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Abstract

The general purpose of this thesis is concerneu tvé intricate interactions of pure aluminium spec
with biomolecules. Pure aluminium reference systdalaminium monomers, Keggin aluminium
polyoxocations - Al and Aky,, and aluminium hydroxide suspensions) were usedsystematic
mechanistic studies of the sol-gel transformatidnaqueous solutions of aluminium-ions into
aluminium (oxy) hydroxides induced by the additioina ‘soft base’ - Trizma-base, which does not
ionize fully in an aqueous solution. The converspoceedsvia forced hydrolysis-condensation of
aluminium-ions into molecular clusters, structucahversion of aluminium Keggin-like polynuclear
clusters into nanoparticles of aluminium (oxy) hoidde, aggregation of primary nuclei of aluminium
(oxy) hydroxide into larger clusters and finallyetharrested growth’ of the aggregates with the

formation of the three-dimensional gel network.

The next part of the study concentrated on the [dpugent and the optimisation of a potentiometric
method for the determination of the ‘formal’ hydrsik ratio of aluminium-containing solutions. The

method made it possible to establish the alumirspectiation of the selected systems.

The interactions of aluminium species with threedeidiomolecules - lactic acid, hen egg lysozyme
and porcine mucin - were investigated. Aluminiund dactic acid underwent a strong coordination in
aqueous solutions, with increasing concentratidnisciic acid appearing to force all the aluminium
species initially introduced to convert into monemand dimers as a result of an acidic hydrolysis.
Subsequently, the resulting hydrolysed productsiéat new aluminium-lactate chelates.

The evolution of both the inorganic and biomolecydhases of the lysozyme-aluminium systems
demonstrated that specific charge-stabilised brg@oic assemblies involving aluminium species and
lysozyme formed. The chemical and structural ditena of the protein on interaction with the
inorganic species showed that the interactionsroedu

The interactions of aluminium with mucin appeareeédpminantly electrostatically driven. The
formation of the aluminium-mucin entities modifitlde native conformation of the protein: initially
organised int@3-sheet structure, mucin, within the complexes, @equa more compact organisation
involving intermolecular bonding. Furthermore, hretcase of the aluminium hydroxide systems, the
established complexes were ordered into sheestiketures.

Although the level of concentrations of aluminiamd biomolecules exceeded those normally found
in the human body and environmental media, we belibat the better understanding of aluminium
species-biomolecule interactions would be of béntdi those working in the biomedical and

environmental sciences.
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1. Introduction

Part 1

Introduction

1.1. Aluminium chemistry

The chemistry of aluminium in aqueous solution hasn studied for over a century [1]; owing to its
numerous applications pharmaceutics [2, 3], clay pillaring [4-6], wateedtment [7, 8, 9], ceramics
[10, 11] and catalysis [12, 13] and because ofdaetive properties of the colloidal products [1thE
main compound of the most common mineral sourcawhinium, bauxite [15-18]. The speciation of
aluminium in partially neutralized solutions is pfrticular interest to many fields aside from
chemistry, including environmental science anddmglwhere issues such as the toxicity and transport
of aluminium are important [19-23]. Basic salts t@dming aluminium Keggin polycations have been
employed in a number of applications including ghélaring [24], preparation of AD; nanoparticles
[25], antiperspirant actives [26], catalysts [2&hd composite materials [28]. As an introductidmg t

hydrolysis and condensation behaviour of Al(lll)aqueous solutions will be described.
1.1.1. Water and cations in aqueous medium

The electronic structure of the water molecule limracterised by the oxygen atom being more
electronegative than hydrogem & 3.5,x4 = 2.1). The electron density in the® molecule is shifted
toward oxygen that bears a high negative chargeorling to the partial charge model detailed below,
this charge can be estimateddas 0.4. As a consequence, the water molecule eshébhigh dipolar
moment (1 = 1.84 Debye) and liquid water has a high dielectonstant{ = 78.5 at 2%C).

These two features of the water molecule made @flifjuid a widely used dispersion liquid and a
strong ligand. Its binding properties give risewater-cation complexes that are more or less stable
depending upon the size and charge of the cati@htlee acidity of the medium.

The dissolution of ions allows their separatiorsatution. The prediction of the degree of solvatidn
ions with a charge higher than three is difficudichuse they are subject to hydrolysis reactions and

except in a highly acidic medium, the aquo compme$(OH,)n]** are mostly unstable [29].
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1.1.2. Acid-base properties of ions in aqueous solution

Coordinated water molecules are stronger acids weter molecules in the solvent itself. When the
acidity of the medium is decreased, the water nubdsctend to de-protonate according to the equation

(1.1) of the general hydrolysis equilibria of catd29]:

H,O
[M(OH,),]* +hH,0 =<==[M (OH), (OH,) _.]*™" +hH,O" Equation 1.1

whereh can be defined as the hydrolysis ratio. It coroesis to the number of protons that have been

removed from the solvation sphere of the aquo-natio

During a chemical reaction, a hydroxyl group iseditty bound to the metal ion in place of a water
ligand. The positive charge on the metal ion creates aacitin to water, a Lewis base with a non-
binding electron pair on the oxygen atom, and altester's electron density. This in turn incredbes
polarity of the O-H bond, which now acts as a pnottonor under the Brgnsted-Lowry acid-base
theory to release the hydrogen as dridf, increasing the acidity of the solution. Thesgiilibria are

specific for each element and will vary dependinglee formal charge, size and nature of the element
1.1.3. The partial charge model and its application toaleninium cation

The acidity of the aquo-ion is dependent on pra@echange between the solvated complex and water.
In a non-complexing medium, three types of ligaral likely to exist in the coordination sphere of th
cation: the aquo (D), hydroxo (HO) and oxo (3) ligands.

The acidity of coordinated water molecules increaae the electron transfer within the M-O bond
increases. In dilute solutions this leads to a ehs#t of solute species ranging from aquo-cations
[M(OH)\]** (h = 0) to neutral hydroxides [M(OHf (h = z) or even oxo anions [M@®" =2~ when

all protons have been removed from the coordinasioimere of the metal [29]. The hydrolysis ratio

increases with the pH of the solution and the digaestate of the metal cation.

A way of controlling the hydrolyzed precursors af element is to use a pH-charge diagram. For
example, Figure (1.1) displays the pH-charge diagi0] in which there are three domains: the lower
one corresponds to aquo cations [MER|", the upper one corresponds to oxo anions €&} 2~

and the intermediate one indicates the hydroxoiepec
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Figure 1.1. The charge-pH diagram with three domains,0BH, and &. There are only aquo ions,

hydroxo ions, and oxo anions in the QBH and G domains, respectively [30].

The extent of the hydrolysis reactions for one @ptnand the distribution of species associatel itvit
can only be estimated based on the partial chamgehwhich governs the pH-charge diagram. The
speciation of a solution depends on the pH of tlegliom, the concentration and the nature of the
element(s) present initially. The partial chargedelalefines the nature of the coordination sphée o
cation of charge z and coordination N as a functibthe pH [31]. It follows the electronegativity
equalization of the average electronegativitieghef reaction products [32]. In accordance with the
principle of electronegativity equalization, prot@xchange between the metal complex and the
medium takes place until their average electrométias become equal. In spite of its lack of
concentration and structural (as the presence dfipteubonds) considerations, the partial charge
model does rationalize the chemistry of cationsatution in respect of hydrolysis and condensation
processes.

Condensation between mononuclear species in agusalutions becomes possible only when OH
groups are present in the precursor. In other wotke precursor has to be an aquo-hydroxo
[M(OH)(OHo)n] @™ *or an oxo-hydroxo [MQ+(OH),] “™~"~2 ~form with both nucleophile (Ot
and leaving (KHO) groups present, i.e. be part of the intermediddenain, Figure (1.1). The
condensation can be started by varying the pH loyngda base to a low valent metal cation such as
Al%*. It can also be initiated by redox reactions [16].

Elements of formal charge z = 3, such Al (lll), foraquo cations in a large domain of acidity. The
coordination of the metal cation decreases froratwdral to tetrahedral as the pH increases. Iivithe
OH, bond, the negatively charged oxygen atom shasetrehs with both the metal M and hydrogen:
M&" — O — H®. As deprotonation goes on, electrons are moraciéd by the metal. The partial
chargedy decreases and the M-O bond becomes less polandetadthe covalent anion [AY. The
metal polarizes oxygen to form anionic oxo compsex@ctahedral aluminium [Al(O5k])** species are
observed below pH 3 whereas tetrahedral aluminpi§©H),] are formed above pH 11. This
coordination change occurs around pH ~ 6 when #rdgb charge of coordinated water molecules is

close to zero.
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1.1.4. Model of the acid-base behaviour of cations

Hydrolysis of cations converts the element to nemid species or to precipitates by a neutralisation
carried out by water molecules, Equation (1.1).hEatthe species generated by the hydrolysis of a
cation has a specific ratio of hydroxo-(oxo-) ligarto the number of aluminium atoms in the struatur

formula which can be called a ‘molecular hydrolysigo’ h':

b= n(OH ™) 2n(0*)
- n(Al)

where n(OH) and n(&) is the number of hydroxo- and oxo-ligands respebt, and n(Al) is the

number of aluminium atoms per species.

The calculation of the overall hydrolysis ratioao$olution made of essentially one element, allomes
to establish quantitatively the speciation disttidmu of that element providing that the molecular

hydrolysis ratio of each species which contains gément, is known.
1.1.5. Hydrolysis, condensation and precipitation of alnitnin in aqueous solution

Hydrolysis, condensation and complexation reactafrations in aqueous solution are the phenomena
involved in the formation of the solid by precigitan. Analysis of the behaviour of aluminium allows
the identification of the structural relationshipstween the aluminium species in solution and the
solid. The analysis will eventually allow an integtation of the transformations taking place during

aging of suspensions.
1.1.5.a. Hydrolysis of aluminium inorganic precursors

All ions in water are hydrated to some extent. Tidrolytic behaviour of aluminium ions in solution
has only been well characterized in recent yeads 33-36]. The Al" cation, with an ionic radius of
0.5 A, has a primary hydration shell with six oadtally coordinated water molecules and exists,
below pH = 3, as the unhydrolyzed [AKB)s]** species, usually abbreviated as*Al

As pH of the solution is increased, hydrolysis,hwatsequential replacement of the water molecujes b
hydroxyl ions occurs. It can also be thought cdgsogressive deprotonation of water moleculefén t
primary hydration shell of the metal [16, 35]. Thiamplest representation for %] omitting the

hydration shell for convenience, is:

+H,0, -H" +H,0, -H" +H,0, -H"
Al(CH), Al(OH),

Al 3+

Al(OH), Equation 1.2
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However, the hydrogen bond network in the aqueoasinm ensures fast diffusion paths for the
proton and the OHion, so that the reaction may also proceed thr@udhect attack of the aquo ligand

by the hydroxyl ion:

H
H e

M -0 — M-O .
\H..7O-H " H-O-H

This mechanism probably occurs in the case of hgydation of the oxo forms. It is somewhat unlikely
that the oxo ligand, which is strongly nucleophiind has low basicity, could be substituted by the

hydroxyl ion. Therefore, the reaction must proctedugh direct reaction of the proton or water foa t

oxo ligand:
MO +H,, - MO, (OH)“™” +H,0 Equation 1.3
H H
M-O e H O - > M-0O-H - e)
H H

Hydroxylation of a metal cation to a hydroxo forfmrdugh an oxidation or a reduction reaction
constitutes the initial stage of condensation. fijpeéroxylated complex produced, is the precursor of

condensation products.

1.1.5.b. Condensation mechanisms in aqueous solution

After the initiation of the condensation procesghviormation of a hydroxylated species, condensatio
may take place and lead to oxygen bridges betwa#ions. Condensation reactions of aluminium
species often occur at concentrations higher th@h rol.L*!, the concentration above which,

monomers are unstable [29].

Condensation reactions proceeid the nucleophilic attack of OHgroups onto cations [37]. Two
different pathways, substitution or addition ardlol@ed depending on whether the maximum
coordination of metal cation is already satisfigchot [38]. In all cases, at least one nucleophilid
group, whose formation was initiatath acid-base reactions by adding a base to low-vagnob-
cations or an acid to high-valent oxy-anions, ha$é present in the coordination sphere of the

hydrolyzed precursor.

In the case of condensation operating a nucleophilic substitution, an olation reactioescribed

below, takes place while a condensatiis a two-step associative mechanism involves an tirola
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reaction. In both cases, water molecules from tlwedination sphere of the metal cation are elin@dat

which results in the formation of polynuclear sgsdi39, 40].

In the case of an olation reaction, there is foromabf hydroxo bridges (ol bridges) [37] during a
nucleophilic substitution reaction between a negdfi charged OH group and a positively charged
hydrated aluminium cation. As aquo-cations alreexlyibit their maximum coordination number, the

formation of an ‘ol’ bridge requires the departofeone water molecule:
-M-OH+-M-0OH, - - M -OH-M -+H,0O Equation 1.4

It is kinetically controlled by the lability of th&1-OH, bond. Olation follows a dissociative (9N
mechanism involving an intermediate compound oficed coordination number.
The condensation of aquo-hydroxo cationic complgk&OH),(OH,)n.] ¢ ™ * stops spontaneously

when a finite degree of condensation is reached.cbimdensed species remain soluble as polycations.

Oxolation occurwia the creation of oxo bridges between cations tbatat have aquo ligands in their
coordination sphere [37]. Condensation has to maci this casevia a two-step associative
mechanism. It involves the condensation of two @blgs to form one water molecule which is then

removed giving rise to an ‘oxo’ bridge. This prodeia an associative (gNmechanism as follows:

/" e
-M-O + Q-M- —» -M-O OM-  —-M-O-M- + H,0

e N

During this reaction, there is a nucleophilic aiditwith formation of an ol bridge, leading to an
unstable transition state because of the coordindticrease. Next, a proton transfer from the mde

to a terminal OH ligand forms a leaving water malec The leaving water molecule is present iniiall

in the coordination sphere as an OH ligand andasotoordination water. As a consequence, the

oxolation rate is linked to the acidity of the mami, contrary to what happens in olation.

As the degree of condensation increases, accummlafi electric charges on the condensed species
decreases the nucleophilic character of the hydiggands. The average electronegativity of the
polycation is therefore increased which increakescharge$(OH) andd(M). Hence the condensation
stops as soon as condensation criteria are nordangg i.e. when OH ligands lose their nucleophilic

character §(OH) > 0) and cations lose their electrophilic clcéea (M) < + 0.3).
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1.1.5.c. Formation of aluminium polycations

Below pH ~ 3, the aluminium cation exists in thenfioof an aquo-cation [Al(OR¢]*>*. An increase of
the pH of the medium will initiate the formation tfe doubly-charged [Al(OH)(Ob]** specieslf =

1), and further hydrolysis to the singly-charged(@),(OH,),]" cationic monomeric specieB € 2).

As well as the simple monomeric hydrolysis produfiigther hydrolysis leads to the uncharged metal
hydroxide, Al(OH} (h = 3) and finally the soluble tetrahedral alumingd(OH),] (h = 4). After
formation of OH ligands in the first coordination sphere of thetaheon, polymeric aluminium

species can be formed from a succession of conti@msaactions.

The subject of aluminium polycationic species hgersively been reviewed during the past decade
[41-44]. Two conflicting models describe the medbanof aluminium hydrolysis and polymerisation
in aqueous solution, namely, the “Core-links” modkkere hexameric cycles assemble, and the “Cage-
like” Keggin-Al;3 model where oligomeric species assemble. The tadets have co-existed for more
than 50 years [29, 45, 46]. Bi et al. [41] have pmeed another model, a “continuous” model,
consisting of the unification of both the pre-eixigtmodels. We deliberately decided to concentrate
the cage-like model, which fits better to both ¢éixperimental conditions and results (NMR proof of 4

coordinated aluminium). Nevertheless, informatiortioe “Core-links” model is presented.
1.1.5.c.1. Formation of aluminium polycations following the 6€-links” model

In 1952, Brosset [47] interpreted his potentiontettata and put forward an early form of the “Core-
links” model. Two years later, the same group [48fgested a series of “Core-links” polymeric
aluminium species whose form is AlGDH)s)>*". Almost at the same time, Sillen [48] put forward
theoretical “Core-links” model. Hsu and co-workdgd®, 50] and Stol et al. [51] introduced and
improved a “gibbsite-fragment” model or “hexameiiieg scheme”. The Brosset's “Core-links” model
and the “gibbsite-fragment” model, developed togettiorm the present “Core-links” model. This
model predicts the assembling of the hydroxyl ahioth changes from monomer to polymer
following the hexameric ring model. It can formiis sol state, Al(OH).44®" and then, a precipitate of
[AI(OH) 5], which maintains the sheet-structure of gibbsitbayerite, Figure (1.2).

This model is preferred to the “Cage-like” model hye geochemists because it follows the

crystallographic law of gibbsite [52].

12+

it B+ 9 .
. . . . . Alumminnum
tritiydrosdde
zolid phase

Figure 1.2. The polymerization of Al via coalescence of the hexamer units accordirigeto

“gibbsite-fragment” model [53, 54].
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1.1.5.c.2. Formation of aluminium polycations following the d@e-like” model

Johansson [36, 55, 56] first proposed the Keggin-pblynuclear species after he observed, from
partially neutralized Al" solutions heated for 30 min at°@and aged for a few days, a sulfate
precipitate. The structure of the,Apolycation is made of a central tetrahedral A©re, surrounded

by 12 aluminium octahedral Alunits in the form of a cage, Figure (1.3).

Figure 1.3. Polyhedral view of the Ak-mer Keggin-type ion.

The polycation can be described as AQ(OH),4(H-0):,"", which is usually called a “Cage-like”
Keggin Al;3 structure. This model supports the existence latism of monomer, dimer, Keggin-fJ
polymer, and larger polymerized aluminium speciElsese species can be converted from one to
another one directly [57, 58, 59a]. Since the potyear species of Al in the “Cage-like” model can
be identified instrumentally by usirf§Al magic angle spinning NMR spectroscopy [59b]sthiodel
has gained more approval and become the main vietvjmothe chemistry of flocculants [58, 60-62].
The existence of the polycation has been verifigiRausch and Bale [63] by the aid of small angle X-

ray scattering.

The current status on the formation and structdiraluminium polycations explained by the “Cage-

like” model of aluminium speciation will now be riewed.

Formation of aluminium oligomers

Extensive hydrolysis of monomeric aluminium spedieads eventually to the formation of small
oligomeric aluminium species, such as aluminium etgnand trimers [29]. The formation of the
dimeric species is initiated by the creation ofizbridge between two [AI(OH)(KD)s]?* (h = 1)
precursors. The dimerization of the= 1 [AI(OH)(OH,)s]** precursor leads to edge sharing dimers: ,
Figure (1.4).

H
/o
2[AI(OH)(OH,)s]> «—= [(H,0),-Al Al-(OH )*" + 2H,0

o
H

Figure 1.4. The structure of aluminium dimer.
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This reaction probably follows an associative noplalic substitution mechanism due to the low
lability of the complexing water [38].

Further hydrolysis leads to trimeric species, Feg(k.5), formed by adding one hydrolyzed monomer

(h = 2) to the previous dimer:

[Al,(OH),(OH,),]* +[AI(OH),(OH,),]* - [Al,(OH),(OH,),]* + H,O Equation L5

50 00
0

Figure 1.5. Early stages of the hydrolysis ofAkations.
0=0H group [64].

The corresponding sulfate salts of the ,[8IH),(OH,)s]** dimer and the more or less deprotonated
cyclic trimer [Al(OH)4(OH,)o]>* species have both been crystallographically cheraed [36, 55].
The trimeric species preferentially exhibits a cantpeyclic structure in order to minimize electedit
repulsion between cations in edge-sharing adja@dte] octahedra. It is however possible to come

across linear aluminium trimer species composdtirek edge-sharing octahedra, Figure (C.6)
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5+

H,0
OHZ\T/HZO
OH / \
OH2\| /o\| /HZO
NN
H

O

%W\%\

Figure 1.6. The structure of aluminium trimeAf, and its polyhedral representation following the

cage-like B) and the core-link@) models.

Al**ions are bonded to a centpatOH group. Electrons are strongly attracted bystmall and highly
polarizing AP* ions, making thei;-OH group highly acidic and therefore easily depnaited.

[AlL,(OH),(OH,),]* + H,0 - [ALLO(OH),(OH,),]* + H,0* Equation 1.6

Evidence from potentiometric titrations [65, 66§licate that the trimer complex exists in solutiahg
< pH < 5 but never reaches a large concentratizgn) @ concentrated aluminium solutions, probably
because of the fast formation of larger species.

Formation of aluminium polycations

As well as the simple oligomeric hydrolysis produdiscussed above, further addition of base in
neutral solutions, leads to transformations intgdaaluminium polycations, the Atmer (d ~ 1 nm)
[67] and the recently characterizedMner (1 x 2 nm size) [68, 69], Figure (1.7).

10
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Cas?

Figure 1.7. Polyhedral representation of the structures @f BIO Al 1(OH),4(H,0):2]”* (1) and Akg
[Al 3008(OH)se(H20)24) " (11).

Formation of the Ak-mer polyoxocation

The presence of a species with gtri©H ligand, like an aluminium trimer [70], causesther growth
of condensation products by the nucleophilic charaaf this ligand following deprotonation. Thesfir
step of the formation of the tridecamer specigkésdissociation of the tfi--OH bridge [16, 38]:

[Al,(OH),(OH,),]% +H,0 =<==[Al,O(0H),(OH,),]* + H,0"  Equation 17

The cation formed after deprotonation has a vemjenphilic electron pair on the tn-OH ligand.
Formation of the [HO,]™ ligand can also favour deprotonation of the aqgands under moderate

hydrolysis conditionsh(< 2.6):

[ALLO(OH),(OH,),]*" +30H~ =<==[AIl,O(0OH),(O,H,);(OH,),]* +3H,0 Equation 1.8
Nucleophilic attack by the resulting product on a@nwmeric aluminium species initiates the
condensation process that generates theidih: because of the bulky nature of theltdOH trimer,

this monomer is then forced to adopt tetrahedratdioation. The addition of the two more ricOH

trimers creates the fAlion, Figure (1.8) I.

[AI(OH2)6]3+ + 4[A|30(OH)3(OZH3)3(OH2)3]+

==={AI[ALLO(OH),(O,H,),(OH,);1.}* +6H,0 Equation 1.9

The four trimers coordinated to the central aluonimiatom may subsequently undergo intramolecular
condensation by olation for molecules in the cisfiguration. This last step ensures the stabilitthe

cation.
{AI[ALLO(OH),(OH,),].}'" ===[Al,,0,(OH),,(OH,),,]’* +12H,0 Equation1.10

11
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This reaction mechanism is supported by by Akitl &arthing [71]. Thei?’Al NMR investigations

indicate that only small oligomers, probably trisiecondense directly without intermediates during

%
o

the formation of Ajs-mer.

i
vy

Figure 1.8. Schematic depiction of the suggestegsAher, illustrating the structure as built from the

>

tetrahedral AlI@ core and four trimers. Also shown are the strastwf the tetrahedral AlOcore
(centre left) and the trimers (surrounding theatieddral AlQ").

The Al; polycation, Figure (1.8) has been identified byaBnangle X-ray methods [72, 73, 74],
potentiometric titration [65] and by a narré%l solution NMR resonance at ~ 63.5 ppm (relative t
[AI(OH,)¢]*), Figure (1.10), attributed to the single tetraiadély coordinated, by oxo bridges,
aluminium (AlQ,) located at the centre of three layers of edgeisfpaoctahedra. The remaining
aluminium atoms are hexa-coordinated with bridgimgiroxides or water molecules. This type of
structure is known as a Keggin structure. The beflaal and octahedral aluminium sites can be easily
distinguished in th&’Al NMR spectrum [57].

8
6_
3
©
> 4
%
c
I3}
g,
) I I
T T T T T T T T T T T 1
100 80 60 40 20 0 -20

Chemical shift, ppm

Figure 1.9. Al solution NMR spectrum of a reference;Amer system with the structural
representation of the polycation. The arrows deigjthe characteristical signals of thesAher. The

peak at 80 ppm arises from the internal referentigion of aluminate ions in .
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This type of structure is known as a Keggin stri&tThe thermodynamic properties of these species
have been reviewed by Baes and Mesmer [29] at 2arflCmore recently their evaluated data have
been extrapolated up to 100 °C by Grenthe et &]. [7

Formation of the Al-mer polyoxocation

The Akg-mer (1 x 2 nm size) has been recently charactkrig8, 69], Figure (1.7) Il and can be
crystallized with a weakly interacting anion anc thtom positions determined by X-ray structure
analysis [61, 76]. It contains tleKeggin motifs as AkOs(OH)se(H20).4'%" (Also K3-T) [61] and the

Al 1504(OH),4(H,0)1,"" (Al15 K3-N) species [76], Figure (1.10).

Algg Kb8-T Al]3 Kb6-N Al]j‘ Ke-J

Figure 1.10. Polyhedral representation of three Keggin aluminpotycations Adg Ko-T, Al;3 K&-N
and Al; Ke-J.

The synthesis of the Afmer is performed either by heating solutions cag Al,; Ke-J and
monomers at 13C for one hour or at 2@ with aging of a solution containing ;AlKe-J and
monomers [77]. For A K3-T, the?’Al NMR in situ measurements demonstrated thatetheggin
Al 140,(OH),4(H,0):,"* polycation (Al; Ke-J) is the precursor species [36, 62, 78]. Theteni of the
Alz-mer is incarnated by &Al solution NMR signal at 70 ppm, Figure (1.11),edto the Al
tetrahedral core [61, 79].
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Intensity, a.u.

0.4 1
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Figure 1.11. #’Al solution NMR spectrum of a referencesAimer system with the structural
representation of the polycation. The arrows deigthe characteristical signals of thesAher. The

peak at 80 ppm arises from the internal referentigion of aluminate ions in .

Allouche et al. [77] determined that the present@lominium monomers in solution is critical to
promote the synthesis of AIK&-T; the monomers initiate the first step of,AKe-J conversion into

Alzy K&-T. Based on those conclusions, they have develapedemical pathway, Figure (1.12), to
justify the transformation of Af Ke-J and the appearance of thegAdolycation and other aluminium

polycations.

’ Monomers
Q/\ capping <{——060 ¥

_ ‘ A +Q Other Keggin
v — — —~ —— aluminium
A ‘Q & polycations

Al Ke-J Al, Ke ? Al,, K8-T
(63 ppm) (64.5 ppm) (70 ppm)

Figure 1.12. Hypothetical Al; Ke-J isomerization and dimerization, initiated byralnium

monomers, to form Ab K&-T [77].

The polycation, Figure (1.8) II, results from thentbination of twod-Al 13 units connected by a crown
of four octahedrally complexed aluminium ions. iadly, Al,; Ke-J is supposed to be “capped” by a
monomer to form an intermediate specieg, Ale. As Al;z Ke-J decreases and AIKS-T increases,
one may safely assume that AKe is formed by Ad; Ke-J during the first stage of transformation and
consumed by formation of 4/ K3-T. This will lead for a period to a constant botadl amount of Al,
Ke. Aly, Ke would isomerize into Al K& and would further dimerize and react with two othe

monomers to produce IKo-T.

Formation of aluminium hydroxide and oxide particle

Aluminium can form a wide range of oxides and hyiftes. Aluminium hydroxide colloids produced
by aqueous and non-aqueous sol-gel routes are athemgost frequent precursors to a broad range of
aluminium-containing inorganic and hybrid materifl6]. The degree to which the reactions proceed
and the natures of the resulting species dependuoh variables as aluminium concentration, pH,

temperature, and the presence of other ions.
When a certain pH (pH > 4.6) and OH/AIl ratio (h %)20f the partially neutralized aluminium

solutions are reached, the decrease in thg fédction and the rapid precipitation of more highl

condensed, amorphous, or weakly crystalline phasade of aluminium hydroxide colloids, are

14
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observed [29, 58, 54, 72, 80]. Using infrared, Nectroscopies and small-angle X-ray scattering,
Bottero et al. [72] found that, when OH/Al > 2.8getaggregation of Ad led to the disappearance of
tetrahedral aluminium and to the formation of podyired octahedral layers that would finally form
poorly crystalline materials. The crystalline forofsthe aluminium hydroxides can be divided inte th
trihydroxide AI(OH) (which exists in three forms: gibbsite, bayeritel anordstrandite) [81] and the

oxide hydroxide (which exists as pseudoboehmitehbate or diaspore).

Bottero et al. [58] suggested that crystalline ahiom hydroxides are not formed by the condensation
of the six-membered ring of octahedrally coordidatiminium but by the structural rearrangement of
Al 3 without re-dissolution steps. However, it remaimgnown whether such a mechanism can be
applied to the formation of gibbsite, which is faved in acidic situation and often requires lonmgg
times to form [54]. As shown in Hsu and Bates [30F transformation from polymeric aluminium
species to gibbsite in partially neutralized salng took several months and a mechanism of nucteati
from the six-member polymer was proposed. The dagmn of the mechanism is presented in the

following section.

Often the insoluble aluminium hydroxides lose males of water to give insoluble oxides, as

represented by Equation (1.11):
Al(OH),(s) —=—= AIOZ,2(5)+§HZO Equation 1.11

If the attraction of the metal ion for the pair @fctrons on oxygen is strong enough, the hydroxy

groups of the metal hydroxide may start to losé tleanaining hydrogens as hydronium ions:

Al(OH), +zH,O0 —— AlG,” +2zH0 Equation 1.12

Thus the metal hydroxide may begin to act as a weakacid, which finally may ionize to give an oxo
anion, thus completely dismembering the water moéescthat were originally attached in a hydrated

ion.
1.1.5.d. Kinetics of solid formation: nucleation, growth aading

The precipitation of a solid involves four kinesiteps [83-86]: (a) formation of a zero-charge preau

, (b) creation of nuclei, (c) growth of them anddfily (d) ageing of the particles in suspension.

The presence of a zero-charge precursor [AlEBH,)]° is required for the condensation and
formation of a solid phase. The rapidity of thenfiation of the precursor depends on the way of its
formation whether it was through the addition of base, thermohydrolysis or the thermal
decomposition of a base such as urea.

Next, the creation of nuclei through condensatimation or oxolation) of zero-charge precursora is

function of the concentration of the precursor. @&y a critical concentration g, the condensation
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rate increases abruptly and polynuclear entitiesfammed throughout the solution, zone Il in Figure
(1.13).

Cancentration
Number e

-~

8 & pyfr 3 e 1 (©)

-
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b

Time Time

Figure 1.13. Change in4) the number and sizes of particles formed in smiuand b) in the

concentration C of the soluble precursor of thédsathase [84] during precipitation.

The unstable nature of critical-size nuclei forntkding the nucleation stage leads to their growth
through incorporation of the precursor moleculebjcv continue to be generated after nucleation.
Growth of the nuclei happens through the additibmatter until the primary particle stage is reathe
This step follows the same chemical mechanismsuakeation: olation and oxolation. However, for a
concentration close to &, , the nucleation rate is very small and precursorglense preferentially on

existing nuclei, which causes their growth unté firecursor concentration reaches solution saturati
in other words the solubility limit of the solid @e, zone Il in Figure (1.14).

Volume |

Cs Cmin Cmay
Concentration

Figure 1.14. Nucleation raten and growth rate as a function of the precursor concentration in

solution. Zones labelled I, 1l and Il correspondtiose of Figure (1.14).

Finally, ageing of the particles in suspension $etw various possible modifications of the primary
particles after their growth. The increase of therage particle size and eventually their aggregati

Figure (1.13, 1V), occur following the ‘Ostwald gping’ phenomenon. Many small particles formed
initially in a system slowly disappear except fofeav that grow larger, at the expense of the small

ones. The smaller particles act as "nutrients'ttier bigger particles. As the larger particles grtve,
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area around them is depleted of smaller partidiesaddition, ageing may produce a change in

morphology and crystalline structure or even caugstallization of amorphous particles.

1.1.5.e. Precipitated aluminium hydroxides formation

Precipitated aluminium hydroxides can be formed/anious ways, such as by neutralisation of the
metal salt tdh(OH/AI) ratios of approximately 3. Several studjgg, 58] have suggested that the initial
stage in the formation of gels by neutralisatioralfminium solutions consists of the aggregation of
tridecamer (Als-mers) units, although detailed mechanisms aré rstil clear. Bottero et al. [58]
concluded, from NMR, infra-red and small angle X-studies, that the nature of the clusters formed
depends very much on the OH/AI ratio. For 2.5 at short times, chain-like clusters of laactal
dimension and size of approximately 40 nm are faknwith increasindh the clusters become larger
and more compact and there is a progressive lostheftetrahedral aluminium. The initially
precipitated form undergoes rearrangement on ageingeating and eventually attains long-range
crystalline order. The common crystalline phaspseudoboehmite (or gelatinous boehmite). The X-
ray diffraction pattern of pseudoboehmite showsabirtines that coincide with the major reflectioris o
well-crystallized boehmitey-AIO(OH), but are shifted to varying degrees to haigd-spacings
consistent with intercalation or association ofavafhe degree of crystalline order, particle sag]
chemical composition of the gelatinous aluminas etels critically on temperature, rate of
precipitation, final pH, ionic composition, conceatton of starting solutions, and time of aging,[29
71]. Both amorphous and pseudo crystalline phasesert eventually tax-Al(OH); upon aging at
intermediate pH.

Thermodynamic data
Thermodynamic data available for the most estabishonomeric and oligomeric hydrolysed species
found in aqueous solutions of aluminium-ions witlonrcomplexing anions (chloride, nitrate,

perchlorate, etc.) are summarised in Table (1.1).

Table 1.1. Thermodynamic data for the major’Ahydrolysis species (25 °C) [19, 29].

