpQF
and OH, stating from compositonNo.8 , t h e p #;is at lmast tweortimesagher than
the uncertainty of the method. Since this parameteproportional tothe magnitude of
association, itsncrease indicates the enhancementahplex formation. Regardinde first
AIl(OH), -dependent solution serieNd. 911 3) t he ™ &ndrapses wntl 3:2zeae

metalligand ratio, where theaction of Al3(OH).3HpgF,' reacheds plateau valu€Figure17).

45



hence t he Tboalhlgeemaindyf creditsd to the fornmti of Ag(OH)sHpgk,'
species.

In order to attest the performance of the suggested modedqgthibrium concentration of
each species (for a given samplegre calculated on the basis of compositions and stability
constants presentedTrable8, with the aid of PSEQUAD softwarélsing these concentrations,
the expected freezi nNTgapesentedinmabledpwere sbtainedmandv al u e
compared with the measured onédthough the ionic strength and the temperature of the
solutions used fo the FPD experimentdiffered substantialyfrom those which were evaluated

to deducethe formation constantghe observed and predicted values agree reasonably well

Table 9 Freezing point depression measurements for the system containing varioussashdlas|(OH),

NaHpgl, NaOHIroerf eNasClt.o aahe di ff erTend,Caculdies byvasseming t he t
complete dissociation ofTim&da chP 2.0 mMpMmthédsxtentmonpasickne a s ur e
decrease. The calculated FPDvalaese | i st €Tgaci N c ol umn &

# [NaAl(OH)Jdr [NaHpgllr [NaOH} [NaClr &fiiheo @Ttmeas @& Ticar
/M /' M /M /M /°C /°C [°C |°C

1 0.200 0 0.205 0 150 149 002 151
2 0 0.090 0 0 033 033 001 033
3 0 0.175 0 0 065 061 0.04 0.65
4 0 0.174 0 0 065 062 003 0.65
5 0 0.271 0 0 101 093 0.08 101
6 0 0.445 0 0 166 151 014 1.66
7 0 0 0.197 0 073 072 001 0.73
8 0 0.175 0.197 0 138 111 028 1.29
9 0.101 0.178 0.202 0 1799 094 085 135
10 0.200 0.175 0.205 0 216 119 097 160
11 0.401 0.175 0201 0209 367 25 111 295
12 0.600 0.175 0200 0414 516 389 128 441
13 0.800 0.175 0205 0615 668 582 085 591

Solubility simulationstheeffect of NaHpgl on the solubility of Al(O¥B)

The effect caused by NaHpgh 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 waas follows: f no complexation occurs between
aluminum and Hpgl gibbsite may precipitate from the solutiofihe stability constants used in
the calculations are listed Table8. The solubility product of AlOH)was assessersingthe
value (log K*spaion); = 9-49) found in the lterature obtained at 5.@Ikg'* ( as. nan) m

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

as follows:
At% oH= @oH) (26)
. ARTH
Ksg—F7— (27)

Increasing the metad-igand ratios, a considable shift of the solubilty curvescan be
observed. Surprisingly, in the ptdnge where gibbsite was predicted to form, no precipitate
was observed. This phenomenon could be explained by the findinBesefter et al.that is
sodium gluconate dramadiy inhibits the formation of AI(OH)s) precipttation by blocking
the active crystal growth surfaces of gibbsite sd&d8]. These conclusions were further
confirmed byBeckham et al.who revealed that the interaction betweeéigllconate and
gibbsite $ 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 afttially covered
sites[149].

In accordance with the publications above, the formation gOA&l)sHpgl , AI(OH)sHpgl
and Ak(OH),0HpgF particles is accompanied by a large excess of free ligand in the pH range
from 6 to 11, thus implying the stabiij role of the ligand in this domain. In conclusion, the

lack of precipitateis due to the formation of ligand stabilized hydroxides.
111

10
—
(IV __________________________________________
o
a9
— [NaHpgIl/M ; [NaAI(OH),1'M ; [NaOHI/M
T 0.200 0.202 0.204
= 8 ——— 0.300 0.200 0.204
& —— 0.400 0.200 0.204
i 0.200 0.100 0.200
= 0.200 0.130 0.200
o 0.200 0.170 0.200
L ——0.200 0.400 0.207
——0.176 0.130 0.051
6 / 0.176 0.130 0.100
/ 0.176 0.130 0.151
1/ ——0.176  0.130 0.401
/ - - - - logK,, (Al{(OH);)
5 T T T T T T T T T T 1
2 4 6 8 10 12 14
pH,

Figure 20 Solubility of AI(OH)s regarding tgoH. The calculations were performed on the basis of stabilty
constants coespondingté=25°C andl=4 M (NaCl). The dashed line refers to the logKion), value, above

which Al(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

Comgexation of A¥* in the acidic region

To gain structural insighinto the complex forration a series oftH and13C NMR spectra
as a function of pH andA [ OH 1} were recorded Before any analysis concerning
complexation we have to note that tbe pHdependentH and'3C NMR spectraas well as
the A ( ol [ 3-dependentH and*C NMR spectraat pH=4 (Figure 21, 22, 23 and 24,
respectively , there are several peaks mar ked as
the lactone fom of heptagluconic acid. The formation of such ring compounds is common for
hydroxycarboxylic acids, such as gluconic g&d]. Due totheir rigid structure, the lactones
are in general do not participate in metal complexation; hence, we focus soklg lgand

peaks in the following discussion.

pH = 12

MJMMWME
M ™ ) L A M pH=10

A e oH =9

| A AN WA M pH=6
—/"W\__\_/\/N’\'\\_)‘“\___ pH=5

pH=4
M HT He > 17! NaHng pH=28

4.2 4.0 3 8 3. 6 34 3. 2
Chemical shift /ppm

Figure 21'H NMR spectraof solutions containing [Al(QH)r = [Hpgl']r =0.200 M as a function of the nominal
pH at (25¢ 1) °C.
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3C NMR | 0.200 M Hpgl™ +0.200 M Al(OH),

4

=

]L] [ l 0.200'M NaHpgl

/L [
T T T 7 AT T LI I B N S B S E S S

184182180178 82 80 78 76 74 72 70 68 66 64 62 60
Chemical shift /ppm

Figure 22CNMR spectra of solutions containing [Al(QH)r = [Hpgl']r=0.200 M as a function of the nominal
pHat (25t 1) °C.