X to AHS,,, | AS,,
Species h -logKy.y ax** p***

(logKy)** kCal kCal/K

[AI(OH)(H,0)5]* 1.00 4.97 0.02 -2.044 052 11.905| 17.21.7
[AI(OH) »(H,0)4] * 2.00 9.30 0.1 -3.0646 0.55 - -
[AI(OH)3(H,0)s] 3.00 15.00 0.2 -3.066 0.45 - -
[AI(OH) ] 4.00 23.00 0.3 -2.044 0.36 - -
Al (OH),(H,0)g] ** 1.00 7.70 0.3 - - 1872 | 2757
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Table 1.1. Continued.

X to AHS,,, | AS,,

Species h -logKy.y ax** p***
(logKyy)** kCal kCal/K
Al3(OH)4(H,0)q]>* 1.33 13.94 0.1 1.022 - | 35.4t4 5713
[Al1304(OH)4(H-0)1] " |  2.46 98.73 0.05 -18.4Q  3.59 278.82 | 45%7
a-Al(OH)3(gibbsite, K 3.00 8.50 0.1 3.066 -0.44 - -

* - hydrolysis ratio h = [OF/[AI *'];
** - experimental error of the stability constafy,, K, — the stability constant in the notation of Baes
and Mesmer [29] which corresponds to hydrolyse(d:iaseAL(OH)y(SX'y)+.

*** _ 3 and b are coefficients of the extended Deflyavies equation.

The thermodynamic data of the Al species enablestorthe determination of hydrolysis constants of
Al species and the stability of complexes with figa. From the data of Table (1.1) one can seeathat

least eight Al species can be found at equilibritomditions at room temperature in Al-ion aqueous
solutions: Al monomers with 0<h<4, small oligomesipecies such as dimers and trimers, large Al

isopolycations (Al--mer) and the solid phase of Al hydroxide.

Gibbsite was included in Table (1.1) as an exangfla crystalline aluminium hydroxide phase.
However, depending on the hydrolysis conditionsepmorphous or crystalline aluminium hydroxide
phases can be observed at equilibrium conditioxgs énorphous pseudoboehmite, boehmite, bayerite,
diaspore, norstrandite, tohdite). Solid phaseshaixtissolution constantsdg that differ from gibbsite

and their presence can alter the correspondingajmcpatterns significantly.

1.2. Interactions of aluminium species

1.2.1. Interaction of aluminium with biomolecules

Due to its availability and exceptional propertiedoth the metallic and ionic forms, aluminiunoise

of the most important metals for the world econogspite its numerous applications in fields such
as catalysis [87], clay pillaring [88], water treent [89] and cosmetics [26], many domains of
aluminium chemistry and biochemistry remain unersgadip mainly due to the formation and complex
inter relationships existing between aqueous iepiecies or between ionic and precipitated forms of
aluminium [90]. Aluminium ions undergo hydrolysiacacondensation reactions in aqueous solution,
leading to the formation of a range of species Wwhian be differentiated on the basis of their
nuclearity and hydrolysis ratio (h = C(OHC(Al) ) [91]. A striking difference between aluminium
and other abundant metals such as iron is the dtaility of large soluble polynuclear species sash
the Alis-mer and Ad-mer [38, 44]. Another difference is that aluminiusnnot essential to life, and

can be classified as a detrimental element [92]previous studies, the interactions of aluminium
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species with biopolymers have focused on mononferios of the aluminium ion [93] as well as on
the adsorption of different ligands on aluminiumdigxide and oxide surfaces [94], differentiating
between the possible complexes formed with biokigigands and demonstrating the effect of

aluminium ions on the biological functions of thegolymers.
1.2.2. Impact of aluminium on biological systems

Despite the fact that most of the aluminium engetime bloodstream (as Al(lIl)) is excreted within a
matter of a few days or weeks, and also that tistrgatestinal tract, at least in principle, offens
effective barrier to this process, its uptake tigtothe oral route, e.g., the administration of A{@as
a high dosage antacid, gives rise to increasedetigwain, skeletal, and urinary Al(lll) levels [9%6].
That is why an important number of speciation s#ad97-102] and reviews related to timevivo

interacting properties of aluminium [103-107] haraerged.

The coordination chemistry of aluminium has atwdctonsiderable attention due to its possible
involvement in several toxic processes. In the 2&syears many studies demonstrated the capatility

aluminium to interfere with a variety of neurologlicprocesses associated with several pathologies
(Table 1.2).

Table 1.2. Involvement of aluminium in different pathologicainditions.

References
Alzheimer’s disease [108-111]
Anemia [112, 113]
Bone disease [114, 115]
Cancer [114]
Cardiotoxicity [114]
Dialysis encephalopathy [117-119]
Gastrointestinal toxicity [120-121]
Renal osteodistrophy [122-123]

Aluminium overload is of interest since abnormatwoulation of aluminium has been reported in
histopathological hallmarks of Alzheimer’s diseaseh as senile plaques and neurofibrillary tangles
[124-128], although whether or not the conditiotually causes the disease has not been established,
and aluminium overload may merely be a side-effe28]. Because of its medicinal importance, it is

of interest to compare the affinity of biomolecufes aluminium.
The AP* ion also affects vesicle fusions [130] and alteesmbrane permeability [131, 132]. According

to Jones and Kochian [133], the plasma membratieisost likely site of aluminium interaction and,

therefore, the site of toxic effects. Aluminium haso-oxidative properties toward biological
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membranes and its implications in human patholaayehdescribed in [134]. However, there is still a

lack of knowledge regarding the inorganic biochémisf aluminium.

Among its applications, aluminium, in the form ofdnoxide particles, is used in the formulation of
vaccine adjuvants to stimulate the immune respfif3e 138]. Aluminium hydroxide adjuvants have a
long history of use since they were proven effectivdiphtheria, tetanus, and pertussis vaccindisein
1930s [139]. They are good adsorbents for protgife]. Therefore, studies devoted to the interactio
of aluminium-containing adjuvants with biomoleculescame of crucial importance. However, recent
research [141] has demonstrated side effects (asisfgnt itching nodules) of the aluminium-
containing vaccines after their administrationw#ts then suggested to avoid the uptake of aluminium
adjuvants.

The selection of molecules chosen for investigaitimtudes lactic acid, lysozyme and mucin.
1.2.2.a. Structure and properties of lactic acid from thewpoint of an interaction study

The therapy for metal overload pathologies usuiliplves the administration of suitable chelating
agents to selectively remove the metal from theyb&é&garding aluminium, there is a need for new,
safe, inexpensive and orally effective chelatord2]1l The hydroxycarboxylate [143, 144] and
carboxylate [145-147] type ligands are known tonfosoluble complexes with aluminium. In the
interaction studies reported here, lactate (repteseFigure (1.15) in its protonated form) was cielé

as a hydroxycarboxylate chelating agent.

OH

HO

Figure 1.15. Structure of lactic acid.

Lactate is a biomolecule whose concentration imdlis usually 1-2 mmol.L at rest, but can rise to
over 20 mmol.[* during intense exercise [148]. Its detection magdrtant applications in medicine in

the diagnosis, grading and therapeutic monitorihdigeases such as cancer, stroke and heart disease
[149]. The metal-binding ability of lactate haseady been reported [150-152]. It is influenced oy t
presence of two donor groups which can be anchofimgtions for metal ions [153Former
interaction studies of aluminium with low moleculaeight organic ligands [149-151] revealed the
propensity of the metal to form complex@scording to the literature [152], the Alpolycation did

not form any complexes with lactic acid wh&Al solution nuclear magnetic resonané8( NMR)
spectra of the samples were recorded shortly #feecompounds were mixed together. Another study
[148] has demonstrated the ability of the aciddorf complexes with an initial aluminium chloride

acidified solution. However, the protonation statdactic acid was not assessed throughout theystud
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Due to the lack of available data covering potengtric, spectrophotometric, nuclear magnetic
resonance spectroscopic methods and physical &alyshe interacting properties of pure aluminium
hydrolytic species, aluminium monomers (AGI  AlIOAlL(OH)4(H,0),"  and
AI3008(OH)56(H20)2418+ polyoxocations (referred to as Alimer and Ad,-mer for convenience) and
aluminium hydroxide particles - with lactic acidewlecided to use lactic acid as an interactinghtiga

with the aluminium species above mentioned.
1.2.2.b. Structure and properties of lysozyme from the vieiwpof an interaction study

Lysozyme (also called Muramidase) is a basic badjgic enzyme that was discovered by Fleming in
1922 [153]. It is found in mammalian urine, salit@ars, milk, cervical mucus, leukocytes and kidney
[154].

Lysozyme, Figure (1.16), is a compact globular girotmolecule with a molar mass of 14,700 Da
[155]. It has a slightly ellipsoidal shape, and dismensions are 4.50 x 3 x 3 nm [156, 157]. It is a
compact protein of 129 amino acids which folds iat@ompact globular structure [158]. The 129
amino acid sub-units are cross-linked by four ¢ikide bridges [159]. There is a close cluster Gida
groups (Arginine 45 and 68 in one region, Arginfileand 73 in a second and Arginine 5, 125 and 128
in a third) which form the highly positively chadysurface regions of lysozyme, which give it a very
high isoelectric point of 11.4 [160]. Beside, thajarity of nonpolar (hydrophobic) groups are buried
in the interior of the biomolecule [161]. The podygide chain forms five helical segments, a 3
stranded anti-parallgd-sheet that comprises one wall of the binding clafdeep cleft contains the
active site which divides the molecule into two dans. These domains are linkeddo¥elix residues.
One domain consists of residues that h@agheet structure; the other domain has in its vesidhat

are helical in nature [158].

Figure 1.16. Structures of lysozyme obtained through modelfingh RCSB protein data bank file
2HU1 showing the secondary structural motifs (QJ te surface residues prone to the binding of

aluminium ions (D). Representation from Visual Mali&ar Dynamics software (VMD) [162].
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Although many studies have been performed latelyheninteraction between lysozyme and ligands
[163-167], little is known about the secondary stinwe of the protein in the presence of aluminium

species. The protein was selected for our studiesveidely available and cheap basic biomolecule.
1.2.2.c. Structure and properties of mucin from the viewpoinan interaction study

Mucin is the last biomolecule selected for theriattion studies. This nitrogenous substance setrete
by a mucous gland was chosen as a model ligandibead its availability, and its faculty to estahli
electrostatically-driven bonds with its aminoaciRsgroups [168, 169]. Mucin is a block copolymer
with branched and un-branched blocks [170]. Botbckd contain protein backbone chains and the
branched blocks contain many highly branched oéigokaride chains. The oligosaccharide side chains
have sugar residues such as galactose, fucosestidedacosamine, N-acetylgalactosamine and sialic
acid [171]. At pH > 3, both sialic acid and sulfhtsugars are fully ionized and this confers a net
negative charge to the molecule. Chemically, thecttre of mucin has many hydrogen bond forming
groups such as hydroxyl, carboxyl and amide grotipss, also, may allow the interaction between
biological mucus and aluminium species. The primaophol of serine and threonine as well as the
thiol (-SH) of cysteine allow these amino acidsattt as nucleophiles during complexation reactions
[172]. The protein will bear some negative chamgéhie present work [173], since its isoelectricnpoi

is comprised between 4.79 and 6.24.

In the presence of metal ions, mucin becomes thidke to a change in hydration brought about by
metal-induced conformational changes in the mucacnomolecule [174-181]. The association of
aluminium species with mucus in the gastrointestirect of man has been documented [182]. Such
interactions are likely to be involved in both tthansport and excretion of the metal. However, the
bioinorganic chemistry underlying these processesnresolved and the interactions with aluminium
polycations and aluminium hydroxides remain undsfin

H,N COOH

¢ Oligosaccharide @ Cysteine residue [J Repeat structure

Figure 1.17. Generic structure of a mucin monomer.
The purpose of this contribution is to understaind mmechanisms responsible for the formation of

aluminium—mucin complexes and to observe whethersfreciation of aluminium is affected by the

presence of mucin.
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1.2.3. Impact of aluminium on natural systems

Aluminium is an abundant element in Earth's critst believed to be contained in a percentage from
7.5 to 8.1 % [183, 184]. Aluminium is very rare its free form; dissolved monomeric aluminium
occurs as aquo aluminium as well asOR, SOQ* and organic complexes [185, 186]. Aluminium
contributes greatly to the properties of soil, veher is present mainly as insoluble aluminium

hydroxide.

Aluminium’s availability increases rapidly with @iy which is why the implications of the metal on
theflora have drawn attention [187]. One of the well-knoadverse effects of aluminium is on plant
life under ‘acid rain’ conditions [188]. Dissolve&l** ions are toxic to plants; these affect roots and
decrease phosphate intake. Aluminium may accumdufatplants and cause health problems for

animals that consume these plants.

An increasing number of studies have been devatdte interactions occurring between aluminium
species and humic substances [189-192]. The statunginium complexation to humic substances
[189] is of particular concern with the increasiagidification of many natural water courses as a
consequence of ‘acid rain’. The increased acidityels lead directly to increased levels of ‘fred®'A
readily available for interaction with dissolvednhia substances. Since humic substances consist of
heterogeneous mixtures of transformed biomolecutes, binding of Al* to these molecules can
effectively increase the bioavailability of the @eion to biological systems. It is therefore injamt

to circumvent the extent and the strength of agsi@wminium complexation.

Aluminium affects also the aquatic life as the rhésamobilized from the edaphic to the aquatic
environment during acidification [193-195]. Elewvaitéevels of aluminium are of interest because
aluminium may influence the cycling of importanémlents such as phosphorous, organic carbon, and
trace metals [196]. The presence of aluminium migp &ave serious ramifications for biological
communities, particularly fish, inhabiting acidifieaquatic systems [197]. At alkaline pH values the
predominant species appears to be Al(QHyhereas below pH ~ the trivalent aquo ion, Al
dominates; in the critical pH range from 4 tohdwever, there unfortunately exists little agreenan

to what species are important, even in synthetitisms containing no added ligands. Both
mononuclear hydroxo complexes (A18H A1(OH)", AI(OH);) and polynuclear complexes
(AlL(OH),®"™" have been suggested as dissolved species insgupte systems. An understanding
of the aqueous speciation of aluminium is essefdialn evaluation of the processes occurring after

acidic rains.

Among their applications in aqueous systems, aliuminis found to be a valuable coagulant. Pre-
hydrolyzed polyaluminium coagulants are the mosfelyi used coagulants and receive extensive
research [194a) to (d)]. Being able to distinguish the alumimigpecies present in solution is a topic
of high importance since the efficiency of the adatp properties of each species is different [199,
200].
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During the last few years, an increasing numberstoidies have demonstrated the presence of
polynuclear aluminium species in the environmer@iO2and the toxicity of such species has been
clearly demonstrated in the case of plant growl[2202]. It is therefore necessary to study the
interactions of polycationic aluminium species witlblogical ligands, to identify how conformation,
stability and charge (and hence their biologicalcfion) can be affected by such species; and vice
versa, what is the impact of biomolecules on alimmmnspeciation? Our research aims to understand
how charge, morphology and the structure of alummmiaqueous species influence their interaction
with other molecules such as proteins. This undadihg could then be used to emulate biomimetic
approaches to the preparation and improvementunfiialum based materials [203]. A better control
and understanding of such materials could minimsles of release or improper use of harmful forms
of the metal. Examples of the undesirable effeat»a$ting materials and substances used include the
cases of vaccine adjuvants creating aluminium 8sason [204], or alums used for water treatment

that leave traces of monomeric and polymeric aliuminions in drinking water [205].

On the basis of the existing knowledge, the follagvaims were set in the present study:

First, to describe the sol-gel transformationsi€fedent aluminium reference systems. The desanipti
of the steps of the conversion of aluminium ion® ialuminium (oxy) hydroxides will increase the
understanding of the borderline between ‘true’ sohs and colloidal phases.

Since there is no available method for the deteation of the ‘formal’ hydrolysis ratio of aluminitm
containing solutions, the next part of the studil thius be concentrated on the development and the
optimisation of a potentiometric method. The nevwprapch will facilitate the study of aluminium-
containing solutions.

An array of analytical techniques will be applied the analysis of aluminium-biomolecules
interactions in order to detail, if they exist, thehaviour of the new bio-materials. In this fisaktion,
the morphological analysis of aluminium-biomolecslgstems will also be investigated since the
structural characterisation of aluminium-biomolesul namely lactic acid, lysozyme and mucin -

assemblies has not been critically conducted yet.
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2. Materials and Methods

Part 2

Material and Methods

2.1. Preparation of the aluminium - containing referesggtems

A stock aqueous solution of aluminium chloride (8 inol.L'Y) was prepared by dissolving a known
amount of crystalline AIGITO6H,O (Aldrich Gillingham, UK, 99 %) in distilled deionised water.
Working solutions of AIG were prepared by dilution of the stock solutiorthwieionised distilled
water. The stock solution containing ~ 0.4 mdl.AICI; and acidified with ~ 0.4 mol:LHCI, was
prepared by dissolution of AlgIBH,O in distilled deionised water containing a prepeissed amount
of 1.0 mol.L*HCI (Fisher,Loughborough, UK) in a volumetric flask of the résal volume.

A model Alsmer solution was synthesised from the stock Al€blution by a soft hydrolysis
technique - static anion exchange described elgewhg The hydrolysis ratio of an Atmer solution
was adjusted th ~2.46, the molecular hydrolysis ratio ofAmers [2]. For the preparation of a model
Alz-mer solution, an Ak-mer solution prepared at room temperatire @.40) was thermally aged in
a water bath at 8& for 48 hours (h) as described in [1-3]. Aluminilnydroxide was prepared by
adjusting the hydrolysis ratio of the stock solnta@f AICI; to h ~2.8 using the anion exchange method
[1] and by ageing the resulting solutions for 1gr68 months which led to mean particle sizes 26 + 3
nm, 82 + 8 nm and 100 + 11 nm, as measured by dygnhght scattering at 90 The purity of
solutions of Al species was verified Byl solution NMR. The percentage of target specias ¥ound
to be for Alymer - 98.17 % of the total aluminium concentratifor Alsg-mer - 95.23 %; for Al
hydroxide - 96.95 %. The final aluminium concentmatin model solutions of the Atmer, the Aby-
mer, Al hydroxide, AIC} and AICEL + 0.25 mol.L* HCI was close to 0.4 mollas determined by
means of a colorimetric method using the Ferrongeet [4]. Prior to measuring aluminium
concentration the samples of ‘reference’ solutimese subjected to acid digestion with 1 madIHCI

in order to break down any polynuclear aluminiuracges or aluminium hydroxide present.

The formal hydrolysis ratio of commercial aluminiwhlorohydrate material (ACH Microdry, Reheis,
Berkeley Heights, NJ, USA) was also measured asetipal example. Approximate formula of ACH

which represents basic aluminium chloride salt ig@H),Cls., x yH,O (wherex ~ 5 according to the
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manufacturer’'s data ang ~ 0.14). An aqueous solution of this sample wagpamed by dissolving
1.052 g of the fine powder in 10 mL of double dlistl water to give a solution with total Al
concentration of 0.8 mol:Las determined by a colorimetric method with Ferfaimmic absorption

could have been used).

2.2. Preparation of biomolecules solutions

Preparation of gelation agent (GA) solution samgtasgelation studies

A broad range of compounds are employed in collaitiamistry as ‘destabilising agents’ (also called
‘gelation agents - GAs), including inorganic saltel large organic polymers. The GAs were divided
into four broad groups listed in Table (2.1), adiog to their mechanism of destabilization of

aluminium species.

Table 2.1.The four classes of destabilising agents usediffirout the experiments.

KCI = 99 %, Sigma-Aldrich

K>SO, 2 99 %, Sigma-Aldrich

pH-independent GAs, moliL K3PO, 97 %, Aldrich

CH;COONa, Sigma-Aldrich

Na,SiO;, Aldrich

KHCOs= 99.5 %,, Sigma-Aldrich

NH; 5 M, Aldrich

pH-dependent GAs, mol'L
NaAlO,, Riedel-de Haén (Seelze, Germany)

(C,Hs)3N = 99 %, Sigma-Aldrich

Hybrid GA, mol.L* K,Si(cat)

Cellulose acetate, Aldrich

Polymeric GAs, mol.l! H(OCH,CH,),,OH, Fluka(Milan, Italy)

Poly(acrylic acid), Aldrich

The ammonia, the triethylamine and the poly(ethglgtycol) reagents were provided in the liquid
form by the companies and used as supplied. Tdteofehe reagents used in this study were prepared
by dissolution of the commercial product in doubistilled water. The concentrations of the stock
solution of the reagents were approximately 1 mbekcept for KCI which was prepared at 2 mdl.L

The K;Si(caty complex was prepared according to Evans et al. [5]
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Preparation of titrant solutions

Stock solutions of the five alkalis used in thiadst were prepared at concentrations of approx. 0.1
mol.L™. A stock solution of ammonia was prepared from &.bt" ammonia solution (Aldrich). A
volumetric standard solution of 1 motlpotassium hydroxide (Fisher) was used as the stolkckion

of KOH and it was sonicated prior to experimentsiider to eliminate dissolved carbon dioxide. Stock
solutions of the other three alkalis were prepdmgdissolution of the corresponding crystallineid®l
(Trizma-base (Aldrich, 99.90 %NaCO; (Aldrich, 99.995 %) and NaHC{AIdrich, 99.50 %)) into
deionised distilled water in a volumetric flasktbé required volume. Stock solutions of all fivkadis
were standardised using automated potentiometriatitin with a volumetric standard solution of
hydrochloric acid (HCI, 1.00% 0.001 mol.L*, Fisher Scientific).

Preparation of aluminium-ion solution samples ficnation

Pre-defined aliquots (0.2, 0.6 or 2 mL requiredptepare solutions at a final Al concentration of
respectively 0.004, 0.012 and 0.04 md).lof the Al-containing solutions were diluted witleionised
water (to make up to 20 mL of the sample solutioriotal) and titrated immediately with one of the

five pre-standardised titrants containing 0.1 mobE base.

Preparation of the biomolecule solution samplesificeraction studies

L-(+)-Lactic acid,> 99.0 % (ex. Fluka), chicken egg white lysozymew(ger, ~ 70000 units.nigfrom
Sigma), BSA 96 % (Sigma) and mucin (from porcirarsich Type I, bound sialic acid 0.5 - 1.5 %,
partially purified powder from Sigma) were usedraseived. Aqueous solutions of the biomolecules
(50 mg.mLY) were prepared immediately before use by dissglvime biomolecules in distilled

deionized water.

Preparation of aluminium - biomolecule solution sées

A series of model aluminium-biomolecule solutionsrevprepared at room temperature by the addition
of different amounts of fresh biomolecule stockusioih to each of the model aluminium-containing
systems. All solutions were vigorously stirred dgriand after mixing of aluminium-containing and
biomolecule solutions (for 60 seconds (s)) usivgréex stirrer and left ageing at room temperaf@te

+ 0.2 °C) for 24 h. The time of ageing was chosantle basis of preliminary kinetic experiments
which showed that most of the parameters of theialium-biomolecule mixtures (e.g. pH, viscosity
and particle size) had stabilized after 24 h of iweimg. When the experiments were performed at
constant aluminium concentration, the final alumini concentration in the aluminium-biomolecule
solutions was 0.15 moll, and the biomolecule concentration was varied fbio 25 mg.mL in
steps of 2.5 mg.mk For the infrared spectroscopic experiments, teasarements were performed at
constant lysozyme or BSA concentration, the finedt@n concentration in the aluminium-protein
solutions was 25 mg.mt, and the aluminium concentration was varied frotn 0.15 mol.L* in steps

of 0.015 mol.L™.
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2. Materials and Methods

2.3. Solution characterisation techniques

2.3.1. Potentiometry

To a large extent, the potentiometric analysis o$cdution consists in determining its acidity /
alkalinity. Afterwards, the pH value can be usedt#culate the hydrolysis ratio of an Al-containing

sample which can then be used to reveal the Aligpiec of that sample [6, 7].
2.3.1.a. Principles

pH

pH is the measurement of the activity of hydrogamsior their equivalent in solution. The pH scale i
an inverse logarithmic representation of hydrogestqn (H+) concentration. As a simple definition,
pH is the measurement of the hydrogen ion concéora[H'] of a solution and is defined as the
negative logarithm of the hydrogen ion concentrafi®] and was introduced in 1909 by the Danish

biochemist, Soren Peter Lauritz Sgrensen.

pH = -log[H"] Equation 2.1a

The pH value is an expression of the ratio of][td [OH] (hydroxide ion concentration). Since the
concentration of hydrogen ions and hydroxide iomsanstant in a stable solution {(JEDH] = 10™*

at temperature constant), either one can be qiexhiif the value of the other is known. Therefore,
when determining the pH of a solution, the hydrexioh concentration can be calculated.

While pH measurements are realised, the variatidaroperature in the sample has to be considered as
one of the external influences on pH measuremdmnperature affects the pH measurement in two
ways. The first is a change in pH due to changedissociation constants of the ions in the solution
being measured. This implies that as solution teatpee changes, the pH value also changes.
Presently available instrumentation cannot accéomthis change because the dissociation constants
vary from solution to solution. The second reasemperature affects the pH measurement, is glass
electrode resistance. Since the glass measuringyade is an ionic conductor, it stands to reasan t
the resistance of the glass will change as thetisaluemperature changes. As temperature rises,
resistance across the glass bulb decreases. Tangeln resistance versus temperature is constdnt a
can be calculated depending on the specific typalass formulation of the electrode. The pH
electrode used was a combined one equipped wigmgdrature sensor. That characteristic of the
electrode enabled one to circumvent any temperatariation during pH measurements. All the pH
measurements were realised at constant temperafie,

The combination pH electrode was used to determhiegoH, it consists of a reference electrode and a
measuring one joined in a single glass body asseriible combination electrode is constructed with
two types of glass. The stem of the electrode isoa-destructive glass. The tip is a specially
formulated “pH sensitive” lithium ion-conductive agis consisting of the oxides of silica, lithium,

calcium and other elements. The structure of thglalds allows lithium ion electrons to be exchanged
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by hydrogen ions in aqueous solutions, forming drated layer. A millivolt potential is created asso
the interface between the pH glass and the extexgatous solution [9]. The magnitude of this
potential is dependent on the pH value of the 8niutSince the internal solution of the glass etsis

is buffered, its pH value is kept constant, makihg measured potential difference dependent only
upon the pH value of the external solution beingsueed.

Since the hydrogen ion concentration reveals theopkhe solution studied, one can determine that
concentration by firstly calculating the electrigt@ntial of the cell membrane interface betweerpttie

combination electrode and the solution studiedh wite Nernst equation (Equation (2.1)).

E=E, - (RT/nF)In[H"] Equation 2.1b

where E represents the Nernst potential of half(sg|

E, is the standard Nernst potential (V);

R is the universal gas constant (J.fil");

T is the temperature (K);

n is the number of electrons transferred in théteaction;

F is the Faraday constant.

pH electrodes were utilized during potentiometitcation procedures. The potentiometric titration
approach was undertaken to study the speciati@guéous aluminium solution. That analysis enabled
the determination of the amount of a substancedtfadyte which is the studied species) reacting wit

a measured volume of a solution of precisely knoamcentration (the titrant).

Hydrolysis ratio

Solutions of aluminium ions partially neutralisedhwalkali in the presence of non-complexing anions
(e.g, chloride) give rise to a number of identifiabduble aluminium polynuclear hydrolytgpecies
as well as various forms of aluminium hydroxideckaf these species has a specific ratio of hydroxo
(oxo-) ligands to the number of aluminium atomstte structural formula which can be called a

‘molecular hydrolysis ratioh’:

b= NOH) [2n(O%)
n(Al) Equation 2.2

wheren(OH) and n(0?) is the number of hydroxo- and oxo-ligands respebt, andn(Al) is the

number of Al atoms per species.

The overall hydrolysis ratidd is a combination of all ‘molecular’ hydrolysis i@ h’, of the n

aluminium species present in aqueous solutionsratentrations,:
1
2,
_n

= Equation 2.
C(Al) total
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where the total concentration of aluminium-ionsAlT (o) is defined as:

C(AD o = Zan Equation 2.4

The ‘formal’ hydrolysis ratich can be defined as the ratio of added hydroxyldoncentration

(C(OH) agee @nd the total concentration of aluminium ionshia system (C(Ala).

o 2 COH) sy

Equation 2.5
C(AI) total

Under ideal experimental conditions (i.e. ideal imixof reagents and in the absence of interfering
species, etc.) the formal hydrolysis ratiaddefined by Equation (2.5) should match the ‘ode
‘average molecular’ hydrolysis ratid from Equation (2.3)ie., h = H). Therefore, one can use the
‘formal’ hydrolysis ratioh of hydrolysed Al-ions as an integral parameteterging the ‘basicity’ of
aluminium speciese(g. ‘degree of neutralisation’ or similar parameter)tloe overall ‘acidity’ of the
system (i.e. the amount of base required to nésgré).

Also, the conditionh = H discussed above provides a link between an expetatly determined
formal hydrolysis ratiol{) and the overall hydrolysis ratidl), the value of which is a function of the
complete speciation of hydrolysed Al-ions in salati(Equation (2.3)). Therefore, by measuring the
‘formal’ hydrolysis ratio h one can estimate the ‘average molecular’ hydrslysitio H of all
aluminium species present in solution, angk versa

The approach used to determine the formal hydmlgeioh of hydrolysed aluminium-ion solutions
was the automatic potentiometric titration with aik Our approach is based on the fact that at
conditions close to ideal (i.e. local pH gradieatsd premature aluminium hydroxide formation are
minimised), the major inflexion on the pH-titratioarve of aluminium-ion solution with base observed
at pH around 6.9 - 7.0 corresponds to the compegeipitation of aluminium hydroxide with exact
stoichiometryn(OH) / n(Al) = 3.0. (Ks = 1.4.10*%). One can use this well-defined inflexion on the
titration curve as a reference point and calcutage formal hydrolysis ratid of an aluminium-ion

solution as follows:

h=30-Ah Equation 2.6

where Ah = C(OH)added / C(Al)total

2.3.1.b. Apparatus for the pH analysis

The measurement of pH of aqueous solution was mathg a PHM-250 pH-meter with a Red Rod
glass electrode and a temperature sensor (Radiofeddytical, Villeurbanne, France). The pH probe
was calibrated using four IUPAC buffers (pH 1.689)05, 7.001 and 10.008) from Radiometer. The

absolute error of pH measurements was * 0.002 ptd. un
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2.3.1.c. Automatic potentiometric titration setup

Potentiometric titrations were conducted using ai®aeter autotitrator TitraLab 865 (Radiometer
Analytical) with TitraMaster 85 PC software. Theatitrator was equipped with a Red Rod combined
glass electrode and PT100 temperature sensor.vinage temperature of all measurements was 25
1 °C. Four-point calibration of the pH-meter was cadriout every 24 h using a set of standard pH
buffer solutions (pH = 1.6& 0.03ex. Fluka, 3.98+ 0.02, 7.01+ 0.02 and 10.0% 0.02, allex. Fisher
Scientific). Automated potentiometric titrations n@eperformed in dynamic incremental mode [10]
using measurement of pH as an analytical respéns@der to combine good quality of titration data
and minimise the time required for titration thdldwing titration parameters were pre-optimised:
maximum dose 0.06 mL, ‘dynamic dose’ reflectingsigvity of the autotitrator to the change of slope
of a titration curve was set to “4” (medium levefdditions of titrant were made after fluctuatioofs

pH response reached the level of less than 0.1 mVie volume of the aluminium-containing sample
was 20 mL and the volume of titrant added varietivben 2 and 6 mL depending on the aluminium
species present in the sample solution and tatahiaium concentration. The described parameters of
the automated titrations enabled up to 90 pointthertitration curve to be achieved within a selesib
titration time (in most cases less than 1 h) whéghto satisfactory resolution between major fitrat

inflexions. All titration measurements were perfedrin triplicate.
2.3.1.d. General pH measurements

The pH measurements were realised either on freshples or, for the samples containing a
biomolecule, after an ageing time of 24 h at roemgerature (25 + 2 °C) in order to leave enough
time for the pH to stabilize itself.

The potentiometric titrations were achieved witle af the five pre-standardised titrants listed telo
Stock solutions of the five alkalis were preparedamcentrations of approx. 0.1 and 1 mdl.A stock
solution of ammonia was prepared from 5 moeimmonia solution (Aldrich).Volumetric standard
solutions of 1 mol.L[* potassium hydroxide (Fisher Scientific) was usedhe stock solution of KOH
and it was sonicated prior to experiments in orttereliminate dissolved carbon dioxide. Stock
solutions of the other three alkalis were prepdmgdissolution of the corresponding crystallineid®l
(Trizma-base (Aldrich, 99.90 %NaCO; (Aldrich, 99.995 %) and NaHC{AIdrich, 99.50 %)) into
deionised distilled water in a volumetric flasktbé required volume. Stock solutions of all fivkadis
were standardised using an automated potentiomtithation with volumetric standard solutions of
hydrochloric acid (HCI, 1.00% 0.001 mol.L*, Fisher Scientific.). Pre-defined aliquots (0.26 @r 2
mL required to prepare solutions at a final Al cemzation of respectively 0.004, 0.012 and 0.04
mol.L™%) of the Al-containing solutions were diluted witleionised water (to make up to 20 mL of the
sample solution in total) and titrated immediatefter dilution with one of the five pre-standardise
titrants.

Titrations of the four biomolecules employed thrbwgit the study were accomplished on 2.5, 20 or 25

mg.mL* samples by using one of the above-mentioned titran
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2.3.2.Conductimetry

The presence of ionised species in solution is ipanonitored by its conductivity. A good conductor

such as a metal will have a high conductivity shagnits ability to carry electric current.