For the solution withA [ O I%Hz [Hpgl]t = 0.200 M and at pH = 4, the dominant species

is theAj( Ok p %dimer; see the speciation diagram of heptagluconatéiguare 16. The

1H spectrum Figure 21) shows that the chemical exchange between the free and complexed
ligand is rather slv, giving rise to broad and thus not wrelsolved signals. This is in line with

the A O I'Zj )-dependent spectra at the same PBifjifre 23); that is, the signal halvidths

increase gradually, particularly the C2H(OH), C3H(OH) and the C4H(OH) dries indicates
their vital roles as coordination site&s for the13C NMR spectrgFigure 24), the drop in the

relative intensity of the GXC5signals also suggests their participation in the mietabinding.
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'HNMR @ pH =4

A A“"\M

0.200 M NaHpgl + 0.150 M AI(OH);

A W\me\\‘“‘\;\/kwf\’\h_ogmn NaHpg! + 0.100 M AI{OH),

|
Mmmﬂ M Nafipg! + 0.020 M Al(OH);

MMM\M}@OO M NaHpgl + 0.005 M Al(OH);

L
L I— 0.200 M NaHpgl

0.200 M NaHpgl + 0.200 M Al(OH),

] ! | ! | ! ] ! ] ! 1 ! | ! 1
41 4.0 3.9 3.8 3.7 3.6 3.5 3.4
Chemical shift /ppm

Figure 23'H NMR spectraof solutiorsontaining [Hpdll+ = 0.200 M as a function of [AI(OM)]rat pH =4 and
(25¢ 1 °C

Furthermore, the slow exchange is indicative of strong Higdald interactions. We can
elucidate this feature by the high charge density of the metal, resulting in strong coordinative
bonds between Al and the COOas wellas the OH groups. In turn, the coordination GfAl
leads to the weakening of thé B bonds. In turn, the acidity of the OH function decreases, that
is, the deprotonation of the OH group can occur at much lower pH than in thdneetsystem
(pK =13.8, Table 8). This the welknown metalon-induced ligand deprotonation and its
driving force is the formation of stable chelate rings with the idh being bound to the COO

and (at least) one alcoholate moiety.
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0.200 M NaHpgl + 0.050 M Al(OH);

C4
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cz2 Cs
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Figure 24 3C NMR spectra of solutionsomtaining [Hpdl]r= 0.200 M as a function of [AI(OH)]rat pH = 4
and(25+ ] °C. The assignation ofthe peaks is depicted in the inset. Due to the decreasing relative intensity of the

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

This isfurther supported by the fact that the first deprotonation step referring to the reaction:
Al HP@IAI Hplg+H' (29
with a (K of 3.6 (lodo114 T logbo113 Table8), being much lower than that of the3Ahqua
ion (K =5.5 atl =3 M Nad [106]). This indicates that the first deprotonation step indeed
occurs on the ligand rather than on a metairdinated water molecule, simiarly to the
Al(IN/Gluc ™ system[125]. Whether the second deprotonation takes place on the ligand or on
a watermolecule yielding the putative AI(OBHipgP species (and its dimer), however, is not

deductible from the NMR spectra.

Complexation of At in the closeto-neutral region

Increasing the pH further up to 9, the recovery of the spectrum of the plain tGgande
observedFigures21and22). This becomes obvious when we compare the spectrum a8pH

with the one of Hpglat the same pHHgure 21). Moreover, increasing [A(OH)]+ atpH =8
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results in only a minor downfield shift of tAkl peaks Figure 25) and no noticeable variations

in the 13C spectraKigure 26). Consequently, the complexes formed in the pH rangé 6

in fast exchange with the free ligand. The acceleration of the chemical exchange upon the pH
increase implies the weakening of mdigand interactions. A possiblealpeit somewhat
speculative) explanation for this striking feature is that further deprotonation takes place on
coordinated water molecules. The strong bond betweemAdl OH ions leads to the apparent
destabilizationof those between Al and Hpdl. This scenario seems to be valid for all species
formed in this range, particularly for ADH)sHpgl being the predominant oneee the
distribution diagram inFigure 27). Furthermore, noy : na O3 holds for all complex
compositions, suggesting the formation of Al(QiHoieties being loosely bound to the ligand

through the COOgroup.

'HNMR @ pH =8
M M—N"\Mm_ﬁ}\ﬁ) M NaHpgl + 0.200 M AI(OH),
1 ! 0.200 M NaHpgl + 0.150 M AIl(OH);

0.200 M NaHpgl + 0.100 M Al(OH);

0.200 M NaHpgl + 0.050 M AI(OH}),

M 1 \ 0.200 M NaHpgl + 0.020 M AI(OH);
M \ h 0.200 M NaHpg! + 0.010 M Al(OH),

0.200 M NaHpgl + 0.005 M Al(OH);

! Hh n T O.ZOﬁ M NaHpgl

T T T T T T T
4.1 4.0 3.9 3.8 3.7 3.6 3.5 3.4
Chemical shift /ppm

Figure 25'H NMR spectra of solutions containing [Hpjg = 0.200 M as a function of [AI(OM)]rat pH =8 ad
25°C+ 1°C

Concerning AlOH)sHpgf, this finding is in contradiction with the structuoatined in
Figure 19, where strong AIOi C bonds are present. As an attempt to resolve this contradiction,
we propose this species to be in the form ef@H)sHpgl in solution with AP+ being sixfold
coordinated. A possible isomerization of the metal center from twt@trahedral geometry

during the MS measurememnay faciitate the condensation reactions, resuling in the
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formation of the AOH),HpglH;3s" complex (Figure 19). Interestingly, such change in the
coordination number was suggested for the Al(§BH)C’ complex previously[145].