2.3.2.a. Principle and apparatus

Placed across a conductor, the movable chargded@éctrolytes) of an electrical potential diéface
flow and give rise to an electric current. Posiiveharged particles will migrate toward the negati
electrode (cathode) whereas negatively chargedcleartwill migrate toward the positive electrode
(anode). The migration of particles is the electiicrent flow. The conductivityg is defined as the

ratio of the current density J to the electricdistrength E:

J=0E (S.mh) Equation 2.7

The conductivity measurement is directly affectgdhe number of dissolved ions in solution and will
increase as the quantity and mobility of ions iases.

Conductivity was measured using a CDM230 condugtivheter (Radiometer Analytical). The
conductivity cell consists of two parallel platinystates at a defined distance. It is confined witai
glass jacket with two pipe connectors enabling mesasent in flow mode. This cell is calibrated using
a conductivity standard of NaCl (1015.cnt at 25 °C, Radiometer Analytical). An absolute ewb

the conductivity measurements was + 0.5 % of readin

2.3.2.b. Measurements

The conductivity of the samples was measured with dpparatus described above in automatic or
manual mode. Measurements on samples containifapeobecule were performed after sample ageing
after 24 hours at room temperature (25 + 2 °C)ritento leave enough time for the conductivity to

stabilize.

2.3.3. Viscosimetry

Measuring viscosity is an effective method of detieing the fluidity of a liquid. Almost all liquidare
viscous fluid having viscidity. Viscous fluids arerther divided broadly into two categories;
Newtonian fluids (flows like water, its stress/rafestrain curve is linear and passes through thgnd

that is subject to Newton’s law of viscosity, armhrNewtonian fluids (the viscosity changes with the
applied strain rate; then no well-defined viscgsihat is not subject to Newton’s law of viscosithe
viscosity of aluminium depends on its purity, bytemsion, on its speciation [10]. Due to the
modification of the aluminium speciation in our gdes, the samples studied through out the thesis

were non-Newtonian fluids.
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Viscosity is the substance constant indicatingniagnitude of the “fluidity” of a fluid.

P’ Plate B

Plate A

Figure 2.1.Couette flow (Newtonian fluid).

As shown on Figure (2.1), the two plates, platendl alate B, are placed parallel to each other and
filled with a liquid (fluid). The distance betweg@tate A and plate B ispyWhere plate A is fixed and
plate B is being moved parallel to plate A at astant speed of Y if the fluid between plate A and
plate B is also in motion parallel to plate A arastproduced a steady flow, this is called the Geuet
flow. Where the velocity at a given distance y testw plate A and plate B is V, they are in propartio

as shown in Figure x. Where the slope of the ditdige connecting O and P’ is D,

D=Vl/y Equation 2.8

Since it equals the increased quantity of the vsi@er unit distance, i.e. the velocity gradient,
D=dV/dy Equation 2.9
D is called a shear rate.

In Figure (2.1), the liquid layers at distance @ at distance y + dy flow parallel to each othesmed
V and at speed V + dV respectively. Because oftifference in their velocities, an internal friatial
force will develop between them. The frictionalderapplied to the unit area of the plane paradl¢hée

flow direction between plate A and plate B is cdléetangential as shear stress.

T stands for a tangential stress and is proportiemshear stress D). is the proportional constant,

T =D (Newton’s law of viscosity) Equation 2.10

Equation (2.10) represents Newton’s law of visgosihere the proportional constamtis called the

viscosity coefficient.

n=r/D Equation 2.11
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2. Materials and Methods

The fluid subject to this law, whose viscosityat specific temperature is constant in spite ehear
rate D or shear stregs is called a Newtonian fluid. If the shear rateabd shear stressare not
proportionate, i.e. if viscosity of the fluid is variable with the quantities ofesin rate D or shear stress
T, it is called a non-Newtonian fluid. A liquid suek water, alcohol, etc. which is composed of glsin
substance (molecule) is a Newtonian fluid. On ttieeohand, a polymer solution, a colloidal solution
etc. is generally a non-Newtonian fluid.

According to Equation (2.11), viscosity is= 1 / D. This is represented by Sl system of units as
follows:

- shear stressis force per unit area. The unit of force is New(dl). Therefore the unit afis (N.m?)

or Pascal (Pa), which is the unit of stress (pmegsu

- shear rate D is defined as dV/dy by the Equat®), and is represented by the unit)(svhich was
given by dividing the unit [m:§ of speed V by the unit (m) of distance y.

Therefore, according to (a) and (b), the unit stusityn is (Pa) / (3) = (Pa.s).
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Figure 2.2.Vibro-viscometer (detection system).

2.3.3.a. Principle and apparatus

Viscosity was measured on an AND SV-10 vibro-viseten (A&D Company Ltd., Tokyo, Japan) with
gold-coated transducer and temperature sensor.ifBfiement has two thin sensor plates that are
driven with electromagnetic force at the same fesqy (30 Hz) and amplitude of less than 1 mm by
vibrating at a constant sine-wave vibration in reeephase as for a tuning-fork. The electromagnetic
drive controls the vibration of the sensor platekdep them in constant amplitude. The drivingteilec
current, which is the exciting force, will be det=t as the magnitude of viscidity produced between
the sensor plates and the sample fluid. The caefiiof viscosity is obtained by correlation betwee
the driving electric current and the magnitude is€idity. Accuracy of the measurements is withi#o1l

of readings obtained. After calibration on doubistiled water, the viscosity of the water was @89
mPa.s at 28C (1 atm) [11].
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2.3.3.b. Measurements

Viscosity measurements were performed at 25°€2The readings of viscosity were acquired in 10

mL polycarbonate containers with fixed size andtpms

2.3.4. Ultrasonic measurements

Ultrasonic spectroscopy was used for material cttaraation. A material’s properties are linkedt®
acoustic characteristics. These can be studiedttasanic techniques, employing sound waves [12,
13]. The high frequency acoustic wave probes intdeoular forces in materials. Oscillating
compression (and decompression) in the ultrasoaievecauses oscillation of molecular arrangements
in the sample, which responds by intermolecularaetion or repulsion. The amplitudes of
deformations in the ultrasonic waves employed ialwital ultrasound are extremely small, making
ultrasonic analysis a non-destructive techniqueulsrasonic wave, unlike its light counterpartalde

to propagate through most materials. Another adugntis that it is relatively easy to change the
wavelength of the ultrasonic wave, as ultrasonigesaare synthesized electronically unlike for cgtic
techniques where the wave originates in a lightremwand therefore needs special effort to get a
required spectral purity. Therefore a typical wWowaic spectrometer can cover a broad range of
wavelengths. It could be described as probingriterior of the analyzed sample with a set of fisger

which differ in their size by more than an ordemn@gnitude!

2.3.4.a. Principle and apparatus

Ultrasonic materials analysis is based on the measent of parameters of ultrasonic waves
propagating through the sample [14-16]. This presithformation on the interaction of the ultrasonic
waves with the sample’s interior, thus enablinglysis of its physical and chemical properties. The
sample’s molecules respond to the ultrasonic wenreugh the intermolecular forces (intermolecular
repulsion and attraction) reflecting the micro-gtaty of the sample.

The ultrasonic wave is a wave of oscillating pressand associated longitudinal deformation. The
ultrasonic spectrometer employs a principle wheesptath length of the ultrasonic wave in the sample
exceeds the size of the sample. The general plascgf high-resolution ultrasonic measurements are
shown in Figure (2.3)oelow. Piezoelectric transducers transform the tetat signal into the
oscillations of pressure, the ultrasonic wave. &osel piezotransducer then transfers the received
ultrasonic wave into an electronic signal, for sagent analysis. Travelling through samples, the
ultrasonic wave loses its energy (a decrease iritutg) and changes its velocity. This decrease in

amplitude and change in velocity are analysed asackeristics of the material.
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Figure 2.3.General principles of high-resolution ultrasonicamerements.

The ultrasonic properties of a sample can be cheniaed by two parameters: ultrasonic velocity and
ultrasonic attenuation. Ultrasonic velocity (spexfdsound) is determined by the elasticity and the
density of the medium. Generally, the elastic raspo which is extremely sensitive to molecular
organization and intermolecular interactions, dates. Travelling through a sample, ultrasonic waves
lose their energy and ultrasonic attenuation is easure of this. It characterizes the ultrasonic
transparency of the sample and can be seen asuaticed of amplitude of the wave. The more

homogeneous is the sample’s medium, the less indpadd attenuated is the sound wave passing
through it. In the case of a non-homogeneous sarim@alltrasonic wave's energy is partially absdrbe

by the medium, and its velocity is dispersed by asattering effects on the particles.
2.3.4.b. Measurements

Ultrasonic titrations were performed using HR-US I0 ultrasonic spectrometer equipped with HR-
US titration accessory (both from Ultrasonic SdfémtDublin, Ireland). The ultrasonic measurement
was carried out in the ultrasonic frequency raniggé 015 MHz and at the temperature of £8.1°C
maintained by an internal thermostat. Ultrasonitosiey and ultrasonic attenuation were recorded
simultaneously in a differential mode using theadadbm two measurement cells - a cell containireg th
sample being titrated and the reference cell comgithe same sample in unmodified form.

Titrations of Al species were performed using mondat addition of titrant (Trizma-base solution, 1
mol.L™* prepared from the solid, Sigma-Aldrich, with minim 99 % purity). Forty additions of titrant
were made in total in each of the titrations witk time interval of 30 min from beginning to end as
between each addition. The volume of titrant wagedain the range of 5 to 40L depending on the
initial hydrolysis ratioh of the Al speciesh(= [OH ]/ [Al]). In general, the lower the hydrolysis i@t
the larger the volume of titration addition. Theatoconcentration of Al species did not exceed 0.1
mol.L™* for all the titrations conducted.

The data was collected using a PC with dedicatdtivate from Ultrasonic Scientific. The final
titration curves were obtained by averaging the datquired for 20 minutes (min) after each titrant

addition with a 5 min delay.
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2.3.5. Dynamic light scattering measurements

Particle size is of great importance in the chaméxation of materials [17] because it affects key
colloid properties such as rheology, surface arebpmcking density. Moreover, its knowledge islvita

information regarding the stability of a material.
2.3.5.a. Principle and apparatus

Dynamic Light Scattering (DLS - also known as PC%®hoton Correlation Spectroscopy) is a
technique used to determine the diffusion coefficief small particles in a liquid [18-20]. DLS
measurements consist of the illumination of pasticlith a laser and the analysis of the intensity
fluctuations due to the Brownian motion in the smad light [21 a and b]. The scattered light is
collected through optical fibres at different arsgland is measured by highly sensitive detectorsetho
output is fed to a correlator.

An important feature of Brownian motion for DLS tisat small particles move quickly and large
particles move more slowly. For a solution of aegiwiscosity and at constant temperature, the
relationship between the size of a particle andsjitsed due to Brownian motion is defined by the
Stokes-Einstein Equation (2.12):

r=(kg T)/(6 T D) Equation 2.12

where r is the van der Waals radius of the moleuteeters
ks is the Boltzman constant (1.380%0.K Y

T is the temperature in Kelvin

n is the viscosity of the solution in Pascal seconds

D is the self-diffusion coefficient.

Since the diffusion rate of particles is determibgdheir size, information about their size is zomed
in the rate of fluctuation of the scattered ligb by constructing the time autocorrelation funttio
(ACF) - (Equation (2.13)) &(1) of the fluctuation, one can determine the paetiike distribution of

the population present.
G, (1) =(1() I(t+7) ) Equation 2.13

where I(t) is the intensity detected at time t
I(t+ ) is the intensity detected at timert+
T is the delay time.

The symbol ) refers to an average value of the product I(t) tftfor various times t.
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A digital correlator measures the degree of sintyldretween two signals over a period of time. The
signal intensity at (t) will be the same as itdmitause the signals are identical. That perfeceladion

is reported as 1 and no correlation is reported @dgure (2.4)). If the comparison of the samenalg
at (t) with a signal at (t %) is realised, a decrease of the correlation betwee two signal intensities
will be noted. The correlation will eventually réezero when the initial signal intensity is comphte

the one of a signal at (to¢ T).

-
o

.00

Correlation

t=0 . t=o0
Time

Figure 2.4.The correlation function.

Results were acquired using a Zetasizer Nano S Maifwern Instruments (Worcestershire, UK). The
particle size measured in a DLS instrument is fhendter of the sphere that diffuses at the samedspe
as the particle being measured. Particle sizeildigton analysis was performed using the unimodal

intensity-based model from the Coulter CONTIN peogr

2.3.5.b. Measurements

The data were acquired at a measuring angle 9@@eke and acquisition time 120 s, temperature 25
°C, equilibration time 20 min, in triplicate. Pritw DLS measurements the samples were diluted with
distilled, deionized and nano-filtered water (Whabmfilter 0.1 um) and treated for 1 min in an
ultrasonic bath to break up any loose aggregateis. greparation technique was used to eliminate the
effects of multiple scattering (observed in concaed sols and leads to an under-estimation ofcfert

size), viscosity variation and dust, leading tmesiin particle size measurements.

2.3.6.Zeta-potential measurements

Almost all particulate or macroscopic materialedmtact with a liquid acquire an electronic change
their surfaces. Zeta potential is an important asefful indicator of this charge which can be used t
predict and control the behaviour of colloidal sisgions. The greater the zeta potential the more
likely the suspension is to be stable becauseltheged particles repel one another and thus overcom
the natural tendency to aggregate. The measuresheeta potential is often the key to understanding

dispersion and aggregation processes.
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2.3.6.a. Principle and apparatus

Zeta-potential measurements of samples were pegfbrosing a Zetasizer Nano S from Malvern
Instruments using a disposable capillary cell. @ibgelopment of a net charge at the particle surface
affects the distribution of ions in the surroundimgerfacial region, resulting in an increased
concentration of counter ions close to the surfateis an electrical double layer exists around each
particle. The liquid layer surrounding the partiebdsts as two parts; an inner region, called tteernS
layer, where the ions are strongly bound and aerputiffuse, region where they are less firmly
attached. Within the diffuse layer there is a eatad boundary inside which the ions and particles
form a stable entity. When a particle moves, ionthiw the boundary move with it, but any ions
beyond the boundary do not travel with the particldnis boundary is called the surface of
hydrodynamic shear or slipping plane. The potertkiat exists at this boundary is known as the zeta-
potential.

Under the influence of an applied electric fielde texistence of electrical charges on the surfdice o
particles is at the origin of the movement of tlaetigle in the liquid it is suspended in. That effés
called the electrophoresis. At the same time, visdorces act on the particles which tend to oppose
this movement. When equilibrium is reached betwinese two opposing forces, the particles move
with constant velocity. From the velocity of a pelg, which is also called electrophoretic mobilitiye

zeta potential of the particle can be deduced Ipyam the Henry equation [22]:

_2¢ez f (ka)

U
E 3

Equation 2.14

wherez zeta potential

Ug electrophoretic mobility
€ dielectric constant

N viscosity

f(ka) Henry’s function.

Most of the time, particles are in polar media amaderate electrolyte concentration. The maximum
value off(ka) is 1.5 and is referred to as the Smoluchowski@ppration [23, 24].

The electrophoretic mobilities of the particles sveletermined using a combination of phase analysis
light scattering (PALS) and Laser Doppler VelocigeDV). Then, those data were converted into
zeta potentials from theoretical considerationsygigthe Smoluchowski approximation [25, 26]. The

concept of zeta potential is illustrated in Fig(2e5).
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Figure 2.5.Schematic representation of zeta potential.
2.3.6.b. Measurements

1 mL aliquot of each sample was injected into tagiltary cell and measurements were made &5
using field strengths of approximately 10 V:&nin order to enable this conversion and to redhee
effect of viscosity the samples were diluted 10@e8 with deionised water immediately before

measurement.
2.3.7.%’Al and 'H solution nuclear magnetic resonance spectrossopie

Nuclear magnetic resonance (NMR) spectroscopywsdaly used technique for speciation analysis
(quantitative and qualitative) in materials scigreaalysis, geochemistry, soil science, and mahgro
fields [27-32]. In this study?’Al and *H solution NMR spectroscopies were used, partityfar the
studies of aluminium biomolecule interactions iderto establish identities of the samples. However
with 2’Al solution NMR spectroscopy, there are severdidlifties associated with the method, such as
qguadrupolar line broadening [33], baseline ‘rollifig2], together with the low signal-to-noise ratio
[34] obtained when working at low concentrationslafge aluminium species. Provided that the
sample concentration is sufficiently high, thosehiems can be overcome through the use of
computational transformations to lead to a setpafcta which are fitted in the second part of the

algorithm.
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2.3.7.a. Principle

Quantification

Due to the possible losses in intensity and artefdae to NMR equipment settings and construction,
the Al NMR analysis of any system should include quatitie estimates of the intensity of the
resonance related to some external standard. ioptinpose, a concentric sample cell containing the
sample in one compartment and a standard solutidimei other was used to determine the intensity of
the signal. The [Al(HO)g** resonance in aqueous salt solutions and the [AifOlsesonance in
aluminate solutions are two suitable standard{H#D)s** solutions should be acidified ([HAI *] =

1) to prevent self hydrolysis, and therefore gisenarrow a resonance as possible, whereas an excess
of alkali [NaOH]/[Al] = 5 has to be used in the case of aluminate to imeptice complete detection of
aluminium. The standards should in any case béredid against a solution of the other in a two
compartment cell so as to eliminate any need factipion measurements of the cell size. The
guantitative data were then extracted in the usagl by obtaining integrals. The aluminate standsird

widespread as it overlaps with fewer resonancestti@hexaaquo ion resonance.
2.3.7.b. Features of’Al NMR spectroscopy

The main aluminium isotopé’Al, has a natural abundance of 100 % [33]. It iarebterised by a high
sensitivity to detection by NMR and large chemisaift ranges, two factors that make its study
relatively easy. The nucleus has a relatively simadidrupolar moment associated with a high nuclear
spin (1= 5/2).?"Al is a quadrupolar nucleus which means that is@mances are broadened relative to
those of spin 1/2. This aspect of quadrupolar edlar is counterbalanced by the additional
information obtained concerning molecular symmetrieom the magnitude of quadrupolar line
broadenings. Furthermore, advances in high-reemllXiIMR spectroscopy made it possible to obtain
rich information fron?’Al NMR spectra concerning the structure and pattsagfyits interactions with
solvents and numerous ligands [32, 34]. Aluminiuohuson NMR spectra are characterised by a
chemical shift range of about - 30 to + 300 ppntmally expressed relative to tR&Al resonance of

Al(H,0)¢*" in aqueous solution [2].

2.3.7.c. Features ofH NMR spectroscopy
Proton solution NMRH NMR) spectra are characterised by a chemical shthe range of - 4 to + 12
ppm, normally expressed relative to fiveresonance of tetramethylsilane as the intermaidstrd, set

as zero. To assign a molecullee spin-spin coupling between protons is also @sedn indicator. The

integration curve for each proton reflects the alante of the individual protons.
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2.3.7.d. Measurements

Al solution NMR

Al solution NMR spectra were acquired using a JE6IX400 spectrometer (Jeol, Tokyo, Japan)
operating at the following conditions:,O lock, single pulse method, x-pulse of g, 512 scans,
relaxation delay 0.5 s, 10 mm sample probe, tenpera25°C or 80°C in the case of A} and
AICI 3+HCI systems. Aluminium nitrate solution (0.016 thdl in distilled, deionised water) was used
as a primary standard for quantification. 5 mm plwith coaxial inserts (Wilmad, Buena, NJ, USA)
containing 0.06 mol.tt of sodium aluminate in D (99.8 %, BDH Laboratory supplies, UK) as both
secondary standard and locking solution were useddquisition. Thé’Al NMR FID traces were
apodised using an exponential function (line bro@ue 10 Hz), Fourier Transformed, phased (0 and
1% order phasing) and baseline corrected using tHacGa GRAMS/32] ver. 5.1 software (Thermo
Galactic, Waltham, MA, USA). The peak assigned ltorénate ions (chemical shift 80 ppm) in the
secondary reference solution was used as a chesfifareference. Quantification of t&I NMR
spectra was carried out using a local integratibnthe peak areas by means of the Galactic

GRAMS/320 ver. 5.1 software and an algorithm developed prgsty [27, 35].

'H solution NMR

Since it was necessary during the biochemical tigations to work with aqueous media, the water
signal in the neighbourhood 6fC14-5 ppm interfered with the measurements. Although seigeals
may be hidden and integration is not possible rnieathe water signal, the water signal was not
suppressed as the methine and the methyl signadsfas quantification were not in the vicinity dfet

solvent signal.
2.3.8. One dimensional polyacrylamide gel electrophoresis

A molecular biological technique was undertakerdébermine the molecular weight of the proteins
used through that study. Polyacrylamide gel elgttooesis (PAGE) gives the molecular weight of
proteins providing it they lie between 10 and 2B@&K36-38]. Based on the manufacturer information,
lysozyme and bovine serum albumin (BSA) have a oudée weight of 14.7 and 66 kDa respectively.
Consequently, those two proteins are good candiddte the electrophoresis. The mucin
macromolecule also used in the work, has a molesuéght in the range of £6- 10 Da. The high

value of the molecular weight of the biomoleculedmitself an inappropriate subject for the analysis

However, its results will give us a hint regarditegrange of molecular weights.
2.3.8.a. Principle
A polyacrylamide gel is a separation matrix usedelactrophoresis. Under the application of a

directional electric field, charged protein molexul migrate in a buffer solution through the

polyacrylamide gel. Polyacrylamide is a cross-luhkmlymer of acrylamide and a cross linking agent,
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the bis-acrylamide (N,N"-methylene-bis-acrylamide)e polymerization reaction proceeds via a vinyl
addition initiated by the production of free radé&caThe system most commonly used for the
production of free radicals involves the wuse of ammm persulfate (APS) and
tetramethylethylenediamine (TEMED) [39]. The crtisked polymer network when APS, the

polymerizing agent is added is shown Figure (2.6).

HZC_EH HoC—gH HiC—HC—CHy—CH—H o—t—
7 © ¢—0 ) g o) il o)
NH, NH Persulfate =0 =
+ | EEEE— NH,, NH NH,
(Hz TEMED éHz
Acrylamide I?IH '\ll H
O L o
H,C=CH H
2 HiC—CH—H,C—CH—H,C—C—
o) o)
Polyacrylamide

Figure 2.6.Polymerization and cross-linking of acrylamide.

The length of the polymer chains is dictated bydbmecentration of acrylamide used, which is typical
between 3.5 and 20 % [40, 41]. The matrix sepanateteins by size by forcing them through pores.
The porous gels act similar to a sieve by retardind sometimes totally obstructing the movement of
large molecules while allowing smaller moleculesrtigrate more freely. Accordingly, the percentage
of polyacrylamide chosen depends on the size optbtein that one wishes to identify or probe ia th
sample. Gels with a low percentage of acrylamidetgpically used to resolve large proteins and high
percentage gels are used to resolve small proteins.

In order to obtain a separation based only on tb&ecalar weight of the proteins, gels are made in
reducing and denaturing conditions by adding retbpalg B-mercaptoethanol (a reducing agent which
cleaves disulfide bonds) to the samples and sodiodecy! sulfate (SDS) in the samples’ buffer and
also in the loading, the gels and the electroplimimsfers. SDS binds to the polypeptide backbork a
causes unfolding of the protein. As SDS is an doialetergent, once bound by it, the denatured
proteins become negatively charged. Their rateigfation through the gel towards the anode is only
proportional to their molecular weight [6]. Thisgstomenon is illustrated by Figure (2.7).

Standards Sample 1 Sample 2 Sample n

Stacking gel @

Resolving gel —_— Big proteins 250 §
. v g
—_— \l/ \]/ J/ g
= v E
— Small proteins 5 §

Figure 2.7.Schematic illustration of SDS-PAGE.
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Protein molecular weights can be estimated by ngmstandard proteins of known molecular weights
in a separate lane of the same gel. The ratioeofliftance travelled by the solute (sample’s comgpu
to that of the solvent is known as the retardatémtor (R) value. The Rvalue is a characteristic of the

solute and is used to identify its molecular weight

2.3.8.b. Preparation of the polyacrylamide gels and measainésn

For the electrophoresis of lysozyme, a 15 % resglgel was used, and one at 7.5 % was utilized for

mucin. BSA was analyzed on both gels.

A 10 % SDS solution was prepared by dissolving 180§ (Sigma Aldrich) in 100 mL of distilled
water. A 1.5 mol.[* Tris buffer solution for the separating gels wasde by dissolving 36.4 g Tris
base (Melford, Ipswich, UK) into 6 molHCI (Sigma Aldrich) until nearing pH 8.8. 8 mL &6 %
SDS was added to make a 0.4 % SDS solution. Tlad dimlution was completed with distilled water
up to 200 mL. The stacking buffer requires a fanoant of HCI so ~ 70 mL of water was first added to
Tris 0.5 mol.L* (6.06 g of Tris base) with 6 mol'LHCI until nearing pH 6.8. 8 mL of 10 % SDS was
added to make a 0.4 % SDS solution. The buffertismuwas completed with distilled water up to 100
mL. 30 mL of acrylamide (40 % from Geneflow, Fradl&JK) was dissolved in the presence of 0.8 g
of Bis-acrylamide base in 100 mL of distilled watermake a 30 % acrylamide solution. APS 10 %
was prepared by dilution of 0.1 g of APS (Sigma) ih mL of distilled water. TEMED (Fluka).

The polyacrylamide gels were prepared in the priipus detailed in Table (2.2) being aware that the

addition of the ammonium persulfate will instargtart the polymerisation of the gels.

Table 2.2.Polyacrylamide gel conditions.

7.5% resolving gel 15 % resolving gel 5 % staclgey

1.9 mL 1.5 mol.t* Tris buffer | 1.9 mL 1.5 mol.E Tris buffer | 1.25 mL 0.5 molE Tris buffer

3.7 mL distilled water 1.85 mL distilled water 3.8 distilled water
1.9 mL acrylamide 30 % 3.75 mL acrylamide 30 9 rdl5acrylamide 30 %
10uL TEMED 10puL TEMED 10puL TEMED
20pL APS 10 % 2QuL APS 10 % 2QuL APS 10 %

Once electrophoresis plates are set up, the ammopéusulfate is added to the separating buffers and
those latter are immediately poured. The stackieigiggpoured on top of the resolving gel and a gel
comb (which forms the wells and defines the lanasre proteins, sample buffer and ladders will be
placed) is inserted. The preparation is left fom@@ for polymerization. During that time, the sde®

are mixed with a loading buffer; this latter contai4 mL of glycerol (Fisher Scientific), 0.4 g SO,

51



2. Materials and Methods

mL of the stacking buffer and distilled water up1® mL. Then, 4uL of each sample (containing
bromophenol blue for an easy monitoring when this gen) and of the protein standard (Bio-Rad)
were introduced in the wells previously cleanedhvdistilled water. The standard corresponds to ten
markers (10, 15, 20, 25, 37, 50, 75, 100, 150 &tdkDa). An electrophoresis running buffer made of
121.4 g of Tris-base, 567 g of glycine (MelforddadD g of SDS diluted in 4 L of distilled water, is
poured in the reservoir of the electrophoresis tditile electrode is connected to the power suppdy an
the run of the gel started. Once the marker dyee haigrated the desired distance through the bel, t
electrophoresis is stopped. For 5 min the gelsptaeed in a container filled with a Coomassie blue
stain solution and subsequently destained withlldidtwater to eliminate the blue background from
the gel. The Coomassie blue stain was chosen bedabmds non specifically to most proteins; it is
made of 200 mL of acetic acid (10 % from Fishere8tific), 0.5 g of R250 Coomassie Blue (0.025 %
from Biorad, Hemel Hempstead, UK) diluted in 1.3t distilled water. Gels are removed from the

container and viewed with a scanner (Fujifilm).
2.3.9. Gravimetry

To expand the range of quantitative methods usedafeminium concentration determination, a
gravimetric procedure was developed and testediffereht model systems. Gravimetric analysis is
one of the most accurate and precise methods ofortp@ntitative analysis of an element in aqueous
solution [42, 43]. Thermal changes in materials (e.g. phase transjtidn not involve a change of
mass. The basic principle of gravimetry is to meashe mass of a sample after thermal changeeln th
process, the analyte is selectively converted timaoluble form by precipitation from solution. Aft

its isolation, the analyte is weighted.
2.3.9.a. Principle

The technique starts by the homogeneous precipitaf a sample. It is realised by increasing the pH
of a boiling aqueous solution by addition of a jpé&ating agent, ammonia. As the ammonia is slowly
liberated it raises the pH of the solution, causimgtal ions that form insoluble hydroxides or hydro
oxides to precipitate. The resulting sample is wdshnd filtered to eliminate most of the free water
and impurities (mostly the anions of the startiadf)s Free from purities, the insoluble precipit&e
burned tdform the oxide AJO;, the definite product which is subsequently wegghin a high precision
balance [44]. Though the filtration step requiresolag time (over 24 h), this technique is widely
accepted due to its high precision/accuracy and usas to validate the other methods implemented

during this study.
2.3.9.b. Measurements

The stated aluminium concentration in the initial;sAner solution and aluminium hydroxide

suspension was 0.4 motiland a 1 mol.! AICI;/ HCI solution was used as a model aluminium
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monomer system. In a glass beaker, 5 g of a swaitnt 0.125 mol.: (ammonium nitrate, NFNO;

> 99.0 % Sigma-Aldrich) as added to 5 mL of samplistilled water was then added to reach a final
volume of 150 mL and the solution heated to ca®@®@0A 1 mol.L* ammonia solution (concentrated
aqueous ammonia 35 %, Fisher) was then added dsgpuamtil persistence of a slight turbidity upon
benzene heating, corresponding to the formationAbfhydroxide. 10 drops of methyl red
CisH14N30,Na (Sigma-Aldrich) were then added as a pH indicattdil a red solution was developed
(Methyl redis red for pH< 4.4, yellow for pH> 6.2, and orange for 44 pH < 6.2 [45]). Next, a
careful drop wise addition of a dilute ammonium toydde 0.1 mol.[* solution (Sigma-Aldrich) was
undertaken until obtaining the desired pH7( to avoid the dissolution of Al hydroxide). Afteooling
down to room temperature, the precipitate was ctatk by filtration on an ashless Whatman 42 filter
paper and washed with NNO; 0.125 mol.L*. Both filter and precipitate were transferred tracible
and placed into a Muffle oven to be converted torahium oxide A}O; and for complete removal of
the solvent by a 24 h heating at 160@Q(initial temperature increase ramp’® per min) [46-48]. The
crucible was cooled down and weighed, and the amainalumina calculated. Aluminium
concentration was deduced from the weight of alaniormed using the theoretical molecular weight

and stoichiometry of the oxide.

2.3.10. Ultraviolet-visible absorption spectroscopy

Many molecules absorb ultraviolet or visible lighth this respect, Ultraviolet-visible (UV-vis)
spectroscopy was used for the determination of ilumm species in solution. During the present
work, the attempt was to develop a procedure bandtie formation of a complex between aluminium

species and a spectrophotometric reagent.

2.3.10.a. Principle and apparatus

Spectroscopy is the measurement and analysis ofr@deagnetic radiation absorbed, scattered, or
emitted by atoms, molecules, or other chemicalisggd9]. The absorbance of a solution increases as
attenuation of the beam increases [50, 51]. TheMiB/spectrophotometer uses ultraviolet and visible
electromagnetic radiations in the range from c&) #% 800 nm to energetically promote valence
electrons in a molecule to an excited energy stdte.absorption of light is directly proportionalthe
properties of the material through which the lightravelling. The Beer-Lambert law states that the

absorbance is related to the path length, I, aaaddmcentration, C, of the absorbing species:

A=¢|C Equation 2.20

whereg is the absorption coefficient.
Thus ife and | are known, the concentration of the substaan be deduced from the amount of light

transmitted by it.
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Only chemical species having chromophore groupsbeaanalysed using UV-Vis spectrophotometry.
This implies the need to “derivatise” UV-Vis tramspnt substances with reagents containing
chromophore groups. It is based on the formatiorcarhplexes between metal ions and organic
chromophores (organic reagents) that enables digatitn of metal ions using UV-Vis
spectrophotometry. A large number of organic retgjbave been proposed allowing determination of
practically all metal ions and metalloids in theiBdic Table.

A UNICAM UV2 spectrophotometer connected to a P@Ghwiision32 UV-Vis software was used for
all measurements. A deuterium arc lamp for UV-Ra2@e - 325 nm and tungsten-halogen lamp for
measurements in the 325 - 800 nm wavelengths wemdoged. The spectrophotometer contains a
diffraction grating as a monochromator, multi-céiblder and a photomultiplier detector. The

spectrophotometer allows for both spectrum scanaitjfixed wavelength measurements.

2.3.10.b. Measurements

Zeroing and baseline correction of the blank sanfg&gonised distilled water) were performed for
each sample. A 48 h aging was used to enable theduelopment of the complex prior to spectra
acquisition from 400 to 750 nm in UV-Vis transparguastic cuvettes 1 cm path length. For
calibration, an aluminium atomic absorption staddsolution (986ug.mL™* Al in 0.7 % HCI, Aldrich)

was used.

2.3.10.c. Acid Digestion coupled with ultraviolet-visible ajrption

spectroscopy

Introduction
Acid digestion (AD) was coupled to UV-vis spectropdmetry for the development of an aluminium
concentration determination. This method was ingelnidr the cross-verification of aluminium content

in samples.

Principle and apparatus

The AD procedure consists of the total break dofvaleminium species to aluminium monomers after
addition of a strong acid such as hydrochloric &d@l. The digested samples are then mixed with a
complexing organic reagent solution for quantifizatof the Al monomer concentration by UV-visible
spectrophotometry. Five organic reagents (xylemahge (G;H2sN,O13SNa) (Sigma-Aldrich) [52],
arsenazo Il (GH16ASNsJN&01,S,) (Sigma-Aldrich) [53], chrome azurol S {1,5Cl,0,SNa)
(Sigma-Aldrich) [54], Ferron (§sINO,S) (Fluka) [55] and aluminon ¢gH140,3NH;) (Sigma-
Aldrich) [56]) have been tested as aluminium comiplg reagents [52]. The protocol used for Ferron

will be further detailed in the section Ferron gssa
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Measurements

The AD was carried out using HCI 1 mot.(Fisher). The effects of the organic reagent tmréhium
concentration ratio and of the AD temperatures ¢2%0 °C) were examined for optimization of the
sensitivity and reproducibility of the method. Alvere performed on three reference systems: an Al
mer solution, an aluminium hydroxidespension with a mean particle size estimatec tb20 nm, as
well as an AIC§ solution used as a blank. The digestion of thel A#Glution was used to demonstrate
the absence of treatment effect upon total aluminaoncentration (the latter could be affected by
eventual water evaporation, to give only one exanpDepending on the initial aluminium

concentration of the reference systems, three saniffering in concentration have been prepared, a
listed in Table (2.3).

Table 2.3.Preparation of the AD samples (volumes (abbrevigfeare given in mL).

Reference systems] Reference system:
Al;z-mer and Al(OH) AICl;

Initial solutions

[Reference systems], motl] 0.004| 0.012 0.04 0.004 0.012 0.p4

AD

V (reference system)ged 050 | 1.25 5 0.2 0.5 2

V (H20) added 450 | 3.75| O 1.8 15 0
V (HCI, 1 mol.L'Y) ageq 45 18
V (sample)gta 50 20
AD dilution
V (digested sample) 1 0.4&) 0.10 1 0.40 0{10
V (H20) added 4 460 | 490 4 4.60| 4.9p

UV-Vis sampling

V (digested diluted sample) 0.10
V(HCI, 10* mol.L* buffered at pH 3.4)geq 2.10
V (xylenol orange, 18 mol.L') gdeq 0.80

The other organic reagents were respectively usédet concentration of 2.97 #6nol.L™* for chrome
azurol S, 3.18 mol.L™* for aluminon and 7.45.1Umol.L™ for arsenazo III.
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2.3.10.d. Bradford protein assay

Introduction

Several methods of determining the total proteinteot of a sample have been developed and widely
used during this and the last century. One of ih@lest and most sensitive is the Bradford total

protein concentration assay, which was introducetthé mid-1970s [57]. That spectroscopic analytical

technique is faster, involves fewer mixing stepses not require heating, and gives a more stable
colorimetric response than other assays (Lowryyasde Smith copper / bicinchoninic assay for

instance).

Principle and apparatus

The "Bradford" assay is a colorimetric protein gsdaased on the binding specificity of the dye
Coomassie Brilliant Blue-G250 to protein molecubag not to other cellular constituents [57]. This
organic dye binds specifically to arginine and loyrobic amino acid residues. The binding of the dye
to protein shifts the peak absorbance of the dyddund Coomassie Blue absorbs light maximally at a
wavelength of 465 nm, while the absorption maxinisrat 595 nm when the dye is bound to protein.
The absorbance of light by the dye-protein compie%95 nm is proportional to the amount of protein
bound (over a limited range); i.e. there is a limedationship between absorbance and the totakioro

concentration of the sample over a narrow range.

Measurement

The samples were subjected to a 3000 rpm centtitugéor 30 min. Then an aliquot of 0.1 mL of the
sample supernatant was diluted in 9.9 mL of dedildeionized water. A volume of 1.0 mL of the
resulting solution was mixed with 5.0 mL of the Biard reagent containing 0.1 g‘LCoomassie
Brilliant Blue G-250 (Fluka), 5.0 % ethanol (Signaajd 8.5 % phosphoric acid (Fisher) (filtered befor
use) according to the method described in [58]. dlhgorbance of the solutions was integrated for 15
seconds at a wavelength of 590 nm 5 min after rgixind the protein concentration was calculated

from the calibration curve obtained with pure bidewnle solutions of known concentration.

2.3.10.e. Ferron spectrophotometric assay

Introduction

Beside?’Al solution NMR, the concentration of aluminium csiccessfully be obtained by the Ferron
colorimetric method. That latter offers a simpledainexpensive alternative to NMR and allows
quantification at concentrations 10-100 fold lowean presently analyzable by NMR. As mentioned in
a previous section (Acid Digestion coupled withradolet-visible absorbance), the Ferron kinetic
assay is a spectrophotometric method for determiguantitatively and qualitatively the aluminium

species present in a sample. It is based on aie@bic complexing reaction between the Ferron

reagent and aluminium species. The Ferron method@aveniently differentiate between polynuclear
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hydroxy- aluminium and mononuclear species basedliffarential reaction kinetics [55, 59-66].

However, through this work, the assay has been osldquantitatively.

Principle and apparatus

Ferron has been used in many studies of Al polyimenation. Its limit of sensitivity is 50 g:t, and
the response is linear up to 1500 Y[67].

The aluminium species form colorimetric complexeshwspecific reaction rates with Ferron (8-
hydroxy-7-iodo-5-quinolinesulfonic acid), the coraping reagent, which can be quantified by UV-vis
spectroscopy by following its absorbance at 370 8imce Ferron is a dibasic acid (Figure (2.8)), the
pH value of Ferron solution can greatly affect, #mgs modify the distribution of Ferron species athi

will in turn affect the characteristics of the coipetric solution.

(l)H
O0—S—0

OH

Figure 2.8.The Ferron molecule.

Around pH 5.2, Ferron reagent is partly deprotothateéo mainly one form whose absorbance is the
weakest at 364 nm and two other forms which yielstrang absorption background near 364 nm.
According to Beer’s law, as a blank solution, tiice of pH around 5.2 is favourable for the Ferron

assay.

Measurement

The samples containing aluminium species and onlkeofour biomolecules studied through the thesis
were centrifuged for 30 min at 3000 rpm using and#ad laboratory centrifuge. The centrifugation
speed was chosen in order to prevent free biomlgemrualuminium hydroxide colloid sedimentation.
The supernatant of the solutions was then retafoedesidual aluminum and protein concentration
measurements and the solid material used for segmhéctron microscopy characterization.

The concentration of free aluminum species in swugent solutions after centrifugation was
determined using the colorimetric Ferron assay witbliminary acid digestion of the supernatant
solutions to break down any polynuclear speciesadadhinium hydroxide that were present. For this
purpose, an aliquot of 0.1 mL of the supernatahitem was mixed with 2.0 mL of 1.0 mol'LHCI
and 7.9 mL of distilled, deionized water and digestor 48 h at 60 °C in a sealed tube. A 0.2 mL
aliquot of the resulting solution was then mixedhwa.3 mL of deionized water and 2.5 mL of Ferron
reagent (pH 5.2), containing 2:1fol.L™* Ferron (8-hydroxy-7-iodoquinoline-5-sulfonic ackluka),

0.2 mol.L'* acetic acid and 0.1 mol’Lhydroxylamine hydrochloride (Fisher Scientific)5[5 The

absorbance of the solutions was measured at 37Q tmafter mixing when the absorbance’s increase
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was negligible [68]. The overall concentration hfrainum-ions in the supernatant was calculated from
the calibration curve obtained under the same ¢iomgdi using an atomic absorption standard solution

of Al- ions (0.986 mg.L:, Aldrich) in place of the aluminum-biomolecule sales.

2.4. Solid-state characterisation techniques

2.4.1. Al solid state nuclear magnetic resonance spe@pysc

Solid statenuclear magnetic resonan(@SNMR) was performed to characterize solid sitabeganic
and bio-inorganic materials. SSNMR is clearly ayvpowerful technique capable of looking at a
variety of materials. It does not require crystalimaterials unlike diffraction techniques, and stlh

be used to determine local moleculaviemnments. Its use was undertaken to corrobotsergsults
obtained by’Al solution NMR.

2’Al MAS NMR spectroscopy was performed on thezAher and the Al-mer samples in the absence
and in the presence of mucin for aluminium spegmtiThe aluminium concentration in the samples
was kept constant at 15 mof.land the protein’s concentration equalled to 255 Jr 25 mg.mL.
The experiments of SSNMR were performed by othersa ®druker DSX300 NMR spectrometer at
Unilever R&D, Port Sunlight, UK. All spectra wereferenced externally to solid aluminium sulphate
16 HO set at O ppm.

2.4.2. Scanning electron microscopy

Scanning electron microscopy (SEM) is a capablé@eadivering images of the surface of materials.
SEM images have a characteristic three-dimensiamatarance and are useful for judging the surface
morphology, inclusions, boundary interfaces, andegal characterization of a specimen surface.
Furthermore, its combination with an energy disiversX-ray analysis provides for structural and

compositional studies to be performed.

2.4.2.a. Principle and apparatus [71-73]

The scanning electron microscope creates magnifiades by using electrons.

Accelerated electrons in an SEM carry significantoants of kinetic energy, and this energy is
dissipated as a variety of signals produced bytrleesample interactions when the incident electron
are slowed down in the solid sample. These sigimalside secondary electrons (that produce SEM
images), backscattered electrons, diffracted battesed electrons (that are used to determineadryst
structures and orientations of minerals), photartsar@acteristic X-rays that are used for elemental
analysis and continuum X-rays), visible light (aabluminescence), and heat. Secondary electrons
and backscattered electrons are commonly usednfaging samples: secondary electrons are most

valuable for showing morphology and topography amples and backscattered electrons are most
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helpful for illustrating contrasts in compositianmultiphase samples. X-ray generation is prodiged
inelastic collisions of the incident electrons wilectrons in discrete orbitals of atoms in the gam
As the excited electrons return to lower energestahey yield X-rays that are of a fixed wavelksng
(that is related to the difference in energy lewdi®lectrons in different shells for a given ele)e
Thus, characteristic X-rays are produced for edement in a material that is "excited" by the alect

beam.

The SEM utilizes a focused electron beam to scanstirface of a sample and to build a three-
dimensional image of the specimen. After the apumped out of the column, an electron gun emits a
beam of high energy eletrons. The electron beamesofom a filament, made of various types of
materials. The most common is the tungsten haigpin. This filament is a loop of tungsten which
functions as the cathode. A voltage is appliecheolbop, causing it to heat up. The anode platéciwh

is positive with respect to the filament, forms goful attractive forces for electrons. This causes
electrons to be accelerated toward the anode abé focused to a very fine spot with the magnetic
lens downward. The electron beam makes its wayugireelectromagnetic lenses and the scanning
coils force the electron beam to rapidly scan @rearea of the specimen. When the electron beam hit
the sample structure, it will go through it, genierg physical phenomena such as secondary elegtrons
X rays, back scattered electrons, etc. The ejeatibbackscattered or secondary electrons can be
viewed in the backscattered or secondary mode. SBE& at Nottingham Trent University has
backscattered and secondary electron detectors.fiakimage is built up from the number of

electrons emitted from each spot on the sample.
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Figure 2.9.Cross-section of the JEOL JSM 840A column.

The SEM does not view a true image of the specirbahrather produces an electronic map of the
specimen. The secondary electrons are detectederted to a voltage, and amplified. The amplified
voltage is applied to the grid of the cathode reyet(CRT) and causes the intensity of the spagbf |

to change. The scan rate for the electron beanmbeancreased so that the virtual 3-D image of the
specimen can be viewed. By changing the width (fithe electron beam, the magnification (M) can

be changed where:

M =W/w Equation 2.21

and W is the width of the CRT. Since W is constém, magnification can be increased by decreasing

W.
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The image consists of thousands of spots of varyitemsity on the face of the CRT that correspand t

the topography of the sample.

2.4.2.b. Microanalysis [74]

The instrument has an X-ray detector which collébts photons produced by the primary electron
beam. The analyzed area is therefore the areaambgrthe beam. The characterization abilitiedef t
X-ray detector are due to the fundamental principét each element of the periodic table has augniq
electronic structure and, consequently, a uniqepaese to electromagnetic waves. The detector is
able to determine the quantity of photon energyectdd. A histogram of the number of photons
received versus the photons energy could be plofikd spectrums' interpretation is facilitated by a
database which give the energy and intensity ofdlgs produced for each elements. It is also plessib
to select only few elements for the microanalysidar chart showing the elements position and the

amount of energy of their rays could be realised to

2.4.2.c. Preparation of the samples and measurements

The samples were mounted on a metal stub (TAAB tatbdes Equipment Ltd, Reading, UK) using
double sided sticky tape. Then, as the specimeniandated by an influx of electrons a charge will
tend to accumulate unless the specimen is eariitesd.is typically achieved by coating objects with
nanometer-thick layers of carbon or gold using @tsp coater (Edwards S150B). The coating does not
make the sample itself conductive but helps to stwrging effects. For carbon coating, argon plasma
is set up which coats all the surfaces it comeas ¢ontact with a very thin layer of carbon. Altetima
coating with gold is possible although gold hasightatomic number and produces high topographic
contrast and resolution but the information thusdpiced can obscure the underlying fine detail ef th
specimen under examination. The stub is then pladedhe specimen holder, inside the microscope’s
vacuum column through an air-tight door. The SEM@es were acquired using a JEOL-JSM-840A
SEM (JEOL), acceleration voltage 25 KeV, workingtdhce 15 mm. The carbon coated samples were
put into the SEM chamber under high vacuum. The SHEidlges were taken with charge-coupled

device camera.

2.4.3. Infrared spectroscopy

2.4.3.a. Principle and apparatus

Introduction

Infrared spectroscopy (IR Spectroscopy) uses thHeared (wavelength range) region of the
electromagnetic spectrum. As with all spectroscopahiniques, it can be used to identify a compound
and to investigate the composition of inorganic poomds such as metal complexes. Among the basic

spectroscopic techniques (transmission, interrfldation or attenuated total reflection (ATR), exial
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reflection, diffuse reflection, emission, and plextoustic), two were used in this work — transmissio

and ATR — in order to assess the conformation @bibmolecule-containing materials.

General principle

Infrared spectroscopy detects the infrared intgrifitvibrational characteristics of chemical fuoctal
groups in a sample versus wavelength (wavenumlbéighn. When infrared light interacts with matter,
chemical bonds will stretch, contract and bendaAesult, a chemical functional group tends to duaso
infrared radiation in a specific wavenumber rarggardless of the structure of the rest of the mudéec
The correlation of the band wavenumber positiorhwiite chemical structure is used to identify a
functional group in a sample.

Table (2.4) below lists some characteristic infdasbsorption band frequencies used to determine

structures.
Table 2.4.Typical infrared absorption frequencies [75-76].
) Stretching vibrations Bonding vibrations
Functional
Range,
class Assignment Range, ¢ Shape Assignment ?
cm
O-H bending 1330-
OH free 3580-3650 sharp )
(in-plane) 1430
Alcohol _ . .
O-H (H-bonded) 3200-3550 O-H bend
broad ol 650-770
c-o 970-1250 (out-of-plane)
2500-3300 (acids) , 1395-
O-H broad C-0O-H bending
overlap C-H 1440
C=0 (H-bonded) 1705-1720 (acids)
Carboxylic C=0 (H-non- 1700-1900
acid bonded)
N sometimes
and derivative o-C 1210-1320 (acids)
2 peaks
Cc=0 1735-1750 (esters)
o-C 1000-1300 2 bands
CH2 & CH3 1350-
deformation 1470
Alk CH3, CH2 and 2800-3050 2or3 1370-
ane - i
CH bands CH3 deformation 1390
CH2 rocking 720-725

Conformational assessment of proteins by IR spsctygy requires the investigation of the most

intense absorption band in proteins, the amidgibre(1590-1720 cff) of the spectra that is sensitive
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to changes in secondary structure and has beeiywided for protein conformational studies [77-81].

From previous studies [77-83], the assignment efgtbak maxima is known and listed in Table (2.5).

Table 2.5.Band assignments of amide | region.

Wavelength range, ¢ Secondary structure attribution
1695-1670 B-turn orf- sheet
1658-1645 a-helix
1648-1644 random chain
1635-1624 intramoleculd@-sheet or extended chajn
1622-1618 intermoleculg@-sheet
<~1613 side chain

Principle of Fourier Transform infrared transmissi@nalysis

The IR radiation from the spectrometer passes tirabe KBr disk. After passing through the sample
the measured signal is the interferogram. The teddaterferogram can not be directly interpreted.
has to be “decoded” with a well-known mathematieahnique, Fourier Transformation. Performing a

mathematical Fourier Transform on this signal rssih an infrared spectrum, which is a plot of
transmittance versus wavenumber.

interferogram

I
L
¢

Figure 2.10.Schematic illustration of Fourier Transform infrdisystem.
When collecting infrared transmission data, samatesun as percentage of transmittance.

T0)=1/1, Equation 2.22

where T is transmittance in percentage,

| is the intensity measured with a sample in thenhe

and | is the intensity measured from the backgroundtspec
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The absorbance of the spectrum is equivalent totrdmesmittance and can be calculated from the

transmittance spectrum using the following equation

A=-log,, T Equation 2.23

where A is the absorbance.

In summary, the percentage of transmittance islaintd the absorbance. However, the use of the
absorbance as a measure of the absorption is mefés the use of the transmittance. Absorbance
depends on the total quantity of the absorbing eamg in the light path. A plot of absorbance agains
concentration shows a straight line passing thrahghorigin (0, 0). The linear relationship between
concentration and absorbance is both simple armighktforward, which is why we prefer the
expression of the Beer-Lambert law using absorbasca measure of the absorption rather than the

transmittance.

Principle of Fourier Transform Attenuated Total Refance analysis (solid-state)

Attenuated total reflection implemented in Fourigansform infrared (ATR-FTIR) spectroscopy is
used for the analysis of the surface of materiatsattenuated total reflection accessory operages b
measuring the changes that occur in a totally matéy reflected infrared beam when the beam comes
into contact with a sample. The infrared radiatisrpassed through an infrared transmitting crystal
with a high refractive index, allowing the radiatido reflect within the ATR element one or more
times. It then penetrates “into” the sample a éirimount with each reflection along the top surfaae

the so-called “evanescent” wave that decays expiallgnas it moves away from the surface. In
regions of the infrared spectrum where the samplords energy, the evanescent wave will be
attenuated or altered. The attenuated energy famh evanescent wave is passed back to the IR beam
path of the spectrometer, which then exits the sipp@nd of the crystal and is passed to the detéact

the IR spectrometer. The system then generatesfiamndd spectrum. From that step onwards, the data
treatment is the same as for conventional transomsmeasurement. The type of crystal chosen
depends on the spectral window required and samulimditions. Zinc selenide (ZnSe) has a wide
spectral window in the mid-IR range but can eadily damaged by strong acids or alkalis so
germanium is used in such cases. The samplingcsuiggpressed into intimate optical contact with th

top surface of the crystal.
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Figure 2.11.Total internal reflection at the interface of aternal reflection element. Depth of

penetration of the evanescent wave is approximatgin.

Compared to the infrared transmission analysis,AM& crystal has the disadvantage of absorbing
energy at much lower levels. If the sample doeshase good contact with the crystal, the data nali

be accurate. Most crystals have pH limitations. tie other hand, when an ATR accessory is used,
most samples can be run in their natural state.t@ttenique is easy and fast as no sample preparatio

is required.

Apparatus
All IR spectroscopy measurements were conducedguairMagna IR-750 infrared spectrometer
(Thermo Nicolet) either by transmission IR or by RTexperimental details for each set-up are given

below.

Sample preparation - Measurements

= Infrared transmission analysis
A standard KBr disc technique was used. Each distained 2 mg of freeze dried sample mixed with
ca. 198 mg of purified salt, KBr (Aldrich, FT-IR agte,> 99 %) and pressed into a translucent disc
using a die press operating at ca. 10 tonnes peegsu square metre. The beam of the spectrometer
passed through the pellet and spectra were recatddni resolution, the interferometer speed set to
0.4747 cm$ with 128 scans recorded. Potassium bromide doeabswrb infrared light, so spectral
lines will only appear from the analyte. However,order to prevent fluctuations in the output of th
source affecting the data and to cancel out thectsffof a ‘parasite’ compound present in a mixtare,
sample of a blank potassium bromide pellet or efihre ‘parasite’ compound is used as a reference.

Its signal contribution to the acquired spectraubtracted from the samples.

= Fourier Transform attenuated total reflection argiy(solid-state)
Samples were put down on the crystal in powderech.f@he spectrometer was continuously purged
with dry air/nitrogen for a minimum of 15 h priay sample analysis. Characteristic bands around 3500
cm' and 1630 ci are ascribed to atmospheric water vapour and ahesat 2350 cthand 667 cril
are attributed to carbon dioxide. Prior to obtajngample spectra, an open/beam background spectrum
is collected in order to get rid of those two cdmitions from the clean ATR crystal. When an
interferogram is measured with a sample and Foarggrsformed, a sample single beam spectrum is

obtained. It looks similar to the background spsttrexcept that the sample peaks are superimposed
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upon the instrumental and atmospheric contributiorthe spectrum. To eliminate these contributions,
the sample single beam spectrum must be normadigehst the background spectrum. Consequently,

an absorbance spectrum is obtained in the sameasviyr transmission analysis.

In both infrared techniques used, the raw specteeworrected for water vapour contributions. They
were then truncated between 1720 and 1586 @mide | bands) and curve fitted with Matlab saiftes

for the amide | band region. The number of bands wemtered into the program along with their
respective positions and half-heights estimatede Pphogram iterated 1000 times the curve-fitting
process by adjusting the peak high and width toeaehthe best Gaussian-shaped curves that fit the
original protein spectrum. Peak positions werenestitd from the literature [77, 81], their variation
being limited to + 2 cr during the fit. Protein secondary structure conteas calculated from the
area under the individually assigned bands andesspd as a percentage of total area in the amide |

region. A representative example of the raw dathisnpeak fitting are shown in Figure (2.12).

0.8
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Absorbance
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Figure 2.12.Example of infrared absorption spectrumgAher - lysozyme 25 mg.mit) (A).
Enlargement of the amide | region is shown withfitied peaks in dotted line8].

2.4.3.b. Two-dimensional correlation spectroscopy

Introduction
2D correlation spectroscopy is a popular tool i @imalysis of IR spectra of proteins [84-87] whibie
spectral intensity is plotted as a function of timolependent spectral variables, e.g., wavelength,

frequency, or wavenumber. The two orthogonal aXesdependent spectral variables define the 2D
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spectral plane. One can enhance the spectral tissoland analyse complex or overlapped spectral
features by spreading peaks along the second diomej8]. Another other feature of two-dimensional
correlation spectroscopy are the detection of tistence (or lack) of interactions among functional
groups as probed through their molecular vibratiditee basic idea of 2D correlation spectroscopy is
adaptable to any branch of spectroscopy, incluaman, NIR, fluorescence, X-ray, UV, etc [89]. In
the present studies, the technique was applied gpéctroscopy.

In a typical spectroscopic measurement carriedroahe dimension, a selected electromagnetic probe
is used by itself to study the system of inter€aracteristic interactions between the probe and
constituents of the system are then analyzed irfiattme of a spectrum to elucidate detailed informati
about the system. 2D correlation spectroscopyzaslian additional external perturbation (such as
temperature [90, 91], pressure [84, 92], conceintmaf93, 94], stress [95] or electrical field [96])

applied during the spectroscopic measurementiautdie the system of interest.

Principle of two-dimensional spectroscopy corredatanalysis

= Dynamic Spectrum.
For a perturbation-induced change of the speattahsity y ¥, t) observed during an interval of some
external variable t between,} and T, the external variable t is often the chronolobirae but can
also be any other reasonable measure of physicahtityy such as temperature, pressure,
concentration, voltage, etc., depending on the mxat. The spectral variable can be any
appropriate index quantity used in spectroscopythien present work, infrared data. The dynamic

spectruny (v, t) of a system affected by the application okatyrbation is formally defined as:

y(vt)-y() forT UtiUT

y (v, t) = { 0 otherwise Equation 2.24

wherey (v) is the reference spectrushthe system.

It is customary to set (v) defined in Equation (2.25) as the reference spact

~ 1 Tmax .
y(v)= T T I](;rmm y (v,t) dt Equation 2.25

max_Tmin

= Two-dimensional correlation function.

The correlation spectrum can be expressed as:

X (Vl"’z) = <V(V1,t) ) V(Vg,t') > Equation 2.26
The common 2D correlation intensi¥y (v4, v,) represents the measure of a functional compa$on
spectral intensity variationg (v, t) measured at different spectral variablesandv,, during a fixed

interval of the external variabte
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In our case, samples at different aluminium conegioins were measured, and the resulting matrix of
absorbance measurements was correlated with i(aelocorrelation). The correlation properties
between the vector; including a series of absorbances recorded towanelength and a vector
representing a series of absorbances recordedtben(or to the same) wavelength were resumed in
the synchronous (real correlation) and asynchroiiiowsginary number, with a phase difference). The
symbol { ) denotes any one of a class of mathematical opeasatiknown as correlation functions,
which are designed to compare the dependence ofctwssen quantities oh The fact that the
correlation function defined by Equation (2.26)c&culated between the spectral intensity variation
measured at two independent spectral variableendv, leads to the two-dimensional nature of this
particular correlation analysis.

A simple convention is adopted to tréatv,,v,) as a complex number comprising two orthogonal,(i.
real and imaginary) components, known, respectjvaly the synchronous and asynchronous two-

dimensional correlation intensity.

X(v1,v,) = O(vy,v,) +1¥ (v, v,) Equation 2.27
The synchronous two-dimensional correlation intgngdd (v,, v,) represents the overall similarity
between two separate spectral intensity variatrneasured at different spectral variables, as thesva
of t is changed. The asynchronous two-dimensional adrogl intensityX (v1,v,), on the other hand,
may be regarded as a measure of dissimilarityespectral intensity variations.

A simplified form of the two-dimensional correlaticfunction is known as the generalized two-

dimensional correlation spectrum.

» Generalized two-dimensional correlation.
The generalized two-dimensional correlation formadlefines the synchronous and asynchronous

correlation intensity as:

It
X (vy,vy) = X I](;) Yl(a)) dw Equation 2.28

T (Tmax - Tmin)

The term¥Yy(w) is the forward Fourier transform (FT) of the spatintensity variationsy (vy, t)

observed at some spectral variabjelt is givenby:
v Gy tot .
Y, (w) = I:lgi y (v,,t) e dt Equation 2.29

The Fourier frequencw represents the individual frequency componenthefariation ofy (v4, t)
measured along the external variabléikewise, the conjugate of the Fourier transfo¥y(w) of

spectral intensity variatiof (v,, t) observed at spectral variablgis given by:
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- o _
Y,* (w) = Dgi Y (v2,t) e “'dt Equation 2.30

= Numerical computation of two-dimensional spectra.
For a set of m traces of dynamic spectra colledtgihg the interval between,f, and T, along the
variable t at every equally spaced increménts (Tmax - Trmin)/(M / 1), the synchronous 2D correlation

intensity is given by a simple expression [97-98]:

m
1 b} ~ ~
© (v,v,)=—— | -
(v1,v2) m 1:]E1 i) y(vs) Equation 2.31

where§; (v;) is the spectral intensity at a point of physicadfiable t

Yi(v) =Y. t) =12 Equation 2.32

The computation of asynchronous two-dimensionalretation intensity is somewhat more

complicated. There are many different ways to esténhe asynchronous spectrum [97]. While these
methods all give quite adequate estimation of gymehronous two-dimensional correlation intensity,
probably the simplest and most computationallycaffit method currently available to estimate the

asynchronous spectrum [98-99] is given by:
1 i" _ £ _
¥ ()= Yi (v) Njk Y (v2) Equation 2.33
m-1 =1 k=1

The term N corresponds to the jth row and kth column elemédnthe discrete Hilbert - Noda

transformation matrix given by:

0 if j=k

1/#n(k,j) otherwise Equation 2.34
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Figure 2.13.Schematic contour map of a synchronous two-dino@masicorrelation spectrum. Shaded
areas indicate negative correlation intensity. 3igas ‘+’ and ‘- refer to positive and negativesjis

respectively (from [88]).
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Figure 2.14.Schematic contour map of an asynchronous two-dinaal correlation spectrum.
Shaded areas indicate negative correlation inteniite signs ‘+' and ‘-* refer to positive and nége

cross peaks respectively (from [88]).

Properties of two-dimensional correlation spectra

= Synchronous spectrum
The intensity of a synchronous two-dimensional e€ation spectrumd® (v, v,) represents the
simultaneous or coincidental changes of specttahsity variations measured\atandv, during the
interval between;, and Tp,ax Of the externally defined variabte Figure (2.13) shows a schematic
example of a synchronous two-dimensional corratatgpectrum plotted as a contour map. A
synchronous spectrum is a symmetric spectrum wedpect to a diagonal line corresponding to
coordinatewy; = v,. Correlation peaks appear at both diagonal andiaffonal positions.
The intensity of peaks located at diagonal pos#tioarresponds mathematically to the autocorrelation

function of spectral intensity variations observédring an interval betweefi,, and Ty The
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diagonal peaks are therefore referred to as aukspéa autopeak shows the overall susceptibility of
the spectral region to change in spectral interastan external perturbation is applied to theesyst

The magnitude of an autopeak intensity, which isagk positive, represents the overall extent of
spectral intensity variation observed at the spesjbectral variabl® during the observation interval
betweenT i, andTmax

Cross peaks located at the off-diagonal positidres synchronous two-dimensional spectrum represent
simultaneous or coincidental changes of specttahsities observed at two different spectral vagisab
viandv,. It suggests the existence of a related origithefspectral intensity variations.

The sign of cross peaks can be either positive emative. The sign of synchronous cross peaks
becomes positive if the spectral intensities at the spectral variables corresponding to the
coordinates of the cross peak are either increasirdecreasing together as functions of the externa
variablet during the observation interval. On the other handegative sign of cross peaks indicates

that one of the spectral intensities is increasihge the other is decreasing.

= Asynchronous spectrum.
The intensity of an asynchronous spectrum repressgrjuential, or successive, changes of spectral
intensities measured at, and v,. Unlike a synchronous spectrum, an asynchronogstspn is
antisymmetric with respect to the diagonal line.eTasynchronous spectrum has no autopeaks,
consisting exclusively of cross peaks located fatiafgonal positions.
An asynchronous cross peak develops only if thensities of two spectral features change out of
phase (i.e., delayed or accelerated) with eachr.ofttés feature is especially useful in differetitig
overlapped bands arising from spectral signalsféérent origins.
The sign of an asynchronous cross peak becomegivpodi the intensity change at; occurs
predominantly before, in the sequential order of It becomes negative, on the other hand, if the

change occurs after. This rule, however, is reverseddif(v, , v,) < 0.

2.4.1.c. Additional development in two-dimensional corredatispectroscopy:

Chemometrics

In order to attain optimal measurements and toigeomaximum chemical information by analyzing
chemical data [100-102], chemometrics has been bgaathers in combination with generalised two-
dimensional correlation spectroscopy. Chemomettis use mathematical and statistical methods
[100-102]. In the present work, an abstract fa@oalysis known as principal component analysis

(PCA) was undertaken [103]. PCA acts as a filteictvineconstructs less noisy data.

This technique, likewise the two-dimensional catiein spectroscopy, uses mathematical operations
based on the manipulation of data using standatdixrelgebra. Basically, the original spectral data

matrix is decomposed into a set of a small numibemderlying factors, often expressed as a product
of score and loading vector matrices [100-102]. i@aly, the number of factors needed to describe a

dynamic spectral data set will be more than oné [BBe number of significant factors involved ireth
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description of a data matrix was chosen on thesbakipreliminary processing experiments which
showed that, with the raw matrix rank of four, #i®ynchronous 2D correlation spectra had significant
features. The number of factors was set to fouiis Tachnique is especially well suited for the
identification of the number of factors governingetdata structure and also for the effective
identification and rejection of noise componentsfra raw spectral data set prior to two-dimensional

correlation analysis.
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Figure 2.15.Conventional synchronoua)(andasynchronoudh) 2D correlation spectra obtained from
raw spectra. Solid and dashed lines representymsihd negative cross peaks, respectively (spectra
from [104]).

Figure (2.15 (a) and (b)) illustrates the synchimand asynchronous two-dimensional correlation
spectra constructed directly from the noisy dynampectra (raw data). While the synchronous
spectrum (Figure 2.15 (a)) shows relatively litdffect of noise, the corresponding asynchronous
spectrum (Figure 2.15 (b)) is markedly contaminateith numerous speckles of superfluous

correlation intensity spikes, caused by the uniseincorrelation of noise contributions.

Figure (2.15 (a) and (b)) displays synchronous asyhchronous two-dimensional correlation spectra
derived from the PCA-reconstructed data. Cleahg, spectra are well conserved without curve, and
peaks are present in a manner similar to thosettirebtained from the original data but with much

less effect of noise. Noise-induced speckles oleskiv Figure 2.15 (b) are virtually all removed.
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3. Pure aluminium species and their gelation lvétnar

Part 3

Pure Aluminium Species

and their Gelation Behaviour

3.1. Speciation and quantification of model aluminiurfusions by ?’Al solution NMR

spectroscopy

NMR spectroscopy is a widely used technique focgg®n analysis (quantitative and qualitative) in

materials science, catalysis, geochemistry, s@nse, and many other fields [1, 12-16]. In thisdst

this technique was particularly used in the studfesluminium interactions with biomolecules in erd

to establish identities of the samples.

The species present in the model AJ@\ls-mer, Akg-mer and aluminium hydroxide solutions were

quantified using®’Al solution nuclear magnetic resonance (NMR) spstiopy. The effect of the

aluminium concentration on the speciation of thg-8bntaining samples was explored as well for the

concentration range 0.004, 0.012 and 0.040 rHolThe four reference systems were prepared with Al

= 0.40 mol.I* according to the methods described in Table ()l targeting the hydrolysis ratio

of each system.