3CNMR @ pH =8

| ' l 0200 M NaHpgl +0.200 M Al(OH);
r ‘ A At vv—TN““
I I I J0.200 M NaHpgl + 0.150 M Al(OH);
| —T—
o ].0.200 M NaHpgl + 0.100 M Al(OH);
T
| ]0.200 M NaHpg! + 0.050 M Al(OH);
Y
w1 | ] 0.200 M NaHpgl + 0.020 M AI(OH);
I 10.200 M NaHpgl + 0.010 M AI(OH);
T | ©0-200 M NaHpgl +0.005 M AI(OH);
u l l l 0.200 M NaHpgl
' |
ya
4 I 7/ I ' I ! 1 ! I ! 1 4 I ! 1
180 178 74 72 70 68 66 64 62
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Figure 26 *C NMR spectra of solutions containing [Hgk 0.200 M as a function of [AI(OH)]rat pH = 8
and 25°C+t 1°C

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

0LHng‘

Figure 27 Speciation diagramas a functiorpdtregarding Hpdl The calculations were on the basis of stabiity
constants provided iffable8, corresponding tb = (25+0.1) °C andl = 4 M (NaCl). Total concentrations:
[AI(OH)4 ]r=0.200 M and [Hpg]r=0.200 M.
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Complexation of At in the alkaline region

Both thelH and13C spectra above pH10 (Figures21and22) exhibit salient variations,
namely, the appearance of new peaks which correspond to fawigd complexes. This is
apparent in the [AI(OH)]t-dependentH and13C spectra at pH 12 (Figures28and29). The
emergence of distinct peaks of the complexes indicates that the ligand exchange rate is even
slower than ta oneat pH = 4.

The slowdown of the exchange processes signals the forméspees that are considered
to be inert on the NMR timescale and again reflects strong-iigatad interactions. This must
be the consequence of & C ethereatype bonds of highly covalent nature, forming via
intermolecular condensation reactions.ig¢Timechanism and the concomitant slow exchange is
known for the Al(II1)/Glu¢ system[126].) On the other hand, the deprotonation of the ligand
results in similar AlOi C bonds being present already at$HM (Figures23and24). Why in
that case the exchga 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 istetrahedralvhen it is octahedral This leads to the interesting presumption tinet
change in the coordination geometry occurs in the neutral to mildly alkaline pH regime.

'HNMR @ pH =12
0.200 M NaHpgl + 0.200 M Al(OH);

0.200 M NaHpgl + 0.150 M Al(OH),

0.200 M NaHpgl + 0.100 M Al(OH);

0.200 M NaHpgl + 0.050 M Al(OH),

3

0.200 M NaHpgl + 0.020 M Al(OH),

0.200 M NaHpgl + 0.010 M AI(OH),

M MAMMM 0.200 M NaHpgl + 0.005 M Al(OH);

0.200 M NaHpgl

4.2 . 3.8 3. 6 34 3.2 3.0
Chemical shift /ppm

|
)
I
M

Figure 28 'H NMR spectra of solutions containing [HdgkE 0.200 M as a function of [AI(OH)]r at pH = 12
and(25+ 1) °C
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Figure 29%3C NMR spectra of solutions containing [Hpjgk= 0.200 M as a function of [AI(OM)]+ at pH = 12
and(25+ 1) °C

Furthermore, th&3C spectrum at pH = 1ZF{gure30) exhibits eight additional peaks around
theC 1 the C7 peaks of Fidgue2?d.nee

addition three complexes dominate namely Al(BIgyP ',

AIOHsHp ﬂTIandAJl OH; Hp % IThe presence dit leasteight complex signals clearly

as well as

to Hpd|, the equilibria,
shows that these species exist in isomeric forms. It is also important to notet thate
concentrationsa further deprotonation occurs on Al(QHpgF' yielding AI(OH)sHpgF (and

AIOHsHDPp ﬂ JIseeFigure27). The exstence of a fiveeoordinated A} in strongly alkaline
medium is a longunning conundrum in the inorganic chemistry socj@g0]. Whether this is
the case in the present system cannot be concluded from our experiputfiuture extended
X-ray absorptio fine structure (EXAFS) measurements cquidbably addresthis question.
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Figure 30 Comparison of*C NMR spectra of a solution containing only [HpgE 0.200 M (black spectrum)
with one containing [Hpgl=0.200 and [AI(OH)]r=0.200 (red sperd) at pH =12 an(®5+ 1) °C
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The structural and thermal analysis of the solid compounds

forming in systemscontaining Ca?*, Al3* and he ptagluconateions

Crystallinity studyof thepreparedsolidsandreference compounds

First, the powder Xay diffractogams of the precipitates as well as the-Had Ca
heptagluconate reference campds were recorded to gain information on the reflection
patterns and crystallinityThe NaHpgl hydrate has sharp and wsdparated reflectiong=igure
31a), whereaghe XRD tracesfthe C aH p g,/RH,O0 reference and the gsepared binary Ga
Hpgl and AlHpgl samples are rather broad and not -atelictured indicating & amorphous
nature ofthe binary complexes. Similarly, the diffractogram of the ternaryACEpgl-5
sample shows broad reflections with low sigt@hoise ratio Figure31a; for the other ternary
compounds, sefeigure 31b),referring again to a low degree of crystallnity. This finding is in

ine with the formation of amorphous @d-gluconate sold phasereported previousiy151].

w
Na-Hpgl (Sigma A.) Za-:pg:-;'
a-Hpgl-

. W
. _ B Gl
E Ca(Hpgl),-H,O (Sigma A.) w
CaAl-Hpgl-5 w
0 2 3 4 s 6 o 20 3 40 50 60
20/ 000
() (b)

Figure 31 X-ray diffractograms odl) the reference heptagluconate (Hpglalts, the aprepared binary Gand
Al-Hpglsolid compounds, and a typical ternary&aHpgl compoungb) all ternary compounds.

The maophologyof precipitatescomparison 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 wejstalized sodium heptagconate the ternary
and binary solidsexhibit arather amorphoysthereforesignificantly different morphologies
(Figure 32), which is in line with the findings of XRD experiments.

For all these samples, exclusively highly aggregated particles (inrtge ch 5001000 nm

merged into few micron sizes) with planar shape and smooth edges could be registered without
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the occurrence dafrystalites Meanwhile, the SEMEDX analysis of the ternary samplese¢
Figure 32 for CaAlHpgl) shows rather uniform dishution of calcium and aluminum atoms
implying that this compound is indeed a ternary complex ana heterogeaous mixture of

two binary solids.

Figure 32SEM images of sodiumheptagluconate (NaHpgl) and its binarACa, Al-Hpgl) as wellas ternary
(CaAlHpgl) complexes with G4 and AP ions. The images of CaAdpgl2 and CaAHpglk7 represent the
typical morphology, while the image of CaBlpgt5represents the metal distributionin the samples.

Calculation of the possible stoichiometries of finecipitates

The total concentrations of €aand AP+ for the binary and ternary samples (dissolved in
a2 M HCIl) wer e «DES, whienthenmrtenttation df @ptagluconate was
estimated on the basis of W& spectrophotometry (selexperimental Partfor further
discussiop The calculated mass pentages of Ca, AR+ and Hpgl are listed inTable10.
The molar fraction of OHwas 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 werreferenced to that of &I(which was set to unity) and the thus obtained
cumulative stoichiometries are presented alsbaihlel0.

As a result, the Gélpgl binary complex is most probably in the form of partially
deprotonated CaHpglwhereaghe forrmula of AFHpgl binary sample (AlHpgk(OH)..¢) can
be assigned to the trinuclear slpgl(OH)® complex, whose stoichiometry is similar to the
previously reported AHpgl(OH),¢? solution species, which was found to be formed in
alkaline solutions(seethe distribution diagramn Figure 27).

To assess the composition of the ternary products, we have simulated the speciation of the
Al3*- and Hpgl-containing species fahe applied[AI(OH)/ ]+ and [Hpdl]r concentrations

(see inTable2), using the stabilty constants provided Tiable8. Under these conditions, the
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dominant solution speciegethe AHpgh(OH)s* and AHpgl(OH)Z ones Adding CaCj to
these solutions,the formation of thesold phase could be observedccording to the
preliminary results from XRD and EDX studiethe formation of at least one lesolubility
heteropolynuclear CAl-Hpgl complex could be inferred Examining the calculated
cumulative stoichiomeies listed in Table10, threetypes of complexe€anbe conceived in
the first case, when theplilnypg ratio is above 1.0 (samples CaApgtl to 4), both the
formation of CaAlHpgl(OHY and CaAlHpgl,OH:L is possible

Ca&%Al HPpHf=zCa Al HPEG (29

2C4% AHp gOH&zCaAHp g10B) (30

The most plausible explanation for the calculated stoichiometries is that the samples
contained a mixture of ternary (or binary) compounds, which could be interpretéik b
products described Bquatiors29and30.

On the other hand, for samples witBufMypg < 1.0, one major compound with a more
sophisticated structure could inéerred Examining the calculated stoichiometries for samples
CaAlHpgtk5 to 8, the diffeences among them are only minmplying the exclusive formation
of only one complex,C gA }H pgloglyvhich may be formed by thformal) 1:1
combination of CaAIHpgl(OH)? and CaAHpgl,OH:C. In addition the stoichiometry of the
metal ionsin CgA }Hp g 10 Bls)rongly resembles that of TCRaAlx(OH)12, which may
contribute to the understanding of the results publisheitmyet al.[151,152]

Table 10w/w% distribution of the components and the calculated cumulatich&imetry

. Calculated cumulative
Sample ID Ca* (Wwwoo) Al (Wwo) Hpgl" (Wwo% ) o
stachiometry

CaHpgl 76 - 74.9 CaHpgl §OHo :x4.9 HO

Al-Hpgl - 17.0 60.5 AlHpglo.OHz.6
CaAFHpgk1 16.7 5.7 58.0 CaAlHpgl: 20Hs 7
CaAkHpgl2 134 3.3 67.9 Ca sAIHpgl2.50Hs 0%0.5 HO
CaAlHpgt3 12.6 4.1 66.6 Ca.1AIHpgl1.¢0OHs 2x0.6 HO
CaAlHpgh4 14.8 2.9 62.3 Cas sAIHpgl2.60H7 2xH0
CaAkHpgk5 11.6 4.4 63.9 CausAIHpgl1.80H, 8x1.3 HO
CaAlHpgl6 124 5.7 64.9 CasAIHpgl1.40Hs6x0.1 HO
CaAlHpgt7 134 6.8 61.3 Cau 5AIHpgl1 20H, 5x0.6 HO

CaAkHpgHs 12.0 5.4 63.9 CasAIHpgl:.40H, 6x0.6 HO
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The effect of metabn coordination on the infrared and Raman spectra of sodium
heptagluconate

The informatiobhienpraviededandy Raman dmesctr a
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Figure 33Comparison ofthe IRand Raman signals in tHeé & d CO-O stretching vibration ranges in case on
sample CaAHpgl3
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The Q C stretching range of the Raman spedivales thesolid ternaryspecimensnto two
groups, showing a clear difference in the conformation of the backbone of (Fgglhre 34).
The Raman spectra of samples from Gaddgtl to CaAtHpgt4 differ somewhabnly in the
wavenumber rangeelow 800cmii, which is in the outof-plane deformation raye of the
carboxylate and CH groups Figure 34, left (a)). Only slight relative intensity differences can
be identified elsewhere in the spectra.

The other group of samples from CaApgt5 to CaAtHpgt8 showmuch more uniform
Raman spectréihey areandistinguistable), exceptaround 160énT1, which is the carboxylate
stretching regionKigure 34, left (b) ).

The Q C stretching region dhe twogroups differ essentially, indicating the difference in
the conformation of the carbon chain. This range tiseracomplicatedn the spectra of CaAl
Hpgtl to CaAiHpgH4, but the otheseriesof spectra shows very clearly a set of nearly
equidistant bands, thesoa |l | e d Ab a n de., the sy of a &illy steetchied carbon
backboneg153].

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't

Figure 34Raman and IR spectra of the ternary compounds. The difference betweéCtbeiching region of

the two groups indicates the difference in the conformation ofthe carbon chain.