Table 3.1. List of the model aluminium-ion solutions contaigisingle hydrolytic aluminium species.

Initial Al . . .
Sample concentration, molt hydrolysis ratio Method of preparation
AICI; 0.0 Dissolution of AIC] salt in water
Al(OH)s 285 Static anion exchange and ageing |at
room temperature
0.40
Al 246 Static anionic exchange at room
temperature
Al 240 Anionic excharl%e and ageing at 8

o
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3. Pure aluminium species and their gelation lvétnar

In the case of an AJreference system, spectra revealed a number of allvainium species present

in the Al s-containing solution (Figure (3.1)).

L 1.0
Al - 0.8

o r 0.6

0 ppm signal

—_
o o o
o N i
Intensity, a.u
%

0.004 O
j 0.012 \3\
b2 &

100 80 60 40 20 0 -20 -40 &
Chemical shift, ppm

Figure 3.1.2’Al NMR spectra obtained for an Areference system prepared and measured®at 25

(the 80 ppm peaks arise from the aluminate intestaaddard).
Assignment of the NMR signals and correspondingnédium species is given in Table (3.2).

Table 3.2.Assignment of thé’Al NMR spectra peaks.

Chemical shift )
Peak shape Assignment Reference
(Ppm)
Relatively
0 Al monomer [22]
sharp
4 Broad Al dimer [22]
Octahedral Al shell of Ak-merand
9 Very broad [23]
Al ;g-mer
62.5-63 Very sharp Ad-mertetrahedral core [22]
70 Broad Algmertetrahedral core [19]
80 Very sharp Tetrahedral Al of Al(Ol)reference) [22]

On the experimental condition that the aluminate iisternal reference at 80 ppm was set as 0.06
mol.L™, the peak areas of ti8Al NMR spectra were integrated. The concentratibmasious species
with different chemical shifts could be calculatd@dhe concentration of the Atmer and the Ab-mer

were taken from the integral of the resonance @eeaéis at about 63 and 70 ppm multiplied by 13 and
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3. Pure aluminium species and their gelation lvétnar

15 respectively. The concentrations of aluminiunmoraer and aluminium dimer were taken from the
integral intensities of the corresponding resongreak areas at about 0 and 4 ppm respectively. The
aluminium hydroxide concentration was estimated amflirectly as a difference between the total Al
concentration and the sum of the concentrationsoddible Al species. The concentration of the
reference systems and the correlation coefficiettvben the calculated and the stated values are
displayed Table (3.3).

Table 3.3.Speciation of the aluminium reference systems obthising Al solution NMR

spectroscopy.
) Z7Al solution NMR peaks assignment, %
Reference | Stated [Al], | Calculated [Al], | Correlation
systems mol.L? mol.L™? coefficient | Al | Algr Al Al dimer
mer mer | monomer
Al 3 0.004 0.0036 0.9 77.08 0 17.36 5.56
Al 3 0.012 0.0104 0.867 86.33 0 13.67 0
Aly; 0.04 0.0441 1.1025 97.91 0 2.09 0
Al 0.04 0.0376 0.94 12.20 87.80 0 0
AICIz+HCI 0.012 0.012 1 0 0 97.79 2.21

When the initial concentration of the ;Ateference system was increased from 0.004 to 0d4 th

the concentration of the Keggin polycation increbses well, whereas the concentration of the
aluminium monomer decreased. Though the monomek pppears important in the spectra, their
contribution did not exceed ~ 2.09 % of the overhcentration of soluble aluminium species
detected by NMR in a 0.04 mol'Lstated Als-mer system (Table (3.3)). A too high dilution et
initial reference system had an effect on the spieri of the system. The percentage fraction of the
Al,-mer was measured to be 97.91 % of the total alwmirtontent, and the fraction of fdmer was
87.80 % in the corresponding 0.04 mai.model solutions. No insoluble matter was detedtethe
Al;zmer and Al-mer solutions as measured by quantitafi4l solution NMR and dynamic light
scattering (data not shown). The fraction of alumim hydroxide in the model hydroxide suspension

exceeded 95 % of the total aluminium content.
3.2. Comparison of three methods for the quantificatbaluminium concentration: acid
digestion coupled with UV-visible spectrophotometggavimetry and’Al solution NMR

spectroscopy

The characterisation of the aluminium-based syswiained by ’Al solution NMR spectroscopy was

compared with two other methods, acid digestionptax with UV-visible spectrophotometry and
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gravimetry. The comparison was undertaken in otolgrrovide a more reliable characterisation of the

aluminium-based systems produced during the alwmifdiiomolecule studies.

3.2.1. Quantitative methods

Acid digestion (AD) coupled with UV-visible spepinotometry for total aluminium concentration
determination.

The development of an aluminium concentration dheitesition routine applicable during aluminium-
biomolecule interaction studies was carried outnians of a spectrophotometric method relying on
the development of a complex with a spectrophotdmetagent. During the present work, five organic
reagents (arsenazo lll, chrome azurol S, xylenahge, ferron and aluminon- listed in Table (3.4))
were tested as aluminium complexing reagents. Esafient was employed at a relevant concentration
as ascertained from the literature [3-5, 24-28] tmdrelevance of thk ., (complex) was concluded
based on four parameters (the slope, the interdbpt, correlation coefficient and a composite
parameter) which will be detailed later about thikerol orange results.

Table 3.4.Spectrophotometric reagemmployed through the study.

Reagent, mol. Ratio [reagent]/ [Aljna A max (complex), nm References
Xylenol Orange, 1.18 4.98 515 [3-5]
Chrome Azurol S, 2.97.10 4.44 572 [24]
Aluminon, 3.10° 22.405 524 [25-26]
Ferron, 2.16 4.979 370 [27]
Arsenazo Ill, 7.45.18 0.082 652 [28]

A 48 h aging of the mixed solution of one reagamd ane aluminium reference system was used to
enable the full development of the complex priospectra acquisition in 1 cm quartz cuvettes using
deionised distilled water as a blank. The specitghetric results achieved with the five reagents
tested, are displayed in Figure (3.2).
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Figure 3.2. UV-vis spectral changes of xylenol orange 22 ol.L™* (A), chrome azurol S 2.97.10
mol.L™* (B), aluminon 3.18 mol.L™* (C), Ferron 2.18 mol.L™* (D) and arsenazo Il 7.45.%mol.L™
(E) after addition of Alsmer in solution. The concentration of the Ainer was in (A) 1.60.THmol.L
'in (B) 2.92.10° mol.L™, in (C) 3.21.1¢° mol.L™, in (D) 6.43.10° mol.L™* and in E) 7.30.1¢° mol.L

! Solid lines are for pure reagent solutions arghdd lines for the aluminium-reagent complexes.

The largest and non dubious separation betweem#xémum absorption wavelengths of the complex
and free organic reagent molecules was observatieincase of xylenol orange (Figure (3&))
Moreover, calibration with an aluminium standarduson (aluminium atomic absorption standard
solution (986ug / mL Al in 0.7 % HCI, Aldrich)) resulted in moreliable values for this reagent than
for the four other ones on the basis of the cdiibmaregression coefficient,’Rvalues are represented
in Table (3.5)).

Table 3.5.Calibration regression coefficient? Bf the calibration lines obtained with UV-vis

spectrophotometric reagents.

Reagent, mol.L-1 Ratio [reagent]/ [Al]final R
Xylenol Orange, 1.10-3 4.98 0.9991
Chrome Azurol S, 2.97.10-4 4.44 0.9322
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Table 3.5.Continued.

Reagent, mol. Ratio [reagent]/ [Alla R?
Aluminon, 3.10° 22.405 0.9272
Ferron, 2.16 4.979 0.9859
Arsenazo I, 7.45.19 0.082 0.9466

Xylenol orange (3,3"-bis[N,N-di(carboxymethyl)ammethyl]-o-cresolsulfonephthalein) (Figure

(3.3)), is a water-soluble dye containing a triperethane group.

COOH._ OH O _COOH
COOH - COOH

SO5H

Figure 3.3.Xylenol orange (gH3s.N,0;3) molecular structure. The sulphonic group is deprated in
the ‘HsXO™ form.

From the literature [3-5], it bears 10 differentdasites. However, the form of the organic reagesed
for analytical purposes is the mono-deprotonatesiX&™ species (& pH < 3), a purple coordination
compound with a maximum absorption at 555 nm bé&mnged with aluminium (spectra are shown in
Figure (3.3)).

Acid digestion was performed using a strong acic€CI(HL mol.L) in order to break down all
aluminium species to Al monomer. The digested samplere mixed with a complexing organic
reagent solution for quantification of the monomencentration by UV-vis spectrophotometry. The
effects of organic reagent to aluminium concerdrairatio and of the acid digestion temperaturés (2
or 50 °C) were examined for optimization of the sitwvity and reproducibility of the method. Acid
digestions were performed on three reference system Al; solution, an aluminium hydroxide
suspension with a mean particle size estimate@@onin, as well as an Algsolution used as a blank.
The digestion of the AlGlsolution was used to demonstrate the absenceathient effect upon total
aluminium concentration (the latter could be aféecby eventual water evaporation, to give only one
example). Depending on the initial aluminium corteation of the reference systems, three samples
differing in concentration were prepared, as listed@iable (3.6). The measurements were performed on

the samples freshly prepared to the accordingidiiat
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Table 3.6.Preparation of the AD samples (volumes (abbrevigfeare given in mL).

initial Solutions Reference systems: Reference system:
Al ;-mer and Al(OH) AICl;
[Reference systems], mol’L 0.004 | 0.012 ‘ 0.04 0.004 ‘ 0.012‘ 0.04
AD
V (reference system)ged 0.50 1.25 5 0.2 0.5 2
V (H20) added 4.50 3.75 0 1.8 15 0
V (HCI, 1 mol.LY) qded 45 18
V (sample)gta 50 20
AD dilution
V (digested sample) 1 0.40 0.10 1 0.40 0.10
V (H20) adged 4 4.60 4.90 4 4.60 4.90
UV-Vis sampling
V (digested diluted sample) 0.10
V(HCI, 10* mol.L? buffered at pH 3.4)qeq 2.10
V (xylenol orange, 18 mol.L%) Lqdeq 0.80

An initial calibration experiment was performed lwthe measurement of aluminium concentration in 9

buffered (10" mol.L'* HCI, pH = 3.4) AF* solutions prepared from the atomic absorption stehd

solution. The measurement wavelength was optinmisethe basis of four parameters: the slapthe

interceptb and correlation coefficient?f the linear calibration, together with a compegiarameter,

K = a {1 - R), given by an optimisation function taking intccaant all three first parameters (Figure

(3.4)).

a.u

0.0

450 500 550 600
Wavenumber, nm

650

Figure 3.4.Optimisation parameters of the ‘xylenol orange-ahiom’ analytical reaction. Curvea\j

to (D) represent respectively the sloge ,(the interceptg), the correlation coefficient®RC) and the

composite parameter .
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The maximum slope (optimum sensitivity) of the loedition line was observed for a wavenumber
520 nm, whereas the minimum intercept (lowest bamkgd signal) was obtained far> 575 nm, and
the calibration plot reached its highest linea¢R§ close to 1) for 475 A < 605 nm. Finally, the global
parameter K gave a clear range of applicabilityhef technique from 475 to 605 nm. On the basis of
the K parameter, the optimum calibration and messent wavelength was 515 nm. Figure shéws

the calibration plot obtained for this wavelength.

y = 21601 x + 0.0406

>
< 1.04 R*=0.9991
0
O
C
a
2 o5
(@]
0
Q0
<

0.0

0.0 2.0x10° 4.0x10° 6.0x10°

[Al], mol.L™
Figure 3.5.Calibration of Al standard solution (3.65:26nol.L™) diluted to various concentrations

with xylenol orange 18mol.L  atA s 515 nm.

Whichever aluminium reference system was used,uiee of a 5°C heating throughout digestion
allowed a full breakdown of the species 3 timesefathan when the same treatment was carried out at
room temperature. Figure (3.6) illustrates the stiga temperature-dependence in the case of the Al
reference system at 0.04 mot.LAcid digestions were therefore performed at°60for 48 h under
efficient stirring using an open top water batlefit with a multi-position magnetic stirrer and high
precision circulator (x 0.3C).

0.40
[N /..;.\./.
0.35-
=
g 0.3 AD performed at:
= 005 —=—50°C
Q ’ —-0--25°C
£
_ 9 0.201
<
0.15 T
R o
010 T T T T T T T T T T T
0 10 20 30 40 50
AD time, h

Figure 3.6.Evolution of the concentration of an initial Aimer reference system 0.04 mot.as a

function of time with acid digestion performed &t@nd 50°C.
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As expected, the concentration of the Al@iference system was 1 mot.from the beginning of the
acid digestion process (Figure (3.7)) with a sliginderestimation in the cases where the initial
aluminium concentrations were 0.012 and 0.04 niolTherefore, one can conclude that the acid
digestion coupled with UV-vis monitoring proceduid not affect aluminium concentration
determination and can be used as a quantitativgtaa technique. In the case of the,Aimer and the
aluminium hydroxide reference systems, the inihlminium concentration had no effect on the
digestion process since the determined concentsattbthose systems were equal to the concentration
initially introduced (Figure (3.7) curves 4 to $or Al;smer solutions, the concentration detected
reached the expected 0.4 mdl.toncentration from the first measurements cardedstraight after
the beginning of the acid digestion treatment, wher the complete dissolution of aluminium
hydroxide required an 8 h digestion treatment. &woy aluminium speciation (different proportions of
Al;-mer and aluminium hydroxide), a 10 h acid digestiwill therefore be desirable for the

determination of total aluminium concentration.

1.0

O-Q'A:/\a
0.8- .

Aluminium concentratio
detected, mol.

0.0+——+—

0 10 20 30 40 50
Acid digestion time, h

Figure 3.7.Evolution of aluminium concentration detected dsrection of digestion time (digestion
performed at 56C). Lines 1 to 3 represent the AlGeference systems at 4, 12 and 40 mmbllines
4 to 6 Akz-mer reference systems at 4, 12 and 40 mritaund lines 7 to 9 the aluminium hydroxide

reference systems at 4, 12 and 40 mmbl.L

Gravimetry

The aluminium reference system concentrations o&taby gravimetry were in good agreement with
the stated ones as stipulated by the results gsplan Table (3.7). Furthermore, the gravimetric
procedure (performed in triplicate for all the gyst) gave good reproducibility as emphasised by the

root mean squared deviation (RMSD) value below ¥b(rable (3.7)) for all reference systems used.
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Table 3.7.Al concentration in reference systems as determiireed gravimetric analysis.

Reference system Ab-mer AICl+HCI Al hydroxide
[Al] statea Mol.Lt 0.4 1 0.4
[Al] caicutatea Mol.L: 0.394 +1.39.18 1.016 + 1.50.18 0.407 +5.90.18
RMSD, % 0.35 1.47 1.45

In addition to the quantitative analysis, a punenahium powder free from any contaminant can be
recovered with high efficiency. Indeed, having @ leolubility, the precipitate can easily be receder

by filtration.

3.2.2. Discussion and conclusions

Acid digestion coupled with UV-vis spectroscopy

An aluminium quantification procedure based onfthienation of a complex between a metal ion and a
UV-vis reagent, xylenol orange, was successfullyettigped and optimised. Calibration experiments
were carried out to optimise the measurement wagéte to be used for the assay. For the
measurement of any given sample, the proposed guoeeémplements an acid digestion treatment at
50 °C prior to mixing with the organic reagent. Thedk@own of aluminium species in acidic media
was demonstrated to be remarkably accelerated wisémgy the highest temperature digestion
conditions tested (56C). After optimisation, acid digestion coupled witte UV-vis procedure was
demonstrated to be a method too time-consuming.ifipiementation of the acid digestion in itself
requires at least 48 h. Although this simple methedsensitive, precise and accurate for the

determination of aluminium in solution, it was meflected for our further studies.

Gravimetry

Results demonstrated that gravimetry can be appbeduantify aluminium-containing solutions.
Moreover, whatever the reference systems usedstétistical parameters are lower than 2 %, which
makes gravimetry an accurate and reliable toolstonate the concentration of a solution containing
aluminium species. However, a comparison of thishow with a qualitative analysis such Zal
solution NMR is still required to establish theritiey of a sample since gravimetry does not provide
the aluminium speciation of the sample. The releganf the spectrophotometric and gravimetric data
can be checked by comparison with el NMR peak areas, for example in the case of semfibm

the Al3 0.4 mol.L .t solution.

%"Al solution NMR

2’Al solution NMR analysis is a convenient method fbe selective determination of relevant Al
species in solutions. Provided that the samplemelus sufficiently high, a given solution can be
studied almost without any sample preparation. 3fxecies concentration is found to vary from the
theoretical concentration values at ~ 5 % witAl NMR. This divergence is probably due to the

computing transformations required to convert {hecsra.
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Comparison between the three implemented techniques
Data obtained by the different quantitative methddmonstrate that, as illustrated by the correfatio
coefficients in Table (3.8), quantification of alimium concentrations can be assessed reproducgibly b

all three methods.

Table 3.8.Summary of the quantitative data obtained by tlrgdytical techniques.

Methods Reference systen|s (A satea (AN} cacumea molL Correlation
mol.L? ! coefficient
Al ;s-mer 0.4 0.448 1.12
AD / UV-Vis AICl 3 1 1.013 1.013
Al(OH), 0.4 0.408 1.02
Al z-mer 0.4 0.394 0.985
Gravimetry AICIz+HCI 1 1.016 1.016
Al(OH); 0.4 0.407 1.0175
0.004 0.0036 0.9
Alyg-mer 0.012 0.0104 0.867
?’Al solution NMR 0.04 0.0441 1.1025
Alz-mer 0.04 0.0376 0.94
AICIz+HCI 0.012 0.012 1

The detection limits of the aluminium concentratiof the acid digestion coupled with UV-vis
spectrophotometric technique developed in the vanek between 2.9.70and 1.6.13¢ mol.L™%. The
lower limit of detection of gravimetric analysis @etermined primarily by the sensitivity of the
balance, and the weight stability of the substteted to collect and weigh the sample. These factors
should be chosen to ensure whenever possiblehtddwer limit of detection is an order of magniud
lower than the appropriate exposure limit. In thesgnt work, this method was applied to aluminium
contents between 0.05 % (mass fraction) and 0.13&&ss fraction). It is the equilibrium solubiliby

a sample which controls the highest limit of dettt Though the comparison of the calculated
aluminium concentration resulted in good consistebetween gravimetric, spectrophotometric and
Al solution NMR techniques, ivas decided not to use the acid digestion coupliéd WV-vis and
the gravimetric methods further for the sake of dugidity of the experiments. Finally, the techréqu
selected for the next experiments ¥4 solution NMR where the aluminium concentraticasto be
higher than 1.1 mol.L™ in aluminium sulphate for detection using a 400 2dpectrometer operating
at 104.2 MHz.

3.3. Fundamental studies of aggregation / gelation pmema in hydrolyzed aluminium ions

solutions

The idea behind performing “controlled destabtima’ experiments was to identify a range of

reagents that can destabilize different aluminiypacges to produce gels. This experiment had the
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potential to unveil which of the many functionagi present in biomolecules might have the most
important impact on the gelation phenomenon, byogyawith effects observed with simple gelling
agents (GAs). A broad range of compounds emplogembiloidal chemistry as ‘destabilising agents’,
including inorganic salts and large organic polysneith a range of functionalities have been tested
three reference systems:;Amers; Aks-mers and monodisperse aluminium hydroxide pa#gicléhe
GAs can be divided into four broad groups listedTable (3.9), according to their mechanism of

destabilization of aluminium species.

Table 3.9.The four classes of destabilising agents useditfivout the experiments

Category of GAs GAs References
KCl [29-30]
K,SO, [31]
pH-independent GAs, moliL K3POy [32]
CH;COONa [33]
N&,SiO, [34]
KHCO, [35]
NH,OH [36]
pH-dependent GAs, mol'L
NaAlO, [37-38]
(CoHs)3N [39]
Hybrid GA, mol.L* K,Si(cat) [40]
Cellulose acetate [41-43]
Polymeric GAs, mol.I! H(OCH,CH,),,OH [44-45]
Poly(acrylic acid) [46]

pH-independent GAs refer to reagents whose staliglinot affected upon variation of their medium’s
pH. Some of them are even being referred to aetfKCl was chosen for its well-reproducible and
well-repeatable and measurable properties [2850% [31] and KPQ, [32] were selected because they
are widely used chemicals as a fertilizer. So ini@re likely to find those chemicals in soils where
aluminium is also present [30]. Although gEDONa is sensitive to pH variations because it das
carboxylate function, in the context of our workjst reagent is in its protonated form. Then it is
considered presently as a pH-independent GA. ksisigustified by for a wide range of applications

such as in the textile industry and in the foodustdy [33]. NaSiO; was used because of the property
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of the silicate ion, in acidic solutions, to reaath hydrogen ions to form silicic acid. Then, when
heated the silicic acid forms silica gel [34]. Tdedation ability of the silicate ion was the rea$onthe
inclusion of this reagent.

pH-dependent GAs denote reagents whose protonstida may vary in the pH range used for the
samples. KHC@was one of the pH-dependent GAs employed sinceolsies$ inorganic carbonate
species are known to interact with aluminium hydieX35]. NH,OH appeared to be a good titrant for
the potentiometric determination of the ‘formal’ duglysis ratio of aluminium species in aqueous
solutions. The reagent was able to precipitate mlwm hydroxide colloids in solutions whose pH was
higher than 6. The behaviour of the aluminium sgedn the presence of NBIH, a weak base was
studied as well. The soluble ammonium hydroxidedpo@s ammonium ions and hydroxide ions in
solution in equilibrium with NH and water. The NfHmolecules will hydrolyze the aluminium species
[36] and will possibly produce a complex. NaAl@as chosen for our gelation studies since it is a
derivative product of aluminium hydroxide. Once teelin the presence of a caustic soda solution,
aluminium hydroxide, the aluminium species the lld® to undertake a sol-gel transition [37],
produces sodium aluminate [38]. Finally,-Kg)sN was picked for reagent because of its ability to
complex borane [39]. Since the elements aluminiachl@oron are both in the boron group of chemical
elements, it would be possible to observe the dgweént of a complex between aluminium and
(CoHs)aN.

By using the term‘'hybrid’ GA, we mean that the reagent came from tbenplexation of the
orthosilicic acid with the catechol species 1,2ydifoxybenzene. The fSi(caty complex was partially
decomposed into orthosilicic acid and 1,2-dihydimxyzene (catechol) in the samples as the pH in the
samples was initially below 7. The catechol reldabg the complex is known to bind aluminium

strongly [40] (stability constant for Aland catechol ). That is why it was utilized herein.

The last reagent category encompasses the polyi@é&sc They basically consist of large molecular
mass molecules composed of repeating structurtd,uni monomers, connected by covalent chemical
bonds. Cellulose acetate and poly(acrylic acidpldis ionisable functional groups susceptible to
interact with aluminium species. Cellulose acetatanbrane is commonly used in ultrafiltration (UF)
and reverse osmosis membrane processes [41]. @&llalcetate / sulfonated poly(ether ether ketone)
blend UF membranes have been used for separatimgmizhm (lI) ions [42]. Recently, cellulose
acetate/poly(ether imide) blend UF membranes haen tprepared and applied for the rejection of
proteins and metal ions [43]. In the present ingasibn, interactions between ionisable functional
groups of acetate cellulose and the aluminium ggeaie expected. Similarly, complexation between
the carboxylate groups of poly(acrylic acid) ané ttositively charged aluminium species are most
likely to happen since poly(acrylic acid) had athearoven its ability to complex copper (ll) [46].
Polyethylene glycol is likely to establish hydrogsended aluminium complexes in the same way as it

does in the presence of a poly(methacrylic acitivoik [44-45].
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3.3.1. Preparation and characterisation

The GAs listed in Table (3.9) were added, at theceatration mentioned in Table (3.10), to a chosen
aluminium reference system and the volume made u®tmL with distilled water in a 15 mL plastic
tube. The final reference system concentration &asmol.L*, and depending on the nature of the
GAs, these latter have been introduced in ratioy [AGA] between 0.1 and 1.5 except when a
polymer GA was employed where ratios were betwd¥hand 10000 (ratios are represented in Table
(3.10)). The high excess of GAs in the mixtures dekberately executed to favour the interaction of
the agents with the polymeric aluminium speciesd Am the case of the polymeric GA-containing
solutions, a large excess of aluminium species adated in the solutions in order to facilitate their

penetration in the polymer network.

Table 3.10.GAs concentration and aluminium to GA ratios usedughout the study.

GAs [GA] sampie Mol.L* Ratios [Al] / [GA]
KCl 2 0.05
K,SO, 0.5 0.2
KsPO, 0.2 0.5
CH,COONa 0.5 0.2
Na;SiO; 0.2 0.5
KHCO;, 0.5 0.2
NH,OH 0.5 0.2

NaAlO, 0.075 1.333

(CzHs)sN 0.2 0.5
K,Si(cat) 0.2 0.5
Cellulose acetate 1.fo0 1.16
H(OCH,CH,),OH 1.10° 1.16¢
Poly(acrylic acid) 1.18 1.1¢

The solutions were kept at ambient temperaturevaswhl observation made for 0, 1 and 24 h aging.

pH measurements were carried out att = 24 h.
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3.3.2. Results and discussion

On the basis of pH measurements performed 24 h afidition of the GAs, and qualitative visual

observations there was a clear difference in ttieraof different types of GAs (Table (3.11)).

Table 3.11.Assessment of the rate of gelation with screeeigeriments. pH measurements were
performed 24 h after addition of the GAs.

Al-containing systems 0.1 mofL Al 1-mer Al 3-mer 'ﬂ;&?&%ﬁ
Time after addition of the GAs, hours 0 (1 ¢4 pHl 0| 24 pH 0| 1| 24 pH
Blank - - - 4238 -| - - 4.357 . 4.490
KCI - - - 4170 | -| -| - 4152 -4 4 - 5.71(
K,SO, s| s| + 5030 g p H 469 + [+ 6.918
pH'i”geApse”dem K4PO, s|s| s| 12561 & & p 11074 |+ |+ |+ 11.601
CH,COONa -1 -] -| 52583 4 -4 -| 4956 | 6.194
Na,SiO; s| s| s 8.091| s + 4 6.406 |+ [+ K 11.020
KHCO; pl p| p| 595 § s 7p 5908 |+ |+ f 7.310
oH-dependent NH,OH s| +| +| 5912 § s + 5976 + |p p 9.326
GAs
NaAlO, s| p| p| 7113] 9§ p p 6989 (s |p [|p 11.710
(CoHg)sN p|-| -| 6800 s| - -| 6610 & | 8.530
Hybrid GA KoSi(cat) p|lp| p| 6630 -| 4 p| 6344 + B 5 5340
Cellulose acetate + 4060 |- |+ H 2484 |+ |+ |+ Q.87
Polymeric GAs H(OCH,CH,),OH - -] - 4210 -| -| - 4.062| A - 5.107
Poly(acrylic acid) -l s| s| 4230 ¢+ #+ + 4380 [+ |+ |+ 3B

“+” and “-” mean respectively gel and no gel forioat “p” and “s” correspond respectively to the
formation of a precipitate or a suspension in sofut

There were several hints provided by the screetdnty of various GAs. Among the pH-independent
GAs tested, KCI did not show any effect on the ahiom species. Similarly, C¥£OONa did not
cause the gelation of the aluminium species. Ttserde of deprotonated sites in the pH conditions
studied for both agents explained those obsenatitm contrast, K50,, KsPO, and NaSiO; have

reacted positively to the suspension - gelatiohaktsough the KPOy-containing samples and some of
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the NaSiOs-containing samples were highly basic solutionse Becurrence of hydrogen bonding
within the samples, beside electrostatic interasti@ould be at the origin of the formation of &ige

those mixtures.

Except in the presence of 4ds)sN, what strikes the eye of the observer is thafptdedependent GAs
caused significant effects on the aluminium spedié$CO;, NH,OH and NaAlQ have affected the
aluminium species present. Broadly speaking, buhAth ;-mer and the Al-mer have responded, in a
similar way, to the three agents listed above. flé@® polycations are highly positively charged which
has assisted in the establishment of electrosiatiractions with the agents, which, under the pH
conditions measured (disclosed in Table (3.11)) In@gative charges. However, bicarbonate solutions
have a stronger effect than other bases testedhaplp due to the additional effect of charge-
neutralization by means of complexation of aluminispecies with dissolved carbonate-ions. This fact
will limit the use of bicarbonate and carbonateutiohs for quantitative titration experiments, tgsi
most likely that the major inflexion point of theorfnation of aluminium hydroxide would be
‘obscured’ by complexation with carbonate. Durirtge tvisual evaluation of the gelation of the
mixtures, the effectiveness of WBIH will be of great interest for titration purpos@$at base can be
used for the titrimetric determination of the hylgsis ratio of aluminium-containing solutions.
(C,Hs)sN only slightly destabilized charged aluminium spscwhen the agent was added to the
samples. Its effect was not visible one hour dfteaddition. The very limited effect of the reagean

be explained by its high pkalue (pk, = 10.78).

Aluminium chloride solutions were known to precgé silica and to form aluminium-rich silica
materials [40]. Likewise, the aluminium polycatioasd the aluminium hydroxide colloids employed
in the present work were affected by the potassitisn(catecholato) silicate (IV) agent. Either a
precipitate (in the case of the aluminium-mers dag)por a suspension was formed in the presence of

K,Si(cat} in the samples.

Finally, polymeric GAs which are acidic polyelediies caused serious destabilization of the
aluminium-containing reference systems even aeety low concentrations (milligrams per litre or
lower) depending on the number and acidity of theugs. A side effect can be identified by pH
measurements which indicated that the final pthefdo-gel formed from the most acidic gellants with
aluminium-containing systems was significantly lovaed dropped below pH = 3.0 at the latter stage

of pH monitoring in the case of 4tmers and aluminium hydroxide colloids.

In terms of comparative ‘activity’ and susceptityilito various forms of colloidal ‘destabilization’,
aluminium hydroxide suspension was the best alwmintontaining reference system, since it was the
only system susceptible to all types of GAs tesird showed the most frequent formation of a gel
(formation of a gel with six of the reagents tesaétér 24 h), compared to Almerand Akg-mer. Als-

mersolutions were able to form gels with three GAsjlevthe Ak-mer solution gelled in the presence
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of five of the GAs. The Al-mer was therefore positioned between thes/her and aluminium
hydroxide in terms of relative stability towardsyaggative destabilization.

In general, the Al-mer samples disclosed a higher acidity than thg-rkr samples. Although in
some cases the pH difference was not substart@ahigher acidity made the #dmer solutions more

sensitive to GAs addition.

3.3.3. Conclusion

The screening test described in this section hassta high efficiency at testing a large number of
compounds for their destabilizing effect on alummispecies. The number of organic polymers could
be extended in order to test more functionality potential co-gellant applications. Water-soluble

acidic derivatives of cellulose were of speciakmest due to their relative harmlessness and paltent

co-gellant action. In order to test ‘hybrid’ GAs-depth, buffered solutions of these agents shoald b
introduced at pH ca. 4.2 (similar to the pH of thls-mer, Aky-mer and not far from the pH of

aluminium hydroxide nanosuspensions).

3.4. A multi-technique study of the effect of aqueousnahium speciation on hydrolytic gelation

of aluminium (oxy) hydroxide

Conversion of aluminium (Al) ions into aluminiumxg hydroxides and oxides is technologically and
environmentally important process upon which a idigerange of applications is based including
preparation of alumina-based catalysts, cosmetidymts, vaccine adjuvants, ceramics, pillared ¢lays
sweep-flocculation for fresh water treatment, §®7-51]. This conversion can be conducted in
agueous or non-agueous conditions, in acidic caliaék medium [51-53] and different structures of
aluminium (oxy) hydroxide can be obtained includiaghorphous ‘pseudoboehmite’, crystalline
boehmite, gibbsite, bayerite and diaspore [54, 9% structure of the resulting (oxy) hydroxide
material in agueous solutions depends on the donditof neutralisation such as pH, temperature,
pressure, aluminium concentration, type and stremdtneutralising agent, the presence of anions,
ligands and macromolecules, etc. [47, 51-53]. Mddghese conditions define molecular speciation of
aluminium ions in the process of conversion whichtiurn may influence the outcome of the
transformation into insoluble (oxy) hydroxide. Adilgh the crucial role of molecular speciation of
aluminium ions in the formation of Al (oxy) hydrale is beyond any doubt [51, 52], the actual
mechanism of such transformation is still a mattedebate [51, 52, 55]. The reason for this is the
complexity of the system in question owing to theedsity of molecular aluminium precursors and,
especially, a sheer number of factors involvedhandonversion process.

Indeed, in aqueous solutions, in the presence nfcomplexing anions (halides, nitrate, perchlorate,
etc.), a number of molecular aluminium specieslmafiound in a dynamic equilibrium. These include
monomeric forms of Al ions ([Al(HD)g**, [AI(OH)(H,0)s]**, [AI(OH)»(H,0)]" , etc.), several
polynuclear Al clusters such as small oligomerieaps Al (wheren < 13), e.g. Al dimers
([Al (OH)(H,0)g]** ) and trimers (JA(OH)(H.0)]°") as well as larger Al tridecamers
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([Al 1304(OH),4(H,0)1] ™+ or ‘Alig-mer’) of e-Baker-Figgis structure [48, 53, 56, 57]. At projed
ageing of weakly acidic Al-ion solutions at elevhtteemperature other polynuclear species can be
identified including the recently discovered §s(OH)se(H-0),¢*®* species or the ‘Al-mer’ [58-60].
These giant Al polycations containing 30 Al atomtually consist of tw®-Baker-Figgis Als moieties
bridged by four additional Al atoms. Other hydradyAl clusters such as Al tetramers, hexamers, etc.
have also been postulated, although direct evidehtieeir existence is still lacking [48, 57].

At the colloidal level of transformation of moleaulAl hydrolytic clusters into Al (oxy) hydroxide,
one can expect either formation of gel, flocculatior precipitation depending on the conditions and
the kinetics of the nucleation, particle growth aadgregation [51, 52, 55, 57]. For instance,
amorphous ‘pseudoboehmite’ type material is forrbgdforced hydrolysis of agueous Al-ions in
circumneutral conditions [61]. This material is hiig disordered and tends to form gels or coagulates
[52, 61]. Ordered, crystalline forms of Al hydroride.g. gibbsite or bayerite) form slowly in the
conditions of non-neutral pH (pH > 8.0 or pH < 5&)d they will tend to separate early from the
aqueous phase as well-defined precipitates [51,554,61]. Therefore, finding ways to control the
stoichiometric conditions (and the pH as a functadrstoichiometry of aluminium and neutralising
agent) and the kinetics of aluminium (oxy) hydrexibrmation are important for the preparation of
advanced materials with tailor-made morphologistlyctural and surface characteristics [51, 52].

The type and strength of neutralising agent (di@liafor acidic Al-ion solutions) have been foutwa
strongly affect the kinetics of nucleation and cwmlal particle growth and, therefore, predefine the
pathway of colloidal sol-gel transformation, padicoagulation or precipitation. Alkalis with lower
pKa (pKa < 7.0) tend to create gels of Al (oxy) hydroxiahile stronger bases with gk 10.0 form
predominantly precipitates. Concentration of alumimions is also an important factor of the colidid
transformation of Al-ions into (oxy) hydroxide. Gaally, the higher the concentration of aluminium
the harder it is to control the homogeneity of thestem and, therefore, to prevent premature
aggregation and precipitation [62, 63]. Howeveg, &bility of the aluminium-ion solutions to formlge
also increases dramatically with the increase whalium concentration [64].

Sol-gel transformations of Al-ions into Al hydroxidproduced by a weak base (Trizma-base, PK
8.3) were investigated in aqueous solutions. Aleith native aqueous solution of aluminium chloride,
the following aluminium species were prepared ughng ‘soft hydrolysis’ method: Ad-mers, Ak
mers and monodisperse suspension of Al hydroxideperticles. The ‘soft hydrolysis’ method is
based on the static anion exchange technology wdilichivs for obtaining solutions of single pure
hydrolytic species of aluminium with minimised inmiies of other species of the same metal.

In addition to potentiometric titration, four tedbuoes: pH-metry, conductivity, dynamic viscosity
measurements and ultrasonic spectrometry weretasednitor the sol-gel transformations. The latter
technique is an emerging tool for characterisatdncolloidal processes [65-67] which has been
applied previously by our group for the studiesagfieous acid-base titrations including Al hydroxide
formation [68, 69].
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3.4.1. Materials and Methods

Sample preparation

A stock solution of aluminium chloride (1.0 mof)Lwas prepared by dissolving an appropriate amount
of crystalline AICkBH,O 99 % (Aldrich, Gillingham, UK) in distilled, denised water. Working AlGlI
solutions were prepared by dilution of the stodkitson.

Model solutions of Al-mer and Adg-mer as well as Al hydroxide suspension were pegp@mom the
stock AICk solution by the static anion exchange developedurygroup [24]. For the preparation of
the Ali-mers the formal hydrolysis ratio of the solutidhe( formal hydrolysis ratio is the ratio of the
concentration of added alkali and total aluminiuonaentrationh = C((OH)agged C(ADtora) Was
adjusted tch ~ 2.46, close to the theoretical hydrolysis rdtie 2.462 of these species [62]. For the
preparation of a model g¢mer solution, the Ak-mer solution prepared at room temperaturé at
2.40 was thermally aged at 85 °C for 48 h as desdrin the previous work [70]. The sol of aluminium
hydroxide was prepared at room temperature by adguthe hydrolysis ratio of the stock solution of
AICl; toh ~ 2.85 also using the static anion exchange mdtf@jdollowed by ageing the resulting sol
for 2 months which led to mean particle size of£56 nm, as measured by dynamic light scattering

(DLS). Summary of the data on model solutions daoirig four Al species is given in Table (3.12).

Table 3.12.The list of the model aluminium-ion solutions cdniag single hydrolytic aluminium

species.
. % fraction . Titrant
Sample Initial Al : of target Al hydro_ly3|s concentration Method .Of
concentration . ratio . preparation
species (Trizma-base)
Dissolution of
AlCl; 99.00 0.0 AICl; salt in water
Static anion
Al(OH)5 95.00 2.85 exchange and
ageing at room
0.400 mol.L* 0.783 mol [} |—temperature
Static anionic
Al 97.92 2.46 exchange at room
temperature
Anionic exchange
Al 93.80 2.40 and aqeing at 85
C

As follows from the data of Table (3.12), high partages of the target species have been detected
using quantitativé’Al NMR spectroscopy as described below. No ins@ubhtter was detected in the
Alis-mer and Al-mer solutions as measured by quantita‘ff#dz solution NMR and DLS.

The total amount of aluminium in the model solufiai aluminium species was measured by means of
a spectrophotometric method using Xylenol Orargge igma-Aldrich, Gillingham, UK) as analytical
reagent [1]. The total concentration of aluminiumtihhe model solutions of aluminium species was
found to be 0.40@& 0.002 Mol.L*. This measurement was validated using a gravimenocedure
based on the precipitation of aluminium hydroxidghvammonia and consequent calcination of the

precipitate at 1000C as described in [1].
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Quantitative measurement of aluminium speciationg/SAl solution NMR spectroscopy

The speciation in the model AICIAl 5, Alsp and aluminium hydroxide solutions was quantifiesihg
2'Al solution nuclear magnetic resonance (NMR) spmattopy. For this purpose the NMR spectra of
samples from Ak and aluminium hydroxide systems were acquired5at@ and those of the 4
system at 85C using a JEOL ECX400 spectrometer (Jeol, Tokypada The procedure employed
has been detailed in the Material and Methods{213.section of the thesis.

The amount of Al hydroxide was estimated fro%l NMR measurements indirectly as a difference of
the total aluminium concentration and the sum bsaluble aluminium species detected by NMR [2,
73].

Multi-probe titration setup

The experimental setup for carrying out the titlasi of aluminium species with Trizma-base is
schematically depicted in Fig. (3.8). It consistsaccombined Red Rod glass electrode (Radiometer
Analytical, Villeurbanne, France) linked to a PHME pH-meter (Radiometer Analytical,
Villeurbanne, France), a pH probe (1), a two-platnductivity probe (Radiometer Analytical,
Villeurbanne, France) (2) connected to CDM-230 amtigtity meter (Radiometer Analytical,
Villeurbanne, France). Viscosity probe (3) in thgperimental setup, Figure (3.8), represents a lgral
plate gold-coated transducer with a temperatureaeark rod in the middle) connected to an AND
SV-10 vibro-viscometer (AND A&D Ltd., Japan). Thetbeee probes are immersed simultaneously in
a 75 ml solution of Al species in the 150 ml crilgang dish. The vessel containing sample solution
(4) is set on top of the magnetic stirrer (5) amdtirred using a magnetic stirrer bar. The titsttition

is dispensed from an EDOS 5222 liquid handling de\iEppendorf, Cambridge, UK) (6) using a
Combitip Plus syringe (Eppendorf, Cambridge, UK). (Viscosimeter, pH-meter and conductivity
meter were connected to a PC (8) and readingssobsity, pH and conductivity were taken in parallel

every 10 seconds.

@ magnetic stirrer

Figure 3.8. Schematics of the multi-probe titration setup.
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The conductivity probe was calibrated using a stamdolution of NaCl (1015S.cm’, Radiometer,
Villeurbanne, France) and the pH probe calibratsidgufour IUPAC buffer solutions (pH = 1.68
0.03 (ex. Fluka, Milan, Italy); 3.9& 0.02; 7.01+ 0.02 and 10.0% 0.02, all ex. Fisher Scientific,

Loughborough, UK, unless otherwise mentioned).

Titration procedure

A stock solution of the titrant, Trizmha (2-Amino-2-(hydroxymethyl) propane-1,3-diol) waepared

by dissolving 94.95 g of a commercial-grade TriZoase 99.9 % (crystalline powdek. Aldrich,
Gillingham, UK) in 1 litre of distilled deionisedater to achieve a concentration of 0.783 mibl.&s
measured by the potentiometric titration with auwwnétric standard solution of hydrochloric acid (1
mol.L?, ex. Fisher Scientific, Loughborough, UK).

Titrations were conducted in the following mannarfixed volume of 80 ml of undiluted sample
containing one of four aluminium species under gtigmtion at the total Al concentration of 0.400 +
0.002 mol.I* was placed in a 150 ml PyreéX crystallising dish. This vessel was chosen due to
convenient shape allowing for accommodation ofthtee probes in one sample or a reasonable
volume. Titrations were performed at room tempeet{(25 + 1°C) in a monotonic mode (equal
additions of titrant) using undiluted Trizma-baséusion (0.783 mol.[}) as a titrant. For this purpose,
80 successive additions of 0.2 ml of the titrantav@ade at 3 min time intervals between the adutio
using a pre-programmed EDOS 5222 automated liqaitdling unit (Eppendorf, Cambridge, UK)
under continuous stirring at 300 rpm. The dataireggdfrom the inserted probes were acquired every
10 s for 240 min of each experiment. All titratiomere made in duplicates.

The probe of the vibro-viscometer SV-10 is gengraéinsitive to the level of immersion of the sensor
plates in solution. During the titrations the vokimf sample constantly increases due to additibns o
titrant. In order to compensate for this effectlafik titrations’ were run in duplicate in which
monotonic additions of titrant (Trizma) were madetlie same conditions as in the titrations of Al
species solutions. The difference in values of dyinaviscosity measured in ‘blank titrations’ froimet
original value (normally, close to ~ 1 mPa-s) wabtscted then from the titrations of Al species

solutions.

Ultrasonic measurements

The use of ultrasonic measurements for monitorihghe acid-base reactions involving aqueous
solutions of aluminium ions has been reported hygvaup [68, 69]. Previously we have concentrated
our effort on the use of external ultrasonic tramsat working in back-reflection mode described in
detail elsewhere [74]. An obvious advantage of sexternal transducer is the possibility to adapt
ultrasonic measurements to a broad range of expatah settings including field conditions.
Ultrasonic spectroscopy using the external ultrasaransducer has been shown to provide some
valuable analytical information at a very high measnent speed [68, 69]. The speed of measurement
was found to be advantageous comparing to the obiov&al pH measurements when studying non-
equilibrium changes in acid-base reactions inclgdiautralisation of aluminium-ions with base. Good

temperature control was found to be the key issnermmeasuring ultrasonic velocity. The use of the
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proposed external ultrasonic transducer and of nfehematical algorithm to compensate for
temperature deviations, was proposed to tacklectimelitions of uncontrolled temperature operation
[75]. Ultrasonic velocity has been found to be th@st appropriate measurement parameter when using
external ultrasonic transducer while the measuréwienitrasonic attenuation was less successfyl [68
In the present study ultrasonic titrations werdqremed using a dedicated analytical instrument - HR
US 102 P high-resolution ultrasonic spectrometdtrgsonic Scientific, Dublin, Ireland) containing
parallel ultrasonic transmission-based cells wited geometry and an external titration accessory
(Ultrasonic Scientific, Dublin, Ireland). The w@onic measurements were carried out in the utir@so
frequency range of 5-15 MHz (specifically, 8 and WHiz) at the temperature of 25 0.01 °C
maintained by the incorporated thermostat. Ultrasorelocity and ultrasonic attenuation were
recorded simultaneously in a differential mode gsihe data from two measurement cells - a cell
containing the sample being titrated and the raferecell containing distilled water as a reference.
Ultrasonic titrations of aluminium species werefpaned using monotonic addition of titrant (Trizma-
base solution, 0.8 mol}). 80 additions 200 pl of titrant were made to mske solution containing 80
ml of undiluted Al-ion solution at time interval$ 8 or 30 min (the latter titrations took one fdhy to
run). Double stirring system operating at 300 rgimisg speed was used for sample homogenisation.
The data of the ultrasonic titrations was collectesing a PC with the dedicated software from
Ultrasonic Scientific (Dublin, Ireland). ‘Blank tations’ of distilled water with Trizma-base tittan
were also recorded in the same conditions as tfaidins of Al species and the measured values of
differential ultrasonic viscosity and attenuatioarer used for the correction for the effect of iasiag

volume and dilution of the Al species samples.
3.4.2. Results and discussion
The results of titrimetric measurements of soldgahsformation of four distinct aluminium species

into Al (oxy) hydroxide as monitored by four diféart techniques are presented in Fig. (3.9) (method-

wise).
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Figure 3.9.Multi-technique titrations of model aluminium-isolutions (0.4 Mol.L}) containing
single aluminium species using Trizma-base asamntit@) pH curves; if) first derivative pH curves
(ApH/Ah, x-offset 70 %); € dynamic viscosity curves (x-offset 80 %) Conductivity

measurements.

As follows from Fig. (3.9), the overall shape of the pH-metric titration @swemains quite similar
for all four species under investigation. Indedd starting point of the pH-metric curves depenals o
the initial formal hydrolysis ratio and initial péf the respective Al species which &re 0.0 and pH =
2.8 for AICk, h ~ 2.46 and pH = 4.2 for A¢mers,h ~ 2.40 and pH = 3.9 for A8mers;h ~ 2.85 and
pH = 4.7 for Al hydroxide suspension. All four pHetnic titration curves tend to converge around the
major inflexion ath ~ 3.0 that corresponds to the completion of foraraind charge neutralisation of
aluminium hydroxide.

First derivatives of the pH-metric titration dategented in Fig. (3.9) offer a better insight into the
main features of the pH-metric titration curveseTdata of Fig. (3.9b indicates that the pH-metric
curve of AICE titration with Trizma (Fig. (3.95) contains an additional inflexion at the beginnafg
the titration with the maximum &t~ 0.2. This inflexion corresponds to the processanftralisation of
protons released by (auto) hydrolysis of monomations [76, 77]. The plateau on the first derivati

pH-metric titration curve of AIGIcorresponds to the region of pH (3.8 < pH < 4.8) &ydrolysis
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ratios (0.2 <h < 2.5) where hydrolysis becomes less significat ne neutralisation reaction of Al-
ions with base is dominated by the consumptionydfdixyl-ions by the ongoing condensation into Al
polynuclear hydrolytic species. The contributiortlué Keggin-like Als-mer becomes important in this
range of hydrolysis ratios and reaches maximuh-a®.46 (the theoretical hydrolysis ratio of thg Al
mer species). The next inflexion which can be okeron the curves of Algl Al;s-mers and Ady-
mers is ah ~ 2.59 + 0.03 (Fig (3.9)). We assume that the small jump on pH-metric cuata ~ 2.59

(or the peak on the first derivative pH-curves iig.H3.9) b) highlights the point where further
formation of Al Keggin ions is impossible (the maxim hydrolysis ratio for these ion& = 2.462 for
Alz andh = 2.40 for Aky - has already been reached) and further additdrizase result in rapid
increase of pH. The following mini-plateau at 2.61< 2.9 (5.3 < pH < 6.3) in Fig. (3.9, which
coincides with the ‘gap’ or a local minimum betweétg inflexions ah ~ 2.6 andh ~ 3.0 in Fig. (3.9)

b is the region where simultaneous structural casigarfrom Keggin-like structure into disordered
structure of Al (oxy) hydroxide (most probably, pdeboehmite) takes place [76-78]. In this process
the pH is steadied due to consumption of hydroagkiby the structural conversion mentioned above.
Finally in the vicinity of the major inflexion pairath ~ 3.0 which is common for all four Al species in
question (Fig. (3.9b) the process of structural conversion is pradticabmpleted. This process
coincides with charge neutralisation and exhaustibrall ‘acidic’ sites in Al with the hydroxide
particles.

As follows from the data of Fig. (3.9), the major inflexions ah ~ 2.6 andh ~ 3.0 are very well
reproduced in all four Al systems under investigiat{except the first inflexion &t ~ 2.6 for Al
hydroxide) as indicated by the positions of the imaxof the corresponding inflexion peaks of thstfir
derivative pH-metric curves. Slight differencestlie shape of the inflexion peaks in Fig. (3:0are
probably an indirect consequence of different reatir starting molecular precursors. There is also a
small but systematic difference in the positioritef second inflexion dt ~ 2.6 between AIGIAI 3 (h
~2.61 +0.02) and A} (h ~ 2.57). Similarity of AIC} and Aks-mers is explained by the fact that in the
course of AIC} neutralisation at room temperature thesAlpecies are predominantly formed [51-53,
76-78]. The mentioned systematic difference ofeixitbtns ath ~ 2.6 for Al; and Ak, species arises
from their differing ‘intrinsic acidity’ manifesteds a ‘theoretical hydrolysis ratio’ or the ratibaxo-
/hydroxyl-ligands and Al atoms in the structurainfmla f = 2.462 for Al; andh = 2.40 for Aby).
Viscosity changes in the course of acid-base ititnadf Al species with Trizma-base were monitored
using a novel approach in dynamic viscosity measargs known as ‘vibro-viscometry’ [79]. This
approach is based on the measurement of the ferpeéred to oscillate (or vibrate) in-plane the two
thin metal sensor plates [79]. The method is seesénd is able to measure dynamic viscosity a
wide range (0.3-3000 mPa-s) suitable for aqueolusiaas {1=0.98 mPa-s for pure water) with good
time resolution (down to 0.5 s). The sensor probeiloro-viscometer is quite compact in size and
allows for accommodation of other probes. The tesafl dynamic viscosity measurements are shown
in Fig. (3.9)c.

As indicated by the data of Fig. (3.8) at hydrolysis ratios below ~ 3.0 the value of dynamic
viscosity of Al species solutions is very closeltmPa-s. Ah ~ 3.0 there is a single jump in dynamic

viscosity in the course of acid-base titration bf@ur Al species in question. This jump corresgsito
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the point of abrupt sol-gel transition of all foatuminium precursors into amorphous aluminium
oxyhydroxide. The position of this jump ¢ 2.96+ 0.6) is quite reproducible (experiments performed
in triplicate) and is very close to the main inflex observed on the potentiometric titration curséls

~ 3.0 (Fig. (3.9 andb; in the case of Al hydroxide precursor - slightigher ath ~ 3.2). At higher
hydrolysis ratios, the viscometric titration curvis all four Al species display a slow decay in
viscosity values. Interestingly, the value of dymamiscosity ath > 3.0 never reaches the original level
of n ~ 1.0 mPa-s. This can be explained by the sofwietsee Trizma-base used as a titrant {p+8.3).
The pH of solutions &b > 3.0 never exceeds pH ~ 9.1 (Fig. (3®which is probably insufficient to
cause complete breakdown of Al hydroxide gel ini¢OM), monomers as expected from the data
with stronger alkalis [73, 76].

The magnitude of the major viscosity jumphat 2.9 in Fig. (3.9 appears to correlate well with the
nature of aluminium precursors of sol-gel transfation. During hydrolysis-condensation of ALCI
solutions ath < 3.0 forced by the additions of Trizma-base themfation of Al monomeric clusters
proceeds in an uncontrollable manner and, hengeopise to the effect of so called ‘local pH gradisen
[62]. This phenomenon is common for solutions oidxis supersaturated with respect of Al hydroxide
(C(Al) > 510° mol.L™"). When reasonably strong alkali (pK 10.0) is added to such supersaturated
solutions, the mixing of alkali with Al-ion solutiois insufficient to prevent the reaction of aluram
hydroxide formation to proceed locally [52, 62].€Tbremature formation of aluminium hydroxide
proceeds far below the actual conditions for suaitgss f << 2.5). Al hydroxide is very difficult to
dissolve back into molecular Al species in the Weacidic conditions of the reaction. As a result o
‘local pH gradients’ and premature formation oftAldroxide the concentration of Almers is much
lower than 100 % of total Al content as one woulgext in the vicinity oh = 2.462 This is the reason
for the need of special methods such as staticnagkechange to be developed for the production of
relatively pure Als-mer solutions [70]. Heterogeneity in the AJGolution freshly neutralised with
Trizma-base probably leads to a relatively low juimplynamic viscosityZAn ~ 1.25 mPa-S) observed
on the corresponding curve in Fig. (3croundh ~ 2.96.

The magnitude of the jump of dynamic viscosityted point of sol-gel transition observedhat 2.96

in the titration curves depicted in Fig. (3®)s reproducibly higher for the &mer solutions&n ~
3.25) than for the Ak-mer solutions £n ~ 2.05). Possible reason behind this trend coeldnb@)
higher molecular weight and somewhat larger sizén@fAkg-mers; b) higher ‘intrinsic’ acidity of the
Alz-mers comparing to that of the ;Admer as manifested in its lower theoretical hyds@yatio. This
hypothesis agrees well with the literature datanéhg that Ak-mers can be coagulated easier and
better than Als-mer solutions [80]. However, further studies aeeassary in order to understand this
trend in sol-gel transition of Al hydrolytic cluste

In the case of Al hydroxide suspension the mageitofithe viscosity jumpAn ~ 0.42) is the lowest
among the four Al-based systems studied (Fig. (8)9)One could assume that in the case of Al
hydroxide system the hydrolysis ratio is quite high~ 2.85) and it exceeds certain ‘critical level’
required for the formation of a robust gel phadeisTalso may indicate that the mean particle sfze o
the suspension should be smaller than 55 nm olibdovethe given Al hydroxide suspension in order

to exhibit sol-gel transition as indicated by acdimible viscosity jump.
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Although the ‘viscosity jump’ observed in viscositme titrations in Fig. (3.9% provides only a semi-
qualitative measure one could assume that this jarhp-2.96 is related to the ‘quality’ or robustness
of the aluminium hydroxide gels (Fig. (3.€) The magnitude of ‘viscosity jum@n increases in the
following order An(Al hydroxide) <An(AICl3) < An(Al3) < An(Alsg) and, thus, the gel robustness
should follow a similar trend according to this byigesis.

Our previous observations of the transformationaldbns into Al hydroxide in aqueous solutions and
the literature data [62, 76-78, 81] suggest the finocess depends strongly on the strength of base
used as a titrant. In the case of very weak basgs as sodium or potassium bicarbonate,(#16.35)
gelation occurs quite early in the course of ftitrat- around 2.6 <h < 2.8 depending on the
concentration of aluminium. The second inflexiomat 2.9-3.0 is much less profound in the titrations
with weak bases. In the case of stronger bases |(&,<< 10) such as ammonia [76] gelation in
hydrolysed Al-ion solutions normally does not happeelow hydrolysis ratioh ~ 3.0. Instead,
formation of a gelatinous Al (oxy) hydroxide preitite is observed in the case of ammonia [62, 76].
Finally, when using strong bases such as sodiuimooate (pK~ 10.6) and, especially, sodium or
potassium hydroxides (pke 15) [62, 76], gelatinous, readily re-dispersiblecipitates are usually
formed at 2.6 <h < 2.8 (mainly due to ‘local pH gradients’ which atescribed above and in more
detail, previously [62]) with subsequent conversioto sparingly soluble precipitate of Al (oxy)
hydroxide ah ~ 3.0. Trizma base with gk 8.3 is at the borderline of weak and medium-gfroases.
Therefore, as expected, its behaviour in neuttadisaf Al-ions is close to that of ammonia in teywf

the formation of Al (oxy) hydroxide nedr ~ 3.0. However, unlike for ammonia, a gel is formed
instead of a precipitate when titrating with Trizma

The changes in conductivity of the samples contagiriour different aluminium species titrated with
Trizma-base can be followed from the data of F3g9)d. The general levels of solution conductivity
are in a good agreement with the chemical natuadushinium species. Solution of AlCtisplays the
highest conductivities throughout the titrationgfii-hand conductivity scale in Fig. (3.9)).
Conductivity level€Q (mS/cm) of the Als-mer, Akg-mer and Al hydroxide solutions are decreasing the
following order:Q(Als-mer) >Q(Al-mer) >Q(Al hydroxide) according to the formal charge oé$b
species which changes in the order z = 184/ler)>z= 7 (Al;s-mer)>z<< 7 (Al hydroxide). In the
case of Al hydroxide the exact charge of individpaiticles is not known, nonetheless, judging k& th
highly positive zeta-potentid| ~ 40-50 mV of this type of colloidal systems measupreviously [81]
there is still certain positive charge associatéith these particles at weakly acidic pH (I.E.P.Adf
hydroxide is normally around pH ~ 7). This chargewever, is much lower than the charge of any
molecular cluster of aluminiung.g. Al;s-mers. It can be shown that the formal chargé aluminium
species is directly related to the ‘intrinsic atytiof these species expressed by their theoretical

hydrolysis ratioh’:

z=(3-h") [n(Al) 0

wheren(Al) is the number of aluminium atoms in aluminigpecies.
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The conductivity curves obtained from the titrasaof Al;5, Alsg and aluminium hydroxide are quite
similar in shape and contain a reasonably sharptivegpeak with the minimum exactly at hydrolysis
ratio h = 3.0 (Fig. (3.9)d). The drop in conductivity before the major inflex corresponding to the
formation of Al hydroxide on all four conductivityurves in Fig. (3.91 can be explained by steady
conversion of aluminium molecular clusters into lldroxide which continues up to the hydrolysis
ratioh ~3.0. In the case of Ad-mers, Aky-mers and Al (oxy)hydroxide nanoparticles, whendtigcal
point of charge neutralisation is reachedh at 3.0 the conductivity starts to build uphat 3.0 due to
the excess of hydroxyl-ions supplied by the adddiof Trizma-base. After reaching a plateau in the
range of 3.5 <h < 4.5 all three conductivity curves show a trendlefreasing the conductivity values
at higher hydrolysis ratios. This behaviour is doghe fact that above pH = pKTrizma) = 8.3 the
dissociation of the organic base used as a titegoitlly decreases and at some point stops conypletel
In the case of the titration of AlCsolution, the conductivity curve shows differengtnd as it continues
to decrease after reachifg= 3.0 on the titration curve (Fig. (3.2)). One could explain this
observation by a very the formation of a very wepht as indirectly demonstrated by viscosity
measurements discussed above (Fig. (8)9)This weak gel starts to dissolve immediatelyemaft
reachingh = 3.0 even at very small excess of free base.

Ultrasonic titrations of Al aqueous species withzima base were conducted separately due to small
volume of the cells of the ultrasonic spectrometsad in this study. Nonetheless, the conditionthef
bulk titrations monitored with the other three pesldlescribed above were reproduced in the ultrasoni

titrations, albeit on a smaller scale. The resufitsltrasonic titrations are shown in Fig. (3.10).

b

| —m—AICl,
01 —o-— A|13
—A— Also ‘,5
—O— Al hydroxide é?
o)

(o]
o
1

60 |
50
40
30

204

differential ultrasonic velocity, m/s

10

differential ultrasonic attenuation, m™

o
|

—_——— —_———
2.0 25 3.0 35 4.0 45 5.0 2.0 25 3.0 35 4.0 45 5.0
hydrolysis ratio hydrolysis ratio

Figure 3.10.Results of ultrasonic titrations of four aluminiapecies (0.4 Mol.t total aluminium
content) with Trizma-basea) Differential ultrasonic velocitys. hydrolysis ratio; If) differential
ultrasonic attenuatiows. hydrolysis ratio (x-axis is truncated belbwe 2.0 for the purpose of clearer

data presentation).
As follows from Fig. (3.10), the values of differential ultrasonic velocityastgly depend on the

hydrolysis ratio in the course of titrations of gdecies with Trizma-base. In the acidic conditifins

3.0) velocity of ultrasound decreases to its alisaminimum on the curve &~ 3.0  ~ 3.7 for Al
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hydroxide). It is known that ultrasonic velocity liquids depends on the characteristics of bulk
medium such as solution density and viscosity. 88g&@es of Al species solutions do not change much
in weakly acidic conditionsh(< 3.0) as has been demonstrated above (Fig. €.9herefore, the
decrease of ultrasonic velocity is due to the v in solution density. In the course of titoati the
charge of aluminium species decreases due to fdrgeblysis-condensation and so, most probably,
does the density of the sample solutions and, asnsequence, velocity of propagating ultrasourtd. A
hydrolysis ratios above the major inflexion in thiration curves lf = 3.0) viscosity builds up
significantly as well as the concentration of frgglroxyl-ions introduced by the excess of Trizmaéa
as has been shown by viscosity and conductivitysomeanents (Fig. (3.9) andd). As a result, weak
gels of Al (oxy) hydroxide start to dissolve andrfosmaller, negatively charged particles as well as
monomeric Al(OH) as a final product of dissolution in basic corati [51, 76, 77]. This helps to
explain both the increase in conductivity (Fig9§31) and in ultrasonic velocity (Fig. 18) aboveh =

3.0. Comparing Fig. (3.9) and Fig. (3.10p one can see that there is a certain degree célaton of
ultrasonic velocity curves with conductivity curvgste the difference in x-axis scales in Fig. Y219
and Fig. (3.10p) as well as with the formal charge of the Al spediinder investigation. The overall
levels of speed of ultrasountdecrease in the following ord®(Al hydroxide) <V(Al13) < V(Alzg) <
V(AICI3) in a good agreement with the conductivity datscdssed above, Fig. (3.8) and with the
formal charge of these species.

Behaviour of differential ultrasonic attenuation asfunction of hydrolysis ratio in the course of
ultrasonic titrations of Al species with Trizma-kbasan be traced in Fig. (3.18) Similarly to the
dynamic viscosity data (Fig. (3.2), the ultrasonic attenuation starts to increagedha above the
hydrolysis ratio oth ~ 2.8. For the molecular Al species (AICAl s>-mers, Akg-mers) this parameter
rapidly reaches local maximum in the range of 8.8 < 3.6. In the case of Algltitrations, after
reaching a clear maximum lat- 3.4 the ultrasonic attenuation curve starts twekse steadily. For the
Alis-mer solutions, the behaviour of ultrasonic attéiomais more complicated as it has at least three
clear maxima on the ultrasonic titration curve (K810)b) ath ~ 3.3,h ~ 3.6 anch ~ 4.0. The curve

of ultrasonic attenuation vs. hydrolysis ratio fls;-mer has one clear maximum lat~ 3.3 which
coincides with the Ak-mer. Above this hydrolysis ratio the ultrasoniteatiation signal of the A
mer solution tends to increase constantly unlikg ather Al species. Finally, in the case of Al
hydroxide there is a relatively sharp peak on stiréc attenuation curve with the maximunhat 3.7-
3.8, above which this parameter quickly decays.

When the pH and hydrolysis ratio are high enoughrfitiating ‘alkaline’ breakdown of Al hydroxide,
the particle size of Al hydroxide starts to deceeas reflected by the decreasing ultrasonic attenmua
above certain ‘critical’ hydrolysis ratio. The vahiof ‘critical hydrolysis ratioh’ form the following
approximate trench’(AICI3) = 3.4 <h’(Al13) = 3.6 <h’(Al hydroxide) = 3.75 <’(Al3g) = 4.2. One can
hypothesise that the robustness of aluminium hydeogels towards breakdown induced by further
dilution and/or excess of base follows the samedire

In order to explain peculiarities of ultrasoniceaiation curves described above one needs to mentio
that the value of ultrasonic attenuation dependsiwsorption and scattering from the solid particles

present in solution [65, 66 a]. The size and/ordbecentration of the particles must be quite large
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cause absorption or scattering of ultrasonic waniets the frequency range of 5-15 MHz [66 b]. This
fact explains why ultrasonic attenuation is relatyvinsensitive to the formation of primary ultiad
particles of Al hydroxide dominating speciationtpats of Al-ions ah < 2.8 (this transformation can
be detected at least qualitatively using DLS [2, 78]). Ultrasonic attenuation appears to be
reasonably sensitive to the appearance of largeicpiates of sub-micrometer size near the point of
electroneutrality (IEP) of Al hydroxide &t= 3.0. In this range DLS technique has detectedoadb
range of particulates with the sizes 108 < 2000 nm [73, 76]. Also, increasing interactiomsvieen

Al (oxy) hydroxide particles induces the increaseviscosity of the medium and, as a consequence,
leads to increased absorption of ultrasonic wavasrefore, the fluctuations of ultrasonic attenomati
observed in Fig. (3.10) ath > 2.8 are owing to the variations in both scatterdmgl absorption of
ultrasonic waves. This could explain the complexifythe observed ultrasonic attenuation curves as
well as why the maxima in ultrasonic attenuationrd exactly coincide with the features of the
titration curves measured with other techniquethiswork.

The steepness of the increase in ultrasonic attiemuat the onset of gelation (2.8h< 3.0) appears to
be correlated with the differing ‘intrinsic aciditgf aluminium species used as precursors in sbl-ge
transformation. The steepness of the incline ofastinic attenuation in the discussed region of
ultrasonic titrations is the highest for thezAmer (Fig. (3.10)b) followed by Als-mers and Al
hydroxide. In the case of Algthe steepness of the initial incline of the ultrgis attenuation curve is
close to that of the Al-mer. However, due to the ‘local pH gradient’ effediscussed above the
overall increase of ultrasonic attenuation in theecof AIC} is much lower than for other aluminium

precursors and the initial incline does not makehtighest ‘acidity’ of aluminium monomers.