The corresponding infrared specsgem to confirmour conclusions drawn frotihe Raman
spectralfigure 34, right): the magnitude of differences for both groups of spectra are essentially
the same, therefore the division of samples into two groups from-igpgkll to CaAtHpgl-4

and from CaAHpgt5 to CaAlHpgl8 is appropriate.
Anotherinterestingfeatureof the spectra is the carboxylate region, whickeenon Figure

33b. The position of the peaks, tentatively assigned to the carboxylate stretching modes, did

not coincide on the corresponding infrared and Raman spectra ofiti@es. Since the

61



selection rules do not justify this difference, there were only two possibilitie®ngider One
possible explanation thatthe ligands are arranged in central symmetry around the metal ions,
resulting the separation of theradeandungeradespecies into the Raman and into the infrared
spectra, respectivelyThe other possibility is thatthe positions of the peaks couddise from
overlapping bands with various intensities, indicated by the differences in the carboxylate
stretching egion depictedn Figure 34b [153].

A straightforwardway of verifying this assumption ighe analysisof the Fourier self-
deconvoluted spectra between 1850 and 120@1. A typical result of the Fourieself-

deconvolution is shown inFigure 35.

CaAl-Hpgl-8

IR

Deconv. Raman

Absorbance / Raman Intensity

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

Figure 35 Fourierself-deconvolution performed on the IRand Raman spectra of sampleHEah8.

The carboxylate stretching peaksleedsplit into at least two components in the infrared
spectra. However, the deconvolution of the same range of the Raman gpedtad less
information, since the peak around 160thi! being too weak and too broad forreliable
Fourier self-deconvolution. Neverthelesshe sel-deconvoluted spectrum doast indicate the
presence of overlapping bands

In conjunction with Fourie self-deconvolution, peak fittihng was performed wittach
spectrumin the same region. An example sifich spectral decomposttiofor sample CaAl

Hpgt8 is depictedn Figure 36.
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Figure 36 The result of peakfitting demonstrated on sample &4#gl-8. The position of the fitted carboxylate
stretching bandisply a symmetry center betweenthe ligands.

As a result there were apparent deviations between the d@cementioned groups of
samples. Generaly, fewer peaks wsuéicient for a satisfactory fitof the spectra of samples
from CaAlHpgtl to CaAlHpgt4, than for samples from Cafpgt5 to CaAtHpgh8. More
importantly, no analogous bands could be foumdhe Raman spectra of the first group of
samples between 1600 and 1800 matching the strag 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 carbogge stretching bandsn the infrared and Raman spectra are
satisfactorily close to each other, ruling out the presence of a symmetry center between the
igands. (For detailed data, s€ablel11).
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Table 11 Results of the peak fitting, performedthe caboxylate region (1850200 cm') of the IR (plain
background) and Raman (grey background) spectra

Sample ID ni/cm-t Lo(r)zntz AArg/isaa nz2/cmtt Lo(r;;ntz ﬁaal nz/cmtl Lo(r)zntz A/)Li@aal

CaHpgl i i 1500 063 04 1413 0.00 3.3
1609  0.00 i i i i 1428 000 11

Al-Hpgl 1634 0.0 i 1554 021 22 1393 047 2.4
1650 0.3l 05 i i i 1405  0.00 2.0

CaAkHpgHL 1621 027 19 1569 0.5 16 1418 100 2.0
1600  0.00 i i i 1427 000 15

CaAFHpgh2 1609 0.01 13 1574 0.04 1.7 1419 0.81 2.0
1601 0.00 i - i 1426 0.00 14

CaAFHpgh3 1614 0.01 16 1571 001 1.4 1419 0.86 21
1602 0.00 i i i 1427 0.00 14

CaAkHpgh4 1613 0.34 12 1574 001 16 1417 064 21
1603 0.00 i i i 1426 0.00 17

CaAkHpgS 1604 0.3 0.8 1568  0.34 17 1419 1.00 23
1631 0.00 04 1581 0.0 1429 000 17

CaAkHpgh6 1625 0.34 17 1565  0.60 0.6 1426 1.00 36
1631 0.00 02 1576  0.00 8.9 1429 021 16

CaAkHpgHY 1619 0.00 0.6 1569 0.00 1.0 1423 0.50 35
1634  0.00 02 1576  0.00 8.8 1429  0.33 17

CaAkHpgh8 1621 001 07 1569 039 08 1423 09 4.0
1634 0.0 02 1576 000 106 1429 033 16
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The spectra of the binary samples-iBpgl and AtHpgl were also studied. Their spectra,
togetherwith thefitted carboxylate stretching bands were showFigure 37.

Absorbance / Raman Intensity

" Raman

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

Figure 37Fitting results of the Gilpgland AtHpgl binary samples. The antisymmentric carboxylate stretching
mode of Hpglabove 1600 chhrefers to the coordination with Al(lll), wéreashe region 0fl600- 1500 crt* is
indicative ofCa(ll) complexation

Comparing the fitted peak positiorte thoseof the ternary compounds, one can infer that
the presence of two bands in the antisymmetric carboxylate stretching agigies fromthe
coordination of Ca(ll) and Al(lll) ions to Hggligands. Expilicitly, the antisymmetric stretching
mode above 1600m! corresponds to the coordination of Al(Ill), while the band between
1600 cmt and 1500cmt may be the sign of coordination to Ca(llp4 156).

Finally, the ratios of the integrated intensities of the fitted antisymmetric carboxylate bands
above and belo 1600cm ! corroborate the existence of the two typesaitl compoundsthe
ratios were above 1.0 for the samples from Gldpdtl to CaAtHpgt4, and below 1.0 for
CaAlHpgt5 to CaAiHpgt8 (Table1l), indicating that the relative amourdf Al(lll) as
compared to Ca(ll) is higher for the latter precipitaiteshe second groupThis agrees well
with the results obtained from the IGPES analysis.
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Thermal analysisf the ternary complexes

The thermograms of both the-Adnd CaHpgl solids Figure 38aandFigure 40a-b) as well
as the CaAHpght7 ternary complex Kigure 38b) exhibit weltdistinguishable mass loss
processes. For all compounds, the physicaly adsorbed watgthe fraction of water which

is bound to the surface) evaporate first at G0fdllowed by the release of lattice water below
~180°C.

-0.1 CaAl-Hpgl-7

100 1 Pg
90 - 0.0
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@ (b)

Figure 38 Thermograms (left axis, black solid line) and differential thermograms (right axis, blue solid line) of
the Akbinary(a)and a typicalternary (CaAdpght7) complexb).

The next major loss peak appears between 180 and 400 2Bp@) or 180 and 350 °C
(CaHpgl and CaAMHpgtS). To reveal the underlying chemical processes, infrared spectra of
the CaAiHpgt7 solid calcinedat 200, 310, 340 and 500 °Eigure 39a) were recordd. 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 compareditdré@tedsolid (Figure
34, right). However, above 310 °C marked variations caoldserved: namely, the intensities
of the ligand @H/Ci H stretching vibrational modes at 273750 cm! decrease gradually, in
conjunction with the weakening of thé O bands between 900 and 1200 trRarallel to the
mineralization of the heptagluconatée tdehydration of the AI(OK$>* ion may also occur,

as this step takes place <300 °C in the case of AKDH).
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Figure 39 Infrared spectra of the CaAdpgl7 ternary solid compound after heat treatment at different
temperaturesy, and the binary and commercial solids at 20tand 340C (b).

Between 340 and 500°C, the caramelization of the ligand proeégdsimilar mass losses
(161 22%), presumably along with the dehydration of the Ca(@#) (which occurs at ~460
°C, see the TG@urve of Ca(OHyin Figure40c). The infrared spectrum of the solids calcined
at 500 °C shows the disappearance of thedGind GO bonds. The colapse of the
heptagluconate moiety is also shown by the variation of asymmetric and symmetric vibrations
of the COQO groups (at 1570 and 1410 ¢ Meanwhile, a signal at 1420 thascribed to the
surfaceadsorbed C@molecules as well as a resonance mode at 1480 amresponding to

thein situ generated calcite phase appedi&T].
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Figure 40 Thermograms of the commercial heptagluconate seda)nand calcium saltd) from Sigma. Aldrich
as well as Ca(OH)c) and CaCo(d).

Above 500°C, the merger of calcite phase decompositiigu(e 40c) with the finalstep
mineralization oHpglf could be observed; the decarbonization processes took place in the most
substantial amounts (280% mass losses). A notable feature of theHpdl and CaHpgl
binary samples is that the decomposition of Hgthrted at higher temperaturésan for the
commercially available sodium and calcium salts of heptaglucoRatthermore the ternary
samples exhibited even greater thermal stabilties: for the binary soliddréeia at 200C a
significant decrease in the intensities of theirCCpeaks 9001200 cmtl) in their infrared
spectra could be observelgigure 39b), while those of the ternary compounds wemecathed.

This enhanced thermal stabilty of Hpdgs more evident for the calcination of samples at
340°C: the €O bands and evehe Oi H/Ci H stretching modes (2768750 cnil) of the Na

and Casalts of heptagluconate disappeared on the spectrum, whie these peaks were still
observable for CaAHpgt7 heattreated at 340°C. Moreover, the calculated mass losses

remained under ~13% for the targ solids between 200 and 350°C, and these values were
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significantly larger, 21 and 34%, in the case of binary precipitatablé12.). Ultimately, these
observations could indicate that the heteropolynuclear complexes are more stable than the
binary one, explicable by the intuition that the simultaneous binding &f &ad AP+ yields

overall stronger metdigand interactions

Table 12Mass losses ofthe solids at differenttemperature ranges.

Mass loss under Mass loss Mass loss Mass loss abow

Sample ID 200°C (%) 20071 THO 3507 T  500°C (%)

CaHpgl 9 20.9 221 24.6

Al-Hpgl 125 33.8 17.1 4.9
CaAkHpgH1 14.9 7.4 15.8 26.6
CaAkHpgh2 13.2 12.6 15.8 29.7
CaAlHpgl3 12.7 11.0 16.3 284
CaAkHpgH4 135 10.6 14.4 29.7
CaAI_Hpg|-5 105 12.0 17.2 29.5
CaAkHpgH6 11.3 10.9 17.0 26.2
CaAkHpgH? 12.7 10.8 17.4 27.0
CaAlHpgl8 14.7 11.0 16.8 24.9
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Ca?*/ AlI3* | heptagluconate complexes in the pH range ofi 84:

Preliminary insights into the solution equilibria and speciation

The cardnal step in our work was tescribethe interactionsn solutions containing C&?*,
Al3* and heptagluconate ionghe characterization of such a complex system required a holistic
approach, therefommultiple experimental methods were employed, includigemiometry,
polarimetry as well a4 and13C NMR spectroscopy.

The interpretation of the pidotentiometric and polarimetric data

First, potentiometric titrations were conducted on solutions containing’, &+ and
heptagluconate ions (hereafter tegnaplutions). Due to the overlapping solution equilibria
detectedpreviously in the case dhe Al3*-Hpgl system an appropriate description of the
system required studyingiraa broad pH range.

Comparing the titration curves of the plain ligand witlost of the binary and ternary
solutions, the graduahift towards lower pH could be observ@dgure 41). Among these, the
introduction of both metal ions caused the most spectacular pH éfiglging the formation

of complexes withremarkablestability.
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Figure 41 The effect of C& and AP ions on the titration curve dfeptagluconateHpgl). Experimental
conditionst =25C, | =4 M (NaCl), [NaOH}, =0.250M. The titrant was 1 M HCI.
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Although the introduction of both metal ions resulted in esitenproton release, therge
pH effects already seen fine binary solutions indicates that the contribution of these binary
species to the overall equilibria et negligible. To check to which extent the observed pH
effects are due tihe formation bternary complexes, the titration curvefsthe binary systems
were simulated using the PSEQUAD softwared were compared to those for the ternary

solutions at the same total concentrations
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Figure 42Measured (symbols) and calculated (dashed linajadires for heptagluconatepgl) in presence of
Ca*and AF*ions.BExperimental condition$=25°C, | =4 M (NaCl), [NaOH} o = 0.250 M. The titrant wasMl
HCl. Symbols represent the experimental data, whereas solid lines are simulated curvdsifiaryrsystens
containing either Ga or AF**, based on the logygrsvalues of CaHpgkH<2P *9* and Al((OH))HpgkHL a9+
species presentediables6 and?.