3.4.3. Conclusions

Sol-gel transformation of aqueous solutions of ahimm-ions into aluminium (oxy) hydroxides
induced by the addition of a ‘soft base’ - Trizm@sb has been investigated using monotonic single-
batch titrations and a bundle of four complimenté&ghniques for monitoring pH, conductivity,
viscosity and parameters of ultrasound (ultraseeiocity and attenuation). Pure aluminium species
such as aluminium monomers, tridecamers ;§BJ(OH),4(H,0)1)]”* or ‘Alz-mers’, ‘Aly-mers’
([Al 3005(OH)s6(H20), **h and monodisperse aluminium hydroxide particlesttsysised using a
patented technology of static anion exchange wesesl @s precursors to aluminium (oxy) hydroxide
gels. The multi-probe monitoring of the formatiohaduminium oxy (hydroxide) has revealed that in
the presence of non-complexing chloride-ions regasdof molecular nature of aluminium species sol-
gel transformation proceeds via a similar pathway:

(1) Forced hydrolysis-condensation of Al-ions intolecular clusters of precisely defined structure
- Al;s-mers at room temperature anders at elevated temperature (or prolonged readiioes).
The end of this process is marked by the inflexiothe pH-metric titration curves at~ 2.59+ 0.03.
Both conductivity and ultrasonic velocity measuretseindicate the decrease of charge of Al species
as a result of hydrolysis-condensation into lagjarctures. This process is fully completéat3.0.

(2) Structural conversion of aluminium Keggin-ligolynuclear clusters into nanoparticles of
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aluminium (oxy) hydroxide above the first pH-metrioflexion h ~ 2.59. The course of this
transformation depends on the molecular naturbeptecursor.

(3) Aggregation of primary nuclei of aluminium (gxyydroxide into larger clusters which has been
detected by the increasing scattering of ultrasemves resulting in elevated levels of ultrasonic
attenuation (amplitude) in the vicinity bf~ 3.0.

(4) ‘Arrested growth’ of the aggregates with thenfiation of the three-dimensional gel network
which happens around the major inflexion in theeptibmetric titration curves &= 3.0. This event
was detected by the dynamic viscosity probe (a jumpthe corresponding titration curves). It is
hypothesised that the amplitude of the viscositygucan be related to the chemical stability and,
possibly, mechanical properties of the gels. Thelande of the viscosity jump agrees well with the
molecular nature of aluminium species in questibei( size, formal charge and ‘intrinsic aciditys a
manifested by the formal hydrolysis ratio).

(5) Breakdown of gel structures in the excessed fsase (Trizma) is a complex phenomenon and it
is best monitored by a combination of conductivitifrasonic velocity and attenuation measurements.
Depending on the molecular nature of the precurdbes breakdown of gels follows very different
patterns. In the case of thespAimer the breakdown pattern is the most complex issniot complete on
the hydrolysis ratio scale of the experimdnk(4.4) according to the ultrasonic attenuation data.

The effect of the strength of alkali (Trizma-basegd as a titrant on the type and pathway of sol-ge
transformation has been outlined. It has been shbatthe sol-gel transition pathway observed & th

present study is due to weak-medium strength afimiaitbase (pk= 8.3).

Summarising the above, the combination of four damgntary monitoring techniques was able to

trace down all major steps of sol-gel transfornmatés well as further fate of the gel network in the
conditions of increasing base concentration. The o ultrasonic spectrometry is shown to be
especially beneficial for the monitoring of theelastages of aluminium (oxy) hydroxide formatiom an

its eventual breakdown by the excess of base.
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Part 4

Speciation of

Pure Aluminium Species

The ‘formal’ hydrolysis ratio if = [OH]/[AI*]) of hydrolysed aluminium-ions is an important
parameter required for the exhaustive and quanttaspeciation-fractionation of aluminium in
aqueous solutions. This work describes a potentiicnenethod for determination of the formal
hydrolysis ratio based on an automated alkaliratiitn procedure. The method uses the point of
complete precipitation of aluminium hydroxide aseferencetf = 3.0) in order to calculate the initial
formal hydrolysis ratio of aluminium hydrolytic sgies. Several solutions of pure hydrolytic species
including aluminium monomers (Alg)l Al;s-mers, Abe-mers and aluminium hydroxide have been
used as ‘reference standards’ to validate the m@ghpotentiometric method. Other important variable
in the potentiometric determination of the hydr@dygatio have also been optimised including the
concentration of aluminium and the type and stiengft alkali (Trizma-base, N}®OH, NaHCQ,
NaCOs;and KOH). The results of the potentiometric analysive been cross-verified by quantitative
?’Al solution NMR measurements. The ‘formal’ hydral/satio of a commercial basic aluminium

chloride has been measured as an example of dgataagbplication of the developed technique.
4.1. Automated pH-metric titrations of aluminium-ionshé effect of aluminium speciation

Typical examples of automated pH-metric titratiamwes obtained from titration of the Al-containing
systems (0.004 mol:tsolutions) with Trizma (free base, 0.1 mal)lare presented in Fig. (4.1). Initial
titration curves (‘integral mode’ pH vs. h) were re-calculated from the initial data (pbl volume of
titrant) using the hydrolysis ratio as tkexis, lines in Fig. (4.1). The first derivative was ¢pH/4h

vs. h) were obtained from the initial titration curvesdathese are presented in Fig. (4.1) as triangle
symbol and line curves.

Potentiometric titration curves presented in Figl)] exhibit different numbers of inflexion points
depending on the initial Al species present inghmples. For AlGIsolutions (with and without added

HCI) there are three inflexions on the titrationnas which correspond to early hydrolysis-
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condensation of Al-ions (broad inflexion peakhat 0.25, Fig. (4.1 andb [1], followed by a long
plateau due to the predominant formation ofsAhers. The second inflexion pointtat- 2.75 + 0.01,
Fig. (4.1)a andb arises from the breakdown of the structure ofdbminant Als-mer clusters with
their simultaneous conversion into colloidal Al hgelide [1, 2]. The third inflexion observed during
titrations of AICk with Trizma is due to the formation of Al hydrogiéth = 3.0, Fig. 1a andb.

In the case of the samples containing pure Al hiytiooclusters such as Keggin Almers and Al
mers there are only two inflexions observed ontithation curves, Fig. (4.19 andd. These inflexions
are of the same origin as the last two inflexiomnmin the titration of AIG discussed above. The
inflexion of the Aky-mer structural collapse is located at systemdyidadver hydrolysis ratiolf = 2.53

+ 0.02) than the same peak for thgsAher = 2.58+ 0.02). The peak of the major inflexion in Fig.
(4.1) c andd is again very close to 3.0 & 2.98+ 0.02). The same is true for the potentiometric
titration of Al hydroxide with Trizma which showsily one major inflexion ah = 3.0. Therefore, the
data of Fig. (4.1) gives support for our main agstiom that, providing all other conditions are met,
one can use the position of the inflexion pointath = 3.0 as a reference value in order to calculate
the ‘formal’ hydrolysis ratio of samples of unknovshspeciation.

Additional data processing of the first-derivatitiration curves was performed using peak-fitting
module of Microcal Origin 6.1 software (Microcal fBeare Inc., MA, USA). Peak-fitting was used to
refine the position of the inflexion points andak® overlapping inflexions better. Two examples of
the peak-fitting results are given in Fig. (4.2heTpeaks on the first derivative pH-metric titratio
curves were fitted with a symmetrical Gaussian fiemcwith high goodness of fit (the correlation
coefficient R of the fitted curves was 0.9806 and 0.9976 fortifnations presented in Fig. (4.2). The
maxima of the fitted peaks located precisely at itiftexion points made it easier to assign the
reference of value di = 3.00 to the major inflexion peak of Al hydroxigeecipitation. This, in turn,
enabled more precise and reproducible results effthmal hydrolysis ratio determination to be

achieved using the proposed titrimetric procedure.
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Figure 4.1.Integral (solid linesandfirst-order derivative (solid lines with triangulaymbols) curves
of potentiometric titration of aqueous solutions®E€I;+HCI (a), AICI; (b), Alis(c), Alsg (d) and Al
hydroxide €) (all -with 0.004 mol.[* Al concentration) with Trizma base (0.1 mof)L
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dpH/dh
dpH/dh

Figure 4.2.Examples of peak-fitting of the first derivativéréition curves oAICI;(a) and Als-mer @)
0.004 mol.L* solutionsobtained from titration with Trizma base (0.1 mdi)LLines with square
symbols represent original first derivative cunatad Solid lines represent theoretical curves whigh

the sums of all fitted peaks. Fitted peaks are shioyvdotted, dash-dotted and dashed lines.

4.2.Optimisation and validation of potentiometric measnents of hydrolysis ratio of aluminium-
ion solutions
4.2.1. The effect of total aluminium concentration on plétnit titrations of

aluminium-ions

Total concentration of aluminium is an importantgraeter affecting the results of the potentiometric
determination of the ‘formal’ hydrolysis ratio. the present study this parameter was varied from
0.001 to 0.06 mol.t. The set of titrations of Ad-mer solutions with Trizma-base is shown in Fig.
(4.3)a as an illustrative example of the effect of tadhkconcentration. Comparison of the determined

values of formal hydrolysis ratio is given in F{¢.3)b.

117



4. Speciation of pure aluminium species

255+
Reference system b

concentrations

0.060 M
2.50

% h=2-45
245-4----- -pg-q-----------------o - ---

2.40

304 0.040 M

0.012M

N

20_ C;\_\g,
NESEE 0,008 M

formal hydrolysis ratio

S
I 0.004 M
S 5 ,

oo 0.002 M

0+ 2.35 T 1 T T ' T 7 T 7 1
T T T T T 1 0.00 0.01 0.02 0.03 0.04 0.05 0.06

h Total Al concentration , mol/L

Figure 4.3.First-order derivative titration curves obtainedrfrtitrations of the Ak reference system
at various aluminium concentrations with 0.1 mdfTirizma-based). Formal hydrolysis ratios of AJ

solution determined from the titrations in Fig.3¢a.

From the data of Fig. (4.3) one can find that for more concentratedsAher solutions (JAl]> 0.04
mol.L™%) there is a problem of assigning the major inflexpoint b = 3.0) which arises from higher
local pH gradients and higher solid loading in tt@responding samples in the vicinity of Al
hydroxide precipitation as a result. This effectafiected by the increased noise of the titratiata at
higher Al concentrations, and sometimes, by stnpsgewed or bifurcate major inflexion peak in the
first-order derivative curves, Fig. (4.8) Similar trend was found for the other four refere systems
of hydrolysed Al-ion species studied (results averaported for the sake of brevity).

As follows from Fig (4.3)b, titrations at total aluminium concentration ireteamples higher than
0.012 mol.[*led to a small but systematic underestimation efftrmal hydrolysis ratio comparing to
the reference value df = 2.45 as measured by quantitati/al NMR (represented as a horizontal
dashed line in Fig. (4.3)). The latter value is very close to the theorétigairolysis ratio of the Ak-
mer ' = 2.462, absolute difference between measured yatu@.5 %). The so called ‘local pH
gradients’ can strongly affect the results of ekpents based on the neutralisation of aluminiunsion
with alkali. The origin of this phenomenon liestive supersaturated nature of Al-ion solutions asd,
a result, their instability towards the prematuoenfation of Al hydroxide. When a strong alkali is
added drop-wise, there is always an initial pH grmatlbetween the localised alkali droplet and thlk b
of the Al-ion solution before complete mixing takiace. The combined action of the supersaturation
of the Al-ion solution and the local pH gradientsacalled ‘alkaline shock’) results in premature

formation of Al hydroxide which hinders a variety experimental studies including potentiometric
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measurements [1, 3]. This adverse effect cannalibeénated completely by improving conditions of
physical mixing €.g. higher stirring rate, slower reagent addition, leigkemperature, etc.). Another
complication arising from the supersaturated natfrél-ion solutions at higher Al concentrations
(C(Al) >10°mol.L™") is the possibility of gel phase formation in theinity of the major inflexion
point in the titration at 2.5 h < 3.0. The formation of a gel due to the high satidding of hydrolysed
Al-ion solutions with ultra-fine Al hydroxide paclies can lead to incorrect pH measurements dus) to (
increased viscosityb] blockage of the active surface of the glass @dtebde by Al hydroxide gel.
Another extreme one should try to avoid in thentigtric determination of the formal hydrolysis oati

is high dilution of Al-containing samples. Incraagly dilute Al-ion solutions can cause changesin t
Al speciation and alter the resulting hydrolysisaaf the system, therefore biasing the resultthef
proposed method. This is reflected indirectly ia thsults of pH-metric titrations of Atmers given in
Fig. 3b which indicate that at [Al] < 0.004 mof-the determined value of the formal hydrolysis ratio
was overestimated compared to NMR valué ef2.45 with high statistical significance.

The optimum range of aluminium concentrations foe titrimetric determination of the formal
hydrolysis ratio was found to be between 0.004 @0d2 mol.L. The values oh were the closest to
the theoretical hydrolysis ratios of the correspogdl species (as well as hydrolysis ratios esteda
with /Al NMR, were applicable) and the analytical erraasaat minimum (relative standard deviation
< 2 %). Therefore, this range of Al concentraticas be recommended for accurate and reproducible

determination of the ‘formal’ hydrolysis ratio of-fon based systems.
4.2.2. The effect of alkali strength on pH-metric titratgof aluminium-ions

Another very important parameter of the pH-metetedmination of the ‘formal’ hydrolysis ratio iseh
type and strength of alkali employed as a titréie have compared five alkalis of different streisgth
varying from a very weak base (NaHg@o a very strong base (KOH). The results of thmmated
pH-metric titrations of the Al-mer reference systenh’(= 2.40) are shown in Fig. (4.4) as an
illustrative example.

As follows from Fig. (4.4), for KOH, the separatibatween inflexions corresponding to the structural
transformation of Aly-mers into Al hydroxidel ~ 2.46) and precipitation of Al hydroxida ¢ 3.0) is
the largest among the alkalis compared. The pedlkeofmajor inflexion ah = 3.0 on the ApH/Ah vs.

h' curve is also the sharpest for KOH (Fig. (40d)and is more distinct than the broad and dimirdshe
peak of the first inflexionH ~ 2.46). For weaker alkalis (NaHG@nd Trizma, Fig. (4.4a andd), one
can observe the broadening of the second infleatdm= 3.0 as well as a constant drift of the first
inflexion towards higher hydrolysis ratios (bearimgmind that the position of the second peak ts se

manually toh = 3.0 as a reference point).
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Figure 4.4. Automated potentiometric titrations (integral airdtforder derivative curves) of the
mer solution (0.004 mol:f) with different bases: NaHG@a), KOH (b), Na,CO; (c), NH; (d) and

Trizma-based) (concentration of all bases - 0.1 maf)L
The gap between the first and second inflexion tgai@aches a minimum for NaHg@h ~ 0.35). In

this case the second inflexion was found to beistergly below the postulated reference pbint3.0

(the value of the formal hydrolysis ratio was estied to bé ~ 2.96 as calculated using Eq. (2.6) from
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Material and Methods section, and known valueAlbndh). This feature of the titration of Al ions
with NaHCG; has been observed previously [1] and most probatides from the buffering effect of
sodium bicarbonate which reaches a maximum in tieenity of pH = pKy(NaHCG;) = 6.35.

Comparison of the results of determination of floemal’ hydrolysis ratio for two ‘reference’ system

of Al-mer and Ad;-mer solutions using five alkalis of different stggh is presented in Fig. (4.5).

AN, -mer

2.6 ] Al -mer
25
'-g. ] 7%- v h NMR =2.45 (A|13)
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Figure 4.5.The effect of alkali strength (as indicated bypiks) on the value of the formal hydrolysis

ratio of the Als-mer and Ad-mer reference solutions (total aluminium concdigra- 0.004 moI.Ll)

measured potentiometrically. Horizontal lines irdéthe values of the hydrolysis ratio of thesAher
solution determined independently B\l solution NMR spectroscopy. Concentration ofaikalis

used to collect the data presented in this graghOxmol.L*.

The data of Fig. (4.5) indicates that the resuftshe determination ofh with Na,CO;, NH; and
Trizma-base are closest to the theoretical valaeshe Alsmer (' = 2.46) and the Ayrmer (' =
2.40) as well as reference values obtained fromi’fiesolution measurementh € 2.45 + 0.01 for the
Als-mer andh = 2.39 £ 0.02 for the Al-mer). The data from the titrations with sodiumaskonate
are subject to larger error compared to other mlkdlhis fact can be explained by the fact that the
inflexion corresponding to Al hydroxide is skeweglthe buffering effect of C@ag.) - HCQ  system
and possible gel formation as pointed out abovee tfspotassium hydroxide as a titrant leads to
statistically significant underestimation of tharfal hydrolysis ratio of both Al hydrolytic cluster
(Fig. (4.5)) most probably due to the strongestadhlshock’ or local pH gradient upon the additioi
this strong base.

On the basis of the above comparison of five diffieralkalis the optimum window of alkali strength

for the determination of the ‘formal’ hydrolysisti@of Al species in solution is in the range o 8.
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pKa<10.4 €.9.Trizma, NH,OH or NgCOs). Sodium bicarbonate (pi< 8.0) and strong alkalis such
as KOH or NaOH (pK>> 10.4) are not recommended for this purpose.

4.2.3. Comparison of pH-metric titrations and quantitafi{& solution NMR for the

determination of the ‘formal’ hydrolysis ratio

Accuracy of the ‘formal’ hydrolysis ratith of the reference systems containing various Al iggec
determined by means of the proposed potentiometeithod was cross-verified using quantitafi
solution NMR analysis of Al speciatioffAl NMR spectra of the five ‘reference’ systems ugedhis

study are presented in Fig. (4.6).

122



4. Speciation of pure aluminium species

a b
1.24
1.2
3 S
(U“ 0.8 (Uh 08
5 5
a N
2 2
£ 044 S 044
I \ ‘
0.04—nJ \ 004 ‘
10 8 60 40 20 0 -0 10 8 60 40 20 0  -20
Chemical shift, ppm Chemical shift, ppm
c d
8
1.2
6- .
s S
© T 08
(%]
5 5 |
-~ o~ N\
0.4 N
= 2 = [\ \‘\
A\\]“J// “\\
A
//\
ol o J 0041~ \~
10 8 60 40 20 0 -20 10 8 60 40 20 0 20 40
Chemical shift, ppm Chemical shift, ppm
e
1.2
S
©
_éi 0.8
(%]
<
g
= 044
0.0 —_—
T LE T . T L T . T M T T T "
100 8 60 40 20 0 20
Chemical shift, ppm

Figure 4.6.?"Al solution NMR spectra of the initial Al referensgstems: AIGHHCI (a), AICI; (b),

Al 15 (c), Alg (d) and Al hydroxide €) (0.04 mol.L ™) solutions. The peak at 80 ppm in all spectraearis
from the internal standard (NaAJ@ D,O). All spectra apart frondf were recorded at 25 °C, the
spectrumd) - at 70 °C.

The peak at 80 ppm in all of the NMR spectra in. F#y6) corresponds to the signal of the external
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standard - NaAl@solution in BO. For AICk solutions (with or without added HCI), the onlgsal
present in thé’Al NMR spectra is the peak at ~ 0 ppm, Fig. (a@ndb, arising from Al monomeric
species [4]. The spectrum of the;Aier reference solution contains two signals; gfrand sharp
peak at 63 ppm arising from the tetrahedral ‘c@deatom of the A{;-mer [4] and a relatively small
signal of Al monomers at 0 ppm, Fig. (4®6)Since theé’/Al NMR spectrum was performed at %25

the signal of the octahedrally coordinated alumimidoes not appear. The spectrum of the-Ader
solution, Fig. (4.6, along with the peaks described above containacdbpeaks at 70 and 10 ppm
arising from the tetrahedral and octahedral Al aahthe Ab,-mer structure respectively [5]. In the
spectrum of Al hydroxide suspension (Fig. (4pbnly very tiny peaks at 63 and 0 ppm (not visiile
the figure) arising from respectively the ;Amer and Al monomers can be observed. This fact
indicates that the majority of Al-ions have beemwarted into Al hydroxide phase undetectable by
solution NMR. The acquiretfAl solution NMR spectra were subjected to a dagattnent described

previously [6] in order to obtain quantitative infieation on Al speciation, Table (4.1).

Table 4.1 Quantitative speciation of five Al-containing eeénce systems (C(Alk. = 0.004 mol.r*)
by ?’Al solution NMR.

Species Al reference systems
distribution / % AICl3+ HCI AICI 5 Algs Al
Al hydroxide
Al monomers 100.0 99.06 0.73 0.21
0.90

Al oligomers (Al,, Aly) 0.0 0.94 0.0 0.0
0.75

Al mers 0.0 0.0 98.17 4.56
1.40

Alzg-mers 0.0 0.0 1.10 95.23
0.0

Al hydroxide 0.0 0.0 0.0 0.0
96.95

As follows from Table (4.1) reference systems odifayysed Al species (Ad-mers, Akg-mers and Al
hydroxide) demonstrate high purity which has beehieved due to the use of the static anion
exchange technique used for the synthesis of gesples [7].

The results of comparison of the formal hydrolysifo determined by means of the potentiometric
method proposed in the present study and by qasimét’Al NMR spectroscopy described in [3] are
summarised in Table (4.2).

The data of Table (4.2) shows the results of thermtmmetric titration method follow very closelyet
data obtained from quantitativéAl NMR measurements. The largest difference betwedR and
potentiometric results was in the case of Al hyéitex However, the formal hydrolysis ratio of Al

hydroxide was determined by NMR indirectly, andtlie calculation the hydrolysis ratio of colloidal
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Al hydroxide was arbitrarily set t&'(Al(OH)3) = 3.0 which is generally not the case below the
precipitation pointlf = 3.0, pH ~ 6.9 - 7.0). Therefore, potentiometiti@tion in this case provides a

less ambiguous value bfthan NMR spectroscopy.

Table 4.2.Results of determination of the ‘formal’ hydrolységio h of five Al reference systems (Al
concentration in all of the samples - 0.004 md).hy automated potentiometric titrations using 0.1

mol.L™* Trizma base as a titrant and by quantitati¥é solution NMR technique.

Reference C(Alya Titrimetry NMR
Difference -
systems mol/L  h(Al hydroxide) Ah h(pH)=3 - Ah h(NMR)
h(pH)-h(NMR)

AICI s+ HCI

0.418 3.000 3.380 -0.380 -0.375* 0.005
AICI 3

0.400 3.000 3.006 - 0.006 0.006 0.012
Aly3

0.353 3.000 0.547 2.453 2.450 0.003
Algg

0.419 3.000 0.608 2.392 2.390 002.
Al hydroxide

0.300 3.000 0.041 2.959 2.929 30.0

C(Al) raiis the total Al concentration of the initial Al eEnce systent) (Al hydroxide)is the hydrolysis ratio
assigned to the inflexion of Al hydroxide precipitéd, Ah = C(OH) sq4ed C(Al) (ot iS the measured value of
change in hydrolysis ratio during titratioh;(pH) is the ‘formal’ hydrolysis ratio of Al-ion sotion determined
using pH-metric titrations antd(NMR) is the same parameter determined® NMR method.

* - in the case of the system ‘AlC+ HCI' the formal hydrolysis ratio was calculatesing Eq. 2 from fixed initial
concentrations of both constituents, AJQt' = 0.0) and HCI (' = -1), rather than frori’Al NMR data alone.

4.3. Determination of the formal hydrolysis ratio in@emercial sample of aluminium

basic chloride

The optimised and validated potentiometric metheskcdbed in this study was tested on a commercial
solution of basic aluminium chloride salt - ACH Micry (Reheis, Berkeley Heights, NJ, USA) of
unknown composition and the results were compariétl tive data of /Al NMR. An example of the

titration of the ACH solution with Trizma is shoumFig. (4.7).
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Figure 4.7.Automated potentiometric titration of an 0.4 mél.&luminium chlorohydrate solution
(ACH Microdry, Reheis, Berkeley Heights, NJ, USAjtwTrizma-base 0.1 mol:t.(pH-metric curve
(line) with its derivative curve (line with symbdla) and its?’Al solution NMR spectra recorded at 25
°C (b). The peak at 80 ppm arises from the internaldstech(NaAIQ in D,O).

From the data of Fig. (4.7) one can find that Kegdie ions (Aks; and Akg) constitute a major part of
the commercial ACH sample as follows from the puofd first inflexion peak ab ~ 2.60. This result
was confirmed by’Al NMR data according to which the fraction of,Amers isca.9 % of the total Al
content and the fraction of Atmers is 83 % making a total of 92 % (other Al specsuch as Al
monomer, oligomers and hydroxide are of minor intgrace as none of them exceeds 5 % of total Al
content). The value of the ‘formal’ hydrolysis mitiletermined by pH-metric titration s~ 2.392 +
0.023 which is close to the value determined’®y solution NMR = 2.407 + 0.021). The difference
between the methods is less than 0.7 % and thiveeltandard deviation (RSD %) of potentiometric

determination did not exceed 1.0 %.
4.4. Conclusions

Summarising the results of the present investigaboe can conclude that the value of ‘formal’
hydrolysis ratio is an important analytical paramnetlefining the overall ‘basicity’ or ‘acidity’ of
hydrolysed Al-ion solutions and it has direct coctien with the overall molecular hydrolysis ratio
defined by complete Al speciation-fractionation.

The proposed potentiometric method of determinatibthe formal hydrolysis ratio can find practical
applications in the areas where the knowledge @&l tluminium speciation would be beneficial, for
instance, in the synthesis of structural and ceramaterials, for the use of Al species as water
treatment agents and antiperspirant actives, fy plllaring agents in catalytic applications, €fte
advantage of the proposed method compared withr tebhniques of determining the ‘basicity’ of Al-
ion solutions and basic aluminium salts includirggemtiometric methods [8, 9] is that the present
method uses a well-defined reference point whiciresponds to the precipitation of Al hydroxide

which in the presence of non-complexing anions iarttie absence of local pH perturbations must be
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at h = 3.0. Also, the proposed method has been carefyilymised using a number of important
parameters and cross-verified by means of quargtaiAl NMR technique.

An optimum range of aluminium concentrations wamntified in this study to be within the range of
0.004 - 0.012 mol.E in which both excessive dilution and local pH deats due to alkali addition are
minimised. The best alkalis to use for the potenétric titration are Trizma-base, Nidnd NaCQO;.
The present study has shown that the strengthkafi @hust be within an optimum range of p8.0<
pKa < 10.33). Below this range the self-buffering effe€weak base does not allow for the reference
point of Al hydroxide precipitation to be estabkshcorrectly. Stronger alkali€.g, KOH) lead to
underestimated results due to enhanced local ptHegts.

Precision and accuracy of the proposed potentidenaiethod was tested using a set of five ‘reference
systems with known amounts of aluminium and prereéef Al speciation patterns. The titrimetric
technique of the ‘formal’ hydrolysis ratio deterration is precise (relative standard deviation ditl n
exceed 2 % for all titrations conducted). The aacyrof the technique was cross-verified using an
independent analytical method - quantitafi{& NMR spectroscopy. It was found that the restrisn
pH-metric titrations of all five ‘reference’ systangontaining Al monomers (Algbkolutions with and
without HCI), Keggin Als-mers and Alr-mers and Al hydroxide particles do not differ frohe NMR
results by more than 3 % (absolute difference). pitoposed method of potentiometric determination
of the ‘formal’ hydrolysis ratio was tested on anguercial sample representing basic aluminium
chloride (‘aluminium chlorohydrate’ or ACH). It wdsund that the hydrolysis ratio of the commercial
basic aluminium chloride is determined primarily Kgggin-like polyoxocations and Al hydroxide
present in the sample and is within 0.7 % absadtliference of measured values frdfl NMR

determination.
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Part 5

Complexation Properties of Lactic Acid,
a Strongly Binding Ligand towards
Aluminium Polyoxocations and Aluminium

Hydroxide Colloids

The formation of complexes between aluminium speeied lactic acid was investigated Bl and

'H solution NMR and Fourier transform infrared spestopic methods and spectrophotometric
technique in aqueous solutions at room temperaiure.aim of this study was to observe the effect of
lactic acid, a strongly binding ligand, on four fdient hydrolysed aluminium-ion solutions, namely

AICl 3, Aly-mer, Akg-mer and an aluminium hydroxide suspension withiglas size of 100 + 11 nm.

5.1. Preparation of the aluminium-lactic acid reactigatems

A series of model aluminium-biomolecule solutionsres prepared at room temperature by the
addition of different amounts of fresh biomolecidock solution to each of the four model
aluminium-containing systems as described in e final aluminium concentration in the
aluminium-biomolecule solutions was 0.15 mét,land the lactic acid concentration was varied
from 2.5 to 25 mg.mt in steps of 2.5 mg.mL Although the concentration of blood lactic acid i
usually berween 1.17bmol.L™* and 2.1¢ mol.L™*[2(a)] (0.0901 and 0.8016 mg.rilrespectively),
the experiments were prepared with lactic acid ahcentrations above the biological
concentrations in order to make comparisons betwbendifferent biological compounds used
throughout the study. Table (5.1) displays the ahimm:lactic acid molecular ratios. Aluminium
hydroxide particles were modelled as cylinders viithm height and 50 nm radius. Moreover the
density chosen was 2.42 g.chi2(b)].
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Table5.1. Interval of molecular aluminium species: lactitda@tios used.

Al hydroxide : | Alsgmer : lactic| Alzmer : lactic ) ] [lactic acid],
) ) ) ) AICI;: lactic acid N
lactic acid acid acid molL”
6.9710°: 1 0.180:1 0.416: 1 5.405: 1 2.7810°
7.0010°%: 1 0.018:1 0.042:1 0.541:1 2.7810*

5.2. Chemical and physical properties of the aluminilantic acid solutions.

Lactic acid is a weak hydroxycarboxylic acid withpK, of 3.85. In order to illustrate the species
distribution of a lactic acid solutions. pH, the version 3.1 of SPARC on-line calculator 14
(http://ibmlc2.chem.uga.edu/spgraefas used. The deprotonation of the carboxylizgravas ~ 100 %

at pH above 6, Figure (5.1). For a pH value betw@®&5 and 6, lactic acid solutions also contained

some of the deprotonated form, lactate. Therefdteninium-lactate assemblies could be formed from
pH 3 upwards.
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Figure5.1. Speciation plot of a pure lactic acid solution.

Interactions of aluminium species and lactate viiese investigated by pH, conductivity and viscgsit
measurements. The measurements were carried ouitaiously, after ageing the samples for 24 h

and data are presented in Figure (5.2). No preteivas detected in the samples.
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Figure5.2. (A) pH, B) conductivity and ) viscosity of pure lactic acid solutions and alomm

species-lactic acid solutions prepared at variaotd acid concentrations.

Pure lactic acid 2.5 mg.mLin aqueous solution had a pH around 3.1 as indithy Figure (5.2 -
A). At this pH, the protonated form of lactic acid predominant according to Fig. 5.1. An
increase in lactic acid concentration caused aedse in pH attributable to a concentration-effect
of the acid. Similarly, the pH of the aluminium nmmer-lactate systems decreased with an
increase in lactic acid concentration, due to add# of this acid to the Al-ion solutions. Addition
of lactic acid to the mixtures containing the;Ainers caused the breakdown of the aluminium
polycations due to the decrease of the pH of thdinme, and the formation of aluminium-lactate
complexes as evidenced BiAl and 'H NMR spectroscopies (see below). Buffering effetthe
medium containing Ak species with the increasing concentration of taatiid is also an indirect
evidence of the breakdown of aluminium polycatiofsr the Akq,-lactate samples, the trend was
similar to that observed with the Allactate mixtures. The added lactic acid promotesl dcidic
breakdown of the Ab-mer and at the same time, lactate was complexedhbybreakdown
products of the Al-mers polycations. As a result of this process ¢ of solution was

maintained at the same level in spite of increasangic acid concentration. The initial pH of the
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aluminium hydroxide-lactate systems was systembyichigher than that of the aluminium
polycations-lactate samples and decreased mostatiGaly among aluminium species studied
with the increasing lactic acid concentration. Tdrep of pH was probably a consequence of
slower breakdown kinetics of Al hydroxide and, &fere, slower buffering effect on the time
scale of the experiment.

The systems containing aluminium species had aemigionductivity than those made of pure
lactic acid, Figure (5.2)B). This was due to the higher number of chargesiamarby the
aluminium species compared to the charges bornladiic acid. Furthermore, the conductivity

of the aluminium-containing samples varied as faellas (aluminium hydroxide particles) s
(aluminium polycations) <s (aluminium monomers). The systems containing themaium
polycations did not undergo any conductivity vadatupon increase of lactic acid concentration
whereas in the presence of the other aluminiumispeconductivity increased.

Apart from the systems containing aluminium hyddexiparticles, addition of lactic acid did not
appear to affect the viscosity of the systems, Fg{b.2) C). The absence of modification of
viscosity for the majority of the samples signifi¢idat there was no formation of long chain
polymeric complexes within the samples. In the cafeAl hydroxide the residual charge on
colloidal particles must be relatively small comiparto aluminium polycations (~ 0.15 charge per
aluminium atom as calculated using the formal hjdis ratio of aluminium hydroxide close to
2.85). Therefore, assuming electrostatic charaaft@nitial interaction between lactic acid largely
deprotonated at pH ~ 4.5 and positively chargedaserof aluminium hydroxide, only 0.15 mole-
equivalents (0.0225 mg.mf) of lactic acid would be theoretically required tmmpletely
neutralise the charge of aluminium hydroxide paesclt is well known that in the vicinity of the
point of electroneutrality colloidal particles bege increasingly unstable towards aggregation and
subsequent gelation or coagulation. This process prabably a reason behind the increase of
viscosity of ‘aluminium hydroxide - lactic acid’ sgples.