In the first scenario, the simulation of the measured titration curves was based on the
premise, that the mere inclusion of the binary complexes gH@AH P s)* and
Al((OH).)qHpglHtar+s)+ compositions would yield a satisfactory filowever, looking at
Figure 42, one cannotice the significant deviation between the calculated and measured pH

values starting fromapprximately pH 7 8. On the dber hand, the inclusion of binary
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complexes was sufficient to provide an adequate fit below pHrarthermore, in the pH range
of 6 to 14, the structure of the curvdependamainly on the total concentration of €aions.
Theseobservations provided ustwo important remarks, namely that (1) ternary complexes do
form in these solutions and (&)ey dominate theomplexation equilbria in thpH range of 8

to 14.

[NaHpgl];/M ; [NaAl(OH),]/M ; [CaCl,],/M
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Figure 43Measured (symbols) and calculated (dashed line) pH values for heptagluconaseircg of Caand
Al*" ions.Experimental conditions:= 25°C, | =4M (NaCl), [NaOH}, = 0.250 M the titrant was M HCI.
Symbols represent expexental data, whereas solid [mare the results of the filgsed on the lolpgrsvalues of
CaAlgHPpgk(OH)sqg {231 T4%9* s pecies presentedTiablel 3.

The evaluation of the measured potentiometric data was performgttingy the pH- and
Ca*-dependent setsimultaneously Several arious ternary species wesystematicdy
included and check&d while all the aforementioned binary particlesereincorporaéd in the
mode] with their stabilty productdixed to the values presented in Tables 6 andhé best
model obtained on this system yielded EB.3I mV ( A0 . 0 ), whith provideéda
satisfactory description @he measured datahe calculated speciés st oi ¢ hndthere t r i e s
stabilty products are listed below Table13, whereas the corresponding speciation diagram

is presentedh Figure 44.
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Table 13 Stabilty constants, lo@usr, determined for the various reactions taking place irodie/ AI(OH)4' /
Hpgl system. Experimental conditions: 25°C, | =4 M (NaCl). In parentheses, the triple standard error is given.

Reaction log Bogrs
H,O'+OH z 2H,0 14.26
HpglH;O z Hp gl H,O 3.64(1)
HpglH,Oz Hp g | HH;0 113.81(1)
Céd%HplgziCcalp § | 0.42(19)

2 Cd+ Hp 'grl H40z CaHp g, + Ha i 46.61(25)
3 Ca+ HD orl H30z CaHp gHs+ H3 i31.19(19)
3 Cd+ Hp 'grl H40z CaHp g, + Ha i42.98(11)
A{ OHY HAz AT'+ HO 22.81(19)
Al (DHYp gH Hiz Al Hp'y IHO 24.85(29)
Al (DHg'l+ H3z Al ( OH) H P 22.06(13)
Al ( pHYp gHH 'z A{ OEHp gHH,0 12.28(26)
Al (DHplbd A{ OtHp G | 1.89(17)
Al (DHp #H,0z A{ OFHp §4H" i 11.59(29)
Al ( pH)HP gH,0z A{ OFHp g+H" 9.02(15)
2 AIOH9Hp ‘gH H2z A} OFHp g4 HDO 24.98(21)
2 N1O0H)2 Hp g IHAz A( OFHp J4 HLO 37.99(21)
2 AIOHY2 HpP g I1H3z AL( OFHp g4 HFPO 33.41(20)
3AIOH)Hp gH2 Az A} OHjip § + HRO 28.23(26)
3AI0H)2 HP gH,0z AL( OHBp Y +H" i 6.52(26)
4 NIOH)3 Hp gH 'z AJ( OHpp § +H,0 21.74(39)
Ca™+Al ( DHHD gHH,0z CAIOHHp Y #H" i2.46(13)
C&d"+Al ( DHHD bad CAIOH,HpY | 7.67(8)
Ca™+Al ( DHHD H 'z CAIOH Hp § | 15.73(11)
C&d"+2Al (,OH)D &2 HOz CA} OH; Hp §+ & 10.52(9)
2 Cd+Al ( DHHD g2 HOz CaA IO HgH p GHIB" 110.44(29)
2Cd+2 Al ((OHPlg2 HOz CaA ) OH, Hip G+ & 17.33(18)
3 Cd+Al ( DHHb g8 HOz CaAIOH,Hp §+ 8" 113.33(28)
3Cd+Al ( DHHb 'grif"z CagAIOH,Hp J* B,0 27.36(42)
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Figure 44 Speciation diagramas a functionpdfregarding tdHpgl. The calculations were performed using the
stability constants provided ifable13 corresponding to=25°C andl = 4 M (NaCl). Total concentrations:
[Hpgl']r=0.200 M [AI(OH) 4 ]+=0.1M M, [C&*]r =0.050 M

The obtained speciation presented=ayure 44 indeeddemonstratethat ternary complexes

are the prevaiing one# the alkalne pH region, although some ternapecies(i.e.,
CgAIOHHp ﬁ‘j do from in the slightly eidic region as wellAccording to the present
mode] three major ternary species could be identfied.e., the Ca AHzHp % ]
CaAIlOHLHPp §+Iand theirdeprotonated formsaas well asth€ & § OH 4 i p @ tomplex

dominatirg the strongly alkaline regimeThe formation processof the formercould be
described by the initial coordination of a<Cian to the binary A(OHHpgF complex, yielding

Ca AOHzHp %;This stepis followed byits gradual deprotonation, whiakitimately leads to
the formation ofCa AQHgH p ﬁ |l Regarding theC#& j OH, § p @ Icomplex the
substitution of one Al(OH)moiety of theAt OH, H p Zj binary complex to a Caion could
be a plausible explanation on fte'kmation. Nevertheless, these workirgpotheseswil need
further verification in the future by spectroscopic methods.

In addition, Ca*-dependent polarimetric and potentiometric measurements were also
conducted on solutions containimg 1 O HZand Hogl ions. Polarimetry proved to be a handy
tool in detecting complexeforming in a pHindependent process, thereby giving us a more
complete understanding of the speciati@esides, fittihg the acquired data with the already

existing model is a simple ethod for the validation of the speciation.
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Figure 45 Measured (symbols) and calculated (linesj*@ependent potentiometric and polarimetric data
calculated onthe basis of stability constants list&alnlel 3 Experimental conditions= 25°C,1 =4 M (NaCl)
and @) [NaOH}r,0 = 0.050; b) [NaOH} = 0.250. The titrant wasNl CaCk.

Fitting the Ca*-dependent data together with the-géjpendent potentiometric data did not
introduce additional particles. The recalculation of the modedthey with these datasets
yielded FP=5.34 and provided only small errors between the measured and calculated data
although a significant deviation could bbservedn the initial stage of polarimetryFigure
45b). This error could be attributed to tlaek of theC a AOHsH p 'g domplex, however due
to the high correlation witlC aAj OH, § p ﬂ,lboth species could not have been included

into the final model.Based on this fitthe specificrotations of the correspondingcomplexe s
were obtainedand argresentedh Tablel4.
Table 14 Specificrotation of the individual species forming in t@e&* / AI(OH)4' / Hpgl systemExperimental

conditionst = (25+2) °C andl = 4 M (NaCl). Total concentrationgCa?*]t = i 100 M,[Al(OH)4 ]+ = 0.050
0.100M and [Hpg!]r=0.100 0.200 M.

Species [ U] A Ayt
C#&IOHzHp | 150.30
CALOH, §ip{! 45.84
CaAlOHgHp | 28.08
CaAlOH;Hp g | 16.65
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The effect of ternary complex formationtbe!H and13C NMR spectra of heptagluconate

In order to gain information ortle preferablemetalion binding sites othe ligand,*H and
13C NMR spectra ofhefdagluconate at varying [Ca{i in the presenceand absence of
Al(OH), were recorded.In sdutions containing [Hpdly =0.100M the signals of
heptagluconatego through spectacular changes upaddition of CaCh. With increasing
[Ca2*]+, significant line broadening occim the IH NMR spectra Figure 46a), which stems
predominantly from the sledown of the chemical exchange processes between the free and
bound ligand moleculesThis line broadening is most remarkable for the H2 and H4 signals
suggesting the participation of the C(2IH and C4(2)HOH groups in the coordination of
Ca*ions [64,66,101] As for thel3C NMR spectraKigure 46b), significant line broadening is
seen for all peaks (except for C7), hence the coordination sites cannot be deduced
unambiguously. Nevertheless, the Stfnals completely mergeto the baseline already at 0.0

M CaC} (see the inset iRigure46b), supporting the plausible coordination of the C@@up.
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Figure 46 'H and®™C NMR spectraof heptayluconate as a function c€Ch]r. Experimental conditions:=
25°C, 1 =4 M (NaCl); [NeHpgllr=0.100 M,[CaCbk]r =07 0.075 M [NaOH}r = 0.255M. The appropriate nuclei
and their numberingre indicated in the legend.

Chemical shift / ppm

Conversely,n solutions containingNaHpgl+=0.100 Mand A | ( QH:)0.0SOM, several
new peaks appear with increasing fGa(Figure 47). These new signalindicate that the
chemical exchange bemesevenslower on the NMR timescalghan in the case of the binary
complexes which may refer téhe strengthening ohetatligand interactionsAccording to the
speciation basednothe stability constants presentedTiable13, the predominant aluminate
binary complex isA IO HsH p ﬁ.IAt this composition, the C1 peak of Hpglould not be

identified and the overall signtd-noise ratio is rather low. However, increasjiigg2*]+ only
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to 0.005 M,salientchanges occur on the spectrantistinct peak emerges at 184.8 ppm, which
is indicative of anewly forming ternary compleirigure473g). (Note that this variation cannot
be attributed to a binary Ca(ll) complex, sint® C1 peakis invisible in the absence of
aluminate see the inset ikrigure46b.) Likewise, five new peaks appearthe range of 678
ppm (Figure 47b) as a token of ternary complex formatidncreasing [Cét]+ above 0030 M,
these peaks essentialy disappewhie new albeit lowintensity signals show upt 184.9,
184.2, 77.5 and 75.5 ppreignaling the appearance of yet another ternary spetiese
observations are in line with the qualtatiebangeseen in théH NMR spectraigure 47¢).
Based on th speciation diagram depicted kiigure 48, the new signals can be assigned to
the formation of theC#& )} OH; H pﬂ I([CaCk]t = 0.0050.030 M) and that of the
Ca3AIOH,Hp ﬁ ([CaCL]t+ = 0.0303 0.075 M). Itis intriguing that the rsb intensive peaks
at the highest [Cagl (0.075 M) strongly resembles those of the free ligand (obvious in both
IH and 13C spectra), yet the fraction of free Hpgé essentialy zero. To resolve this
contradiction, one explanation is that the ligdikd spectra actually belong to the
CaAlOHgHP § Ispecies (sed-igure 48), which is possibly an aniestabilized mixed
Al(l1 -Ca(ll) hydroxide, simiarly to the Al(IIBHpgl binary system in the pH range dfI0

(seeFigure 16). Neverthelesghis interpretation need further verification.
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(c)
Figure 47 °C NMR (a, b) and'H (c) andspectraof hept@luconate as a function aZCh]r. Experimental
conditionst = 25°C, | = 4 M (NaCl); [NeHpgllr= 0100 M,[A | ( QTH:)O.(BO M, [CaCh]r = 0V 0.075 M,
[NaOH} = 0.255M. The appropriate nucland their numberingre indicated in the legend.

(@ (b)
Figure 48 (a) Distribution diagram of Hp¢containing species regarding to fQJa referring to [Hpdllr =
0.100M, [A (O HL]T = 0.050 Mand [NaOH} = 0.260 M The calculations were made based on the stabiity

products presented Tablel3. (b)) 1H NMR spectra of the binary (dashed lines) and ternary (solid lines)
complexes of heptagluconate with regardto the incrgé€is*]r. The well distinguishable spectral changes are

in line with the simulated speciation.
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