As a result of mixing together aluminium referersgstems with lactic acid, aluminium underwent
an acidic hydrolysis which modified its speciatiwithin the samples?’Al NMR spectroscopy

was intended to clarify the extent of that reaction

5.3. ?’Al NMR spectroscopy

2’Al solution NMR measurements of the samples of ahium species with various amounts of lactic
acids were performed along with bulk measuremeastribed above in order to establish molecular
nature of this interaction. The signal at 80 pprpeaping in all thé’Al NMR spectra acquired arises

from aluminate-ions in the D of the internal reference solution [3].

2"Al NMR measurements of the aluminium monomer - containing samples
The NMR spectra of the aluminium monomer-lactamgles and calculated speciation diagram are
presented in Figure (5.3). As described by Kartilale [4], the ability of lactate to bind to alunum

ions is pH-dependent. At relatively low pH < 4 {aghe case of aluminium monomers) complexation
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of AlI**ions and lactic acid is hindered by predominaptiytonated state of the latter. Nonetheless, the
complex formation still occurs as evidenced %l NMR. The peak of the hexaaquo-aluminium
monomer at 0 ppm in Figure (5.3 )(decreases in intensity while, simultaneously, hea downfield
signals appeared; a weak one centered at 14 pprararider one centered at 6 ppm which had a high
symmetry. After peak fitting of those new signdiggure (5.3) C), the 14 ppm signal represented 16
% of the 6 ppm signal. The peak fitting also allome to quantify the aluminium-lactate complexes.
The peak at 14 ppm has been assigned previously to
[(HLact),Al**(H,0),] [4] or (less likely) to [(Lact),Al**(H,0),] [5]. The 6 ppm signal has been
attributed to [H(Lac)Al**(H,0)s] complex [5]. In all of these complexes, compléomtoccurs in the
first coordination sphere of aluminium by directostitution of water molecules around aluminium
atom by lactate molecules. The increase of laatid aoncentration in aluminium-lactate solutions
drives the complexation process as indicated byirtbeease of the NMR signals attributed to these
complexes (Fig. 5.3A). However, the process somewstemdies above [lactate] ~ 5 mg.Mand the
aluminium-lactate fraction reaches only 17.55 %hef total aluminium concentration at [lactate] = 25
mg.mL* due to the conditions of low pH adverse for comat®n as discussed above.

The NMR signals of aluminium-lactate complexes havelatively large bandwidth comparing to the
signal of aluminium hexaaquocation at O ppm dua tgradual decrease in symmetry when changing
from highly symmetrical structure of [Al¢D)e]** complex to less symmetrical bis-lactate complex an
even less symmetrical mono-lactate complex. Theasigf tris-lactate aluminium complex would be

expected therefore to have a narrower bandwidthpesimg with the first two aluminium-lactate

compounds.
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Figure5.3. (A) ?’Al NMR spectra of the aluminium monomer - lactigchsamples as a function of

total lactic acid concentration. T = 26. (B) Speciation diagram in Al-lactate systen(C) Peak-
fitting of the truncated’Al NMR spectrum (lactic acid 25 mg.rif). Line with square symbols

represents original spectrum. Solid line represtémsretical spectrum which is the sum of all &itte

peaks. Fitted peaks are shown by dotted and dédistesd

#Al NMR measurements for the Al 5-mer - lactate containing samples

Additions of lactic acid in the Ad-containing samples (Figure (5.23)} have significantly modified
the aluminium species distribution in the sampkeswdenced by the evolution of the NMR spectra of
the samples shown in Figure (5.4)( The characteristic peak of the;Atetrahedral core at 63 ppm
rapidly decreases upon addition of lactic acid cetey disappearing at [lactate] 17.5 mg.m[*
([lactate] / [Al] > 1.3).

As follows from Fig. 5.4 (A) a narrow peak at O p@assigned to the monomeric aluminium species
increases after adding 2.5 mg.mbf lactic acid ([lactate] / [Al] = 0.18) and thestarts to decrease.
This is probably due to the fact that acid-indudedakdown of Al; is stronger and faster than
complexation with low levels of lactic acid. Howeyeat higher lactic acid concentrations the
complexation with Al-ions process probably becoitiessmost important contributor to the breakdown
of Al 3 species as indicated by the reciprocal trendsén;; concentration (peak at 63 ppm) and total
Al-lactate concentration (peaks at 6-9 and 14-1f)ppJnlike in the case of Al monomer - lactate
interactions described above, in the case gf-lactate system the major peak is at 14-16 ppm lwhic
can be attributed to the Al:lactate = 1:2 compl€Ris fact is possibly due to more preferential pH
range of the interaction (pH ~ 4) which is mainginby the buffering action of the Almer
breakdown.

The presence of the minor signal at 4 ppm indicates partial acidic breakdown of the Amer
polycations into aluminium monomers with the conssayg transformation into aluminium dimers
(20% of total aluminium content, Fig. 5.5, B) [6, The extent of the aluminium-lactate complex
concentrations was emphasized by Figure (B4)&9.508 % of the aluminium fraction at the highes
lactate concentration belongs to the sum of momd- l@is-lactate complexes; the < 10 % remaining
corresponds essentially to aluminium monomers antkers. It is reasonable to assume that at Al:

lactate ratios higher than those studied in thiskWmaximum ratio at [lactate] = 25 mg.mlwas Al:
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lactate = 1:1.86) the conversion of,Aspecies into Al-bis-lactate complex will reach 60% of total

aluminium concentration.
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Figure5.4. (A) “’Al NMR spectra of the Akmer - lactic acid samples as a function of totefitaacid
concentration. T = 25C. (B) Respective speciation diagrar) (Peak fitting of the truncatedAl
NMR spectrum (lactic acid 25 mg.n). Line with square symbols represents originatspen. Solid
line represents theoretical spectrum which is tha ef all fitted peaks. Fitted peaks are shown by
dotted, dashed-dotted and dashed lines.

ZAl NMR outcome for the Alz-mer - containing samples

Along with the signal of the Aj tetrahedral core at 70 ppm present in Figure (8,5 narrow peak at
63 ppm in the spectrum of the sample with no laati@ reflected that the initial &bmer reference
system contained some.Almers polycations. That quantity, after local imtggpn and peak-fitting of
the 63 ppm spectral signal, was less than 1 %eofdtal aluminium fraction of the sample.

From the spectra represented in Figure (5%) éne can see that the;jtetrahedral core signal (70
ppm) disappeared when lactic acid was added tsdohdions. The disappearance of the tetrahedral
core of the polycations was concomitant with therdase of the peak of the aluminium monomers at 0
ppm and the growth of the aluminium octahedrallstighal. The latter, after peak fitting (Figure5p

(©)), revealed the presence of three maxima at 3749-and 14-16 ppm respectively. The minor signal
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at 3-4 ppm corresponds to the aluminium dimers tappeared after the acidic breakdown of the
aluminium polycations. Its fraction never exceed@b of the total aluminium fraction. The other
overlapped signals at ~ 7-9 and 14-16 ppm refleetetxistence of aluminium-lactate complexes with
different degree of coordination: mono- and biddée chelates respectively. Those signals were
already present in the systems containing initiglg Als-mer. Both aluminium polycations have
reacted in a similar way with lactic acid. The sipat 14-16 ppm is the predominant one. At the
highest acid concentration, 92.016 % of the aluammfraction was engaged in complexes, whereas the

majority of the remainder corresponded to dimers.
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Figure (5.5) (A) “’Al NMR spectra of the Ahmer - lactic acid samples as a function of totelitaacid
concentration. T = 25C. (B) Respective speciation diagrar@) (Peak fitting of the truncatedAl
NMR spectrum (lactic acid 25 mg.im). Line with square symbols represents originatspen. Solid
line represents theoretical spectrum which is tha ef all fitted peaks. Fitted peaks are shown by
dotted, dashed-dotted, short dotted and dashesl line
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#Al NMR outcome for the aluminium hydroxide - containing samples

The amount of aluminium hydroxide was estimatednff@Al NMR indirectly as a difference of the

total aluminium content and the sum of the fractiai all soluble aluminium species (aluminium

monomers, aluminium dimers and aluminium polycat)ahat could be detected Bl NMR. Based

on the integration of the spectra of the aluminioydroxide-lactate systems, one can calculate on the

speciation distribution diagram Figure (5.@®) (the nearly exponential decrease of the aluminium

hydroxide fraction upon addition of lactic acid tiee samples. One needs to treat these data with

certain degree of precaution as in the aluminiumrdwyide - lactate system there was an increase in

viscosity that could strongly affect the intengfyNMR signals.
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Figure5.6. (A) 2’Al NMR spectra of the aluminium hydroxide - lacticid samples as a function of

total lactic acid concentration. T = 26. (B) Respective speciation diagrar@) (Peak fitting of the

truncated?’Al NMR spectrum (lactic acid 25 mg.rl). Line with square symbols represents original

spectrum. Solid line represents theoretical spectuhich is the sum of all fitted peaks. Fitted peak

are shown by dotted, dashed-dotted and dashed lines
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Apart from the minor aluminium dimer signal at 4npghere are two other broad and overlapped
signals detected in th€Al NMR spectra of aluminium hydroxide-lactic aciérsples. After peak
fitting (Figure (5.6) C)), their maxima were found, similarly to the dathtained with the other
aluminium reference systems, at ~ 7-9 and 14-16. g second signal mentioned was the largest
one. These two signals in the region of octahedhaminium (approx. 0-25 ppm), confirmed the
breakdown of the aluminium hydroxide particles whiteads to the formation of monomeric
aluminium-lactate chelates. The aluminium fractidrihe dimers never exceeded 11.93 % similarly to
what was observed with the other aluminium refegesgstems. The gradual formation of the

aluminium-lactate complexes reached 92.786 % dhitijfeest acid concentration added.

As follows from the’’Al NMR studies of solution chemistry of aluminiurpessies in the presence of
lactic acid, there are two major processes taklagegpwhen comparable amounts of aluminium species
and lactic acid are present. The first rapid predesacidic breakdown of the products of aluminium-
ion hydrolysis such as aluminium polycations andirbyide. The presence of such reaction is
supported by the initial increase of aluminium mmeo signal at 0 ppm in tHféAl NMR spectra when
the concentration of lactic acid is relatively loWhe second process is complexation of aluminium
monomers formed as a result of acidic breakdowrh Wactic acid. The NMR data suggests the
formation of mono- [(Lact)Al(HO),?" and bis-lactate [((Lachl(H,0),]* complexes of aluminium
(where ‘Lact’ is lactic acid as a ligand). The alniam-lactate complexes formed by chelation of one
or two lactate molecules are quite strong £K2.36 ; K= 4.42 ) [16, 17] which assists the
equilibrium shift in aluminium-ion-lactic acid sysh towards the formation of monomeric aluminium
complexes with lactate. The complexation processrangly pH-dependent and is hindered at pH < 4
due to the hindrance in the formation of deproteddbrm of lactic acid - lactate (g 3.86). This
explains the lower degree of complexation in theeoaf acidic AIC] solutions (pH ~ 3) comparing to
less acidic aluminium polycation and hydroxide d&etcontaining samples. The formation of tris-
lactate complex of aluminium is probably hindergalie insufficient amount of lactic acid (maximum
lactate/Al ratio studied was 1.86). In the casdlg$, Als, and aluminium hydroxide relative fraction of
bis-lactate complex comparing to mono-lactate ¢sdasing with the increasing concentration of acti
acid. More than 80 % of total aluminium contentgam in these three systems is in the form of
monomeric aluminium-lactate complexes. On the toaks of the experiment (24 hours) it was
practically impossible to trace significant diffapes between hydrolysed aluminium species 3, Al
Alz, and hydroxide in terms of complexation with lacticid. Relative stabilities of these species

towards lactic-acid-assisted breakdown would piggiicant role on much shorter time scales.
5.4. *H nuclear magnetic resonance spectroscopy
Interactions of lactic acid with aluminium speciems also studied usingH solution NMR

spectroscopy. The conditions used to run the sampdge detailed in the second part of the thesés, t
Material and Methods section.
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'H NMR measurements of pure lactic acid samples

At room temperature, 11 NMR spectrum of a pure lactic acid solution isgCDexhibited three signals,
Figure (5.7) (including that from TMS). The resooes of the methine and the methyl protons were
clearly resolved. The methine proton coupled wlith iethyl group resonated at + 4.40 ppm with the
coupling pattern of a quadruplet and the methylugrooupled with the methine resonated at + 1.40

ppm as a doublet [9].
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Figure5.7. 'H NMR spectrum of pure lactic acid 25 mg.thin D,O.

'H NMR measurements of aluminium species - lactic acid samples
The'H NMR spectra of lactic acid in the presence ofrahium chloride show significant changes as

illustrated in Figure (5.8).
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Figure5.8. '"H NMR spectra, run after 24 h aging, illustratihg shift effect induced by aluminium

monomers on the lactic acid resonances.
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When the free ligand solution was added to the mlium species, new peaks appeared in'th&lMR
spectra. The change of conformation of lactic adién it's bound to aluminium as a chelating ligand
has shifted upfield the signals of the free ligaNeéw sets of signals centred at 3.65 (linked to the
methine proton), 1.46, 1.38 and 1.16 ppm (relatethé methyl protons) were clearly visible together
with the signals of the free ligand in some ca3é® new sets of signals were assigned to different
aluminium-lactate complexes where hydrogen was axgdd by aluminium. The lower the
electronegativity of a directly bonded atom to &eotone, the larger the upfield shift created kg th
weakest element on the other element will be. Thlat pointed out the shielding effect of aluminium

on lactate proton resonances.

There is a clear dependence of the lactate sigtexsgity on the concentration of lactate in the IMC
lactic acid samples. Together with the intensitye multiplicity of the signals was modified upon
lactate concentration variation. This phenomenohildted in the case of the methyl signals of
aluminium hydroxide-based samples in Figure (5v83s observed with all the aluminium species
employed. At high lactate concentration, Figur®)®, the resolution of the signal centred at 1.40 ppm
was much better than at low lactate concentratibgure (5.9)a. The ‘multiplicity’ is a result of

increasing resolution with the increasing sign&msity.
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Figure5.9. '"H NMR lactate concentration - dependence on thelutien of the signals of the
complexes formed in the case of aluminium hydrox@é5 mol.I")-containing samplesa) to (c)

refer to lactic acid concentrations of 7.5, 15 8Adng.mL™.

Once the aluminium species initially present in gamples were broken down, the newly formed
aluminium monomers interact with lactate and foromplexes, giving rise to nefH NMR signals.
The extent of the complexation of the aluminiumcépe increases with the increasing concentration of

lactic acid.
For aluminium monomers, five signals centered 3843.65, 1.46, 1.38 and 1.16 ppm were detected in

the presence of the highest lactic acid concentrafiFigure (5.10)). The 4.38 and 1.38 ppm signals

were attributed to the free ligand and the otherthé aluminium-lactate assemblies. After integrati
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of the 'H NMR spectra, the content in free ligand was fotmdncrease (from 67 to 79 %) upon
increase of lactic acid in the samples from 2.8%ong.mL™.

This was due to the excess ratio of the molecuwacentration of the ligand compared to the molecula
concentration of the aluminium monomers. Altogetibe aluminium-lactate complexes represented
21 % of the total proton fraction at the highegittdée concentration added, 13 % for the 1.46 ppm
signal and 8 % for the 1.16 ppm signbhe 1.46 ppm signal was attributed to the lesstrelregative
complex, the mono-coordinated one (the 6 ppm signahe?’Al NMR spectrum) and the 1.16 ppm
signal to the five-membered ring chelate (the 1thmignal on thé’Al NMR spectrum). In the bio-
inorganic five-membered ring chelate, Al is cooedad with two coordinating oxygens, the negative
donor groups of lactate. Five atoms are contaimedhé chelate ring. The oxygens of the donor
hydroxyl and the carboxylate groups were both inedlin the metal chelatian the case of the five-
membered complexes. The two bindings explaineghtbrounced upfield shift of the 1.16 ppm signal.
Since the 1.16 ppm signal is specific of the metiiydppeared as a triplet. This occurs becauge ike

a small interaction (coupling) with the methine torcs.
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Figure 5.10. *H NMR spectra of pure lactic acid 25 mg.thand with aluminium species 0.15 mot.L

In the presence of the Afmers and the A}-mers polycations, the signal of the methine praibthe
free ligand vanished (or almost vanished in the adghe Ab-mers systems in Figure (5.10), and the
signals associated with the complexes were domirfdre methyl protons in the complexes must be
very similar to the ones of the free ligand, as 16 and the 1.38 signals were almost completely

overlapped as indicated by Figure (5.11). This pla®sn was due to the occurrence of ligand
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exchange. The change of magnetic environment wpected to produce the observed broadening
effect. This result confirmed the variety of theustures of the complexes suggested’id NMR
discussion. Due to the overlapping of the sigmalhe methyl region, the integrals of the signalsld

not be calculated.
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Figure5.11. lllustration of the overlapping of the peaks siaghiround 1.40 ppm in the case ofzAl
mers-lactate 10 mg.mL

In the case of the aluminium hydroxides systenmsilaily to what was observed in the presence of the
other aluminium species, the methine and the mgttotbns felt a different chemical surrounding from
those experienced by pure lactic acid sampleshénaluminium hydroxide-containing solutions, the
free ligand signals at 1.40 ppm and particularly dine at 4.40 ppm were more pronounced than in the
aluminium polycations-lactate mixtures. The diffeze can be explained by the concentration of
lactate in the polycation-based solutions being migever than in the aluminium hydroxide-based
solutions. The presence of the complexes in thmialum hydroxide-containing mixtures accounted

for 62 % of the total aluminium content of the sdesp

The calculated three-bond coupling constant astsatiaith a pure lactic acid sample was 7.00 Hertz
(Hz). The same value was found for the aluminiumnamers and the aluminium hydroxide-
containing systems for the methine signal. Thaeolksion was explained by the free form of lactate
remaining within the sample3he formation of chelates between aluminium andatacgave rise to
two new coupling constants, 7.08 and 7.12 Hz. Tiigeld shift of the new coupling constants was
caused by the structural variation of lactic afiépending on the coordination environment of lactat
in the aluminium-lactate compounds, the couplingstants are more or less upfield shifted.

Chelation of free aluminium monomers by lactic a@dmanifested in*H NMR spectra by the
appearance of new signals as discussed above smthyathe shift of the existing signals not dirgctl
involved in the formation of chelate. Both procesaee result of the profound change in the strectur
of lactate molecule that is strongly constrainecbimding and affected by high electrostatic chasfje

Al%,
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The distortion of structure of lactate bound tonaihium octahedrons observed iH NMR spectra

confirmed the nature of coordination of the pentéicychelate assemblies [6, 10-12].
5.5. Colloidal characterization of the complexes
Further colloidal characterisation of the sampliealeminium species containing lactic acid was

undertaken using, particle size and zeta-potentizghsurements. The results are presented in Figure

(5.12) as a function of lactic acid concentration.
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Figure5.12. Evolution of @A) average particle sizes measured by DLS an8)féta-potential of

aluminium species-lactate samples as a functidactit acid concentration.

In the case of the mixtures made of aluminium moaenALs;-mers and A-mers polycations, the
evolution of particle size upon lactic acid additicaried over a narrow range, from 0.6 to 3 nmthét

pH used in the study, these systems showed no gajgm. In the case of the samples prepared from
the aluminium hydroxide sol, the main particle sifethe mixtures fluctuated between 100 and 164
nm. Those results were expected since the alumiriydroxide-containing samples were the only
ones to show an increase of their viscosity upatidaacid addition. Aggregation of aluminium

hydroxide particles in the presence of lactic aed be corroborated.

The zeta-potential measurements, Figure (5.B2y¢vealed that the samples were strongly positivel
charged at the pH range investigated. No chargersal/was observed upon lactic acid additions with
any of the aluminium species used. As the concémtraf lactic acid was raised in the samples, the
formation of the aluminium-lactate assemblies posdlia decreasing signal in theta-potential. This
one was shifted from the zeta-potential of puremahium species (respectively 32 mV for,pmers,

27 mV for Akg-mers and 48 mV for aluminium hydroxide), to thdazpotential of the composite
particles. The zeta-potential of the aluminium mmeos systems and their mean particle size and also
the zeta-potential measurements of pure lactic saligtions failed; the size of the compound layohbel

the measurement range of the equipment used.
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The zeta-potential of the samples containing iljtialuminium particle sols, reached a plateaurafte
addition of 12.5 mg.mt of lactic acid.

Zeta-potential measurements indicate that then® isharge reversal in the aluminium species -dacti
acid systems studied. The indicates that (1) tieer® significant adsorption of lactic acid on High
charged aluminium species due to complete bindingast of lactic acid by aluminium monomers
which are not ‘seen’ in the zeta-potential measemsdue to exceedingly small size (< 0.6 nm) well
below the threshold of DLS for such measurement-5-nm); (2) DLS measurement detect only the
positively charged species (mainly aluminium hydde) the amount of which is constantly decreasing
with the increase of lactic acid, again, due togpecies breakdown and chelation by lactate.

To evaluate the extent of the interactions betwadaminium species and lactic acid, quantificatidn o
aluminium species and lactic acid after a contam bf 24 h was realised after a 30 min centrifiggat

at 3000 rpm by using respectively the Ferron aasayH NMR spectroscopy.
5.6. UV-Vis spectroscopic quantification of speciationAl-lactic acid systems

Quantification of aluminium species

To verify that the aluminium concentration in the@rmples was the same before and after addition of
lactic acid, the total aluminum concentration wasedmined using the Ferron assay. The results are
depicted in Figure (5.13); no precipitate was obserin the samples. Whatever the aluminium species
initially present in the samples, the metal coneditn remained stable to its initial value,

0.15 mol.L™*, upon addition of lactic acid.
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Figure 5.13. Free aluminium ion concentration in the samplderdgined by the Ferron assay.

Quantification of lactic acid
The methyl 1.40 ppm peak and the TMS signal inpilne lactic acidH NMR spectra were integrated.
A calibration line (Equation (5.1)) was calculateased on the plot (1.40 ppm / 0 ppm ratiss)actic

acid concentration (represented in Figure (5.14)).
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y =5.3221 x - 1.2605
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Figure 5.14. Calibration of lactic acid concentration realidgdH NMR manual integration of the

methyl protons and the TMS signals.

Equation (5.1) was used as a standard to quaré&ycontent in free lactic acid in the samples. The

results were listed Table (5.2) for each aluminapecies studied.
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Table5.2. Free lactic acid percentage in the supernataatisobk of the aluminium-lactate samples

after centrifugation.

[Lactic acid] initial, Free lactic acid, %
mg.mL* Aluminium AlLymers Abymers Aluminium
monomers hydroxide colloids
2.5 45.29 9.47 9.47 88.10
5 42.29 4.74 97.02 99.72
7.5 71.55 98.08 99.76 99.92
10 73.21 94.40 84.97 98.66
12.5 77.44 77.63 90.38 98.82
15 79.88 77.89 93.50 97.91
17.5 80.02 90.80 84.36 99.76
20 86.04 79.07 89.10 99.23
22.5 84.57 84.02 91.08 98.81
25 83.66 87.21 88.75 99.31

With all the systems, the free lactic acid percgatm the supernatants increased with the increbse
total acid concentration. This result was exped@aen the molecular ratios of the species in the
samples. Apart from the aluminium monomer systerhenMactic acid concentrations were between
2.5 and 15 mg.mt, the acid concentration was in large excess comiptr the aluminium species
ones (cf. Table (5.1)). However, those observatiidsnot prevent complexation of lactate with the
aluminium species given that the free lactic acefcpntages did not correspond to the total
concentration of the acid initially introduced.

5.7. Aninfrared spectroscopic analysis of therahium-lactate structures

Fourier transform transmission infrared spectrogco@s used to provide additional insight into

molecular structure of aluminium-lactate complexes.

A representative infrared spectrum of pure lactid dample at pH > 3 is shown in Figure (5.15).
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Figure5.15. Infrared spectrum in the absorbance mode of patelacidin its deprotonated (pH > 3)

form, prepared as a KBr pellet. pH was adjusted bywlisgadditions of HCI 1 mol:L.

The lactic acid features in the spectrum reveate#igure (5.15), were the alcohol absorption band
between 697-630 chmwhich arose from the bending vibration of the Gfd¢nding out-of-plane) and
the alcohol absorption peaks at 1040, 1085 and th26which were produced by the stretching
vibration of the C-O free. The spectrum of the bidatule was characterized also by the
carboxylic acid absorption bands at 1263-1224 @®2P11300 crif of the stretching vibration of the
O-C, the bands of the stretching vibration of th®/rametric and symmetric GO between
respectively 1623-1567 and 1425-1403ciihe carboxylic acid band between 1737-1695 evas
characteristic of the C=0 stretch with the hydrogéthe carboxylic group free (H-non-bonded), and
finally the peak at 1415 chwas specific of the stretching vibration of thersyetric CQ .

To observe specifically the effect of the aluminigmecies on the absorbance of lactate and not
the absorbances due to the pure aluminium speblask spectra of the aluminium reference

systems were substracted from the spectra of timainlum-lactate samples.

Table (5.3) gives the group wavenumbers for thectfonal groups encountered in pure lactic acid

samples and in chelated lactate samples.
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Table 5.3. Selected resonances in pure lactic acid samplénactitlated lactate samples.

Infrared absorption frequencies
Stretching vibrations Bending vibrations
Functional ) Wavenumbe ) Wavenumbe
Assignment ) Reference | Assignment ) Reference
class range, crit range, crit
Asymmetric 1650-1540 C-O-H 1440-1395
co, [15] [13]
Symmetric 1450-1360 CO; bound 775
- ~ boun
cor [15] . [13]
Wagging CQ~
Carboxylic 0o-C 1320-1210 [13] g9ing 540 [13]
) bound
acid
C=0 (H- 1735-1705 Rocking CQ~
. [13] 430 [13]
bonded) (acids) bound
C=0
(H-non- 1900-1700 [13]
bonded)
O-H (bending
C-O free 1250-970 [13] ) 1440-1395 [13]
in-plane)
Alcohol
O-H (bending
C-O bounded 1125 [13] 770-650 [13]
out-of-plane)
CH;
Alkane ] 1390-1370 [13]
deformation
Scissoring
Water o 1750-1580 [14]
vibration

The presence of aluminium species altered the gpacof the pure lactic acid compound. Spectra

of the different aluminium species-lactate mixtuags represented in Figure (5.16).
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Figure 5.16. Infrared spectrum in the absorbance mode of thmiaium monomer — lactate samples
(A), of the Alzmer — lactate sampleBY), of the Akymer — lactate sample€) and ofthe aluminium

hydroxide — lactate samplé) with lactate concentration of 25 mg.fL

The NMR spectroscopic results revealed the fornmatib complexes between lactate and all the
aluminium species tested. The infrared transmisdiatia corroborated those previous conclusions.
In the presence of all the aluminium species emgudipyharacteristic bands of both the carboxylic
acid and the alcoholic functions appeared in thenadium-lactate spectra. Although carboxylates
are derived from carboxylic acids, the lack of arHOgroup makes their spectra radically
different. The presence of any complexes betweamislium and lactate was detected by the
stretching C-O vibration of the alcohol group ahé bending of the bound -C=0 vibration in the
complexes. In the case of the aluminium monomectata samples (Figure (5.18), the bending
vibration of the carboxylic acid CObound emerged at 779 &mand the stretching vibration of
alcohol C-O at 1121 cth The latter attribution can not be made more djgesince the bound
and the free form of the alcohol resonate at alammange of wavenumbers. In the presence of the
aluminium Aks-mers and the Aj-mers polycations, (Figure (5.18) and C), the bound form of
the carboxylic acid appeared at 783 and 782 eespectively and the alcoholic function at 1121
and between 1132-1091 ¢mespectively. The two specific bands of the cometklactate were
also visible in the alumimium hydroxide-containimgmples at 790-773 ¢mfor the bound
carboxylic acid resonance and at 1123cfar the alcohol resonance. One more resonance was
observed in the aluminium monomers, thesAhers- and the aluminium hydroxide-containing
samples respectively at 1764-1616, 1739-1708 ad®-1g74 crit in addition to the absorbances
already mentioned. The latter band was linked t® s$kretching vibration of th€=0 (H-non-
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bonded) The carbonyl vibration appeared also in thg,Adctate samples at 1719 ¢mas a peak
not well-resolved though.

The absence of th€=0 (H-bonded)carbonyl vibration in all the systems reinforcece tliea

developped in thé’Al NMR discussion part regarding the structurestiné aluminium-lactate
complexes. The binding of aluminium by lactate didt implicate the carbonyl group of the

carboxylic acid of lactate.

By using transmission infrared spectroscopy, thedbm arrangement in the aluminium-lactate
assemblies was exposed. In all the systems, th@kyldoxygen in the carboxylate was coordinated to
the aluminium atom while the involvement of the g&y of the alcohol function was more dubious.
There was no infrared spectroscopic evidence beatarbonyl oxygen was involved in the binding of

lactate by aluminium.

5.8. Conclusions

Aluminium-lactate nanohybrid materials have beetaioied by mixing aluminium monomers, 14
mers, Akg-mers or aluminium hydroxide nano-sol solutionshwirying amounts of lactic acid. The
composition and formation mechanisms of these n@ddéehave been investigated using various
solution and solid-state characterization techréquéne chosen time scale of ageing of aluminium-
lactate mixtures (24 hours) allowed us to conceéaten the long-term interactions of aluminium
species with lactate. All four aluminium-containipgecursors used in this study possess significant

positive surface charge which correlated well whté initial pH of the corresponding solutions.

The relevance of the study was shown by the spegidistribution of a pure lactic acid solution.€lh
biomolecule was partly deprotonated from pH 3. Phieof the aluminium-lactic acid mixtures - above
3 with all the aluminium reference systems testedas favourable to the formation of chelates
between lactate and aluminium. After ageing, alumnmlactate compounds were developed between
the biomolecule and the inorganic species. The tewas at the origin of the stabilization of the
conductivity measurements and the initial decrezsthe zeta-potential upon increase of lactic acid
concentration up to 12.5 mg.mLUnlike in aluminium hydroxide-lactate systems tiybrid particles

of aluminium monomers and aluminium polycationswtite biomolecule remained soluble.

The increasing concentration of lactic acid appdaie force all the aluminium species initially
introduced to convert into monomers and dimers essalt of an acidic hydrolysis. Subsequently, the
resulting hydrolysed products formed new aluminilactate assemblies. Depending upon whether the
Al or the*H NMR spectroscopic results were processed, theassemblies represented 17-25 % of
the fraction of aluminium when the aluminium monamevere the species initially present.
Respectively 89.508 and 92.016 % of the fractiomlafminium was associated with the formation of
complexes in the case of the;Amers and the Aj-mers systems. The aluminium hydroxide-based

complexes contained 65-92.786 % of the fractioalofminium.
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With each aluminium reference system employed, ra¢\auminium-lactate complexes were formed.
Some of the complexes were specific to one aluminieference system, while some were initial
aluminium species-independent.

'H NMR demonstrated that the number of coordinasite within the aluminium-lactate entities
varied. Although the carboxylate GQwas always involved in the formation of the comele infrared
transmission spectroscopy did not support the Bydie participation of the carbonyl of the
carboxylate and the oxygen of the alcoholic grauthe complexes. Infrared spectroscopy suggested a
greater contribution from the carboxylate groupntfisom the alcoholic one in the formation of the
aluminium-lactate complexes. The affinity of thebmxylic OH" group for A" is much higher than

the one of the alcoholic OHyjroup.
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6. Interactions of Aluminium Hydrolytic Species with Biomolecules

Part 6

I nteractions of Aluminium Hydrolytic Species

with Biomolecules

In this study, the interactions of the basic glabbyrotein lysozyme (LSZ, isoelectric point 11.4jhw

Al s-mers, Abkg-mers and colloidal hydroxides have been explordafrange of protein: aluminium
ratios. Akz-mers and Aj-mers have properties which make them useful asetaddr the aluminium
hydroxide surface and yet can be monitored in miuising®’Al solution nuclear magnetic resonance
(*’Al NMR) and infrared (IR) spectroscopies. The adage of using colloidal aluminium hydroxide
particles lies in the possibility of quantifyingrameters such as zeta potential and size, whitbeat
same time taking advantage of the high surface tare@aximise the area available for molecular level
interaction [11]. Colloidal, molecular and macrosicovariables have been monitored to study the
modification of both inorganic and biomolecular pbs. The results obtained have then been compared
to the findings of a previous study that focusedtlom interactions of bovine serum albumin (BSA,

isoelectric point 4.75) with a similar range of minium species [15].
6.1. Preparation of stock solutions and model aluminiprotein systems

Single species systems containing either Al@lismer, Akg-mer and an aluminium hydroxide sol
with particles size of 23 + 3 and 100 + 10 nm warepared from crystalline AIgBH,O (99 %, Fisher
Scientific), in distilled deionized water as degdilpreviously [15]. The final aluminium concentoati

in the model solutions was 0.3 mot,Lthe purity of the resulting systems being checksd
quantitative’’Al solution NMR spectroscopy and a Ferron kinetisay (Alz-mer : 97 %; Alzmer :

92 % of the total aluminium content) [18-28fAl solution spectroscopy also demonstrated theratese
of soluble aluminium species in aluminium hydroxidespensions. Aqueous chicken egg white
lysozyme and bovine serum albumin (BSA) solutioostaining 50 mg/ml protein were prepared by
dissolving the protein powder (Sigma) in distilkdeionized water shortly before use.
Aluminium-protein systems were prepared at roompenature according to the procedure described

previously [15]. The final aluminium concentratioras 0.15 mol.L, the protein concentration being
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varied from 0 to 25 mg.mt in steps of 2.5 mg.mb The range of lysozyme: aluminium molecular
concentration ratios used was 1:67.8 to 1:6.8 eodyme: Als-mers, 1:29.4 to 1:2.9 for lysozyme:
Alz-mers and 1:0.092 to 1:0.009 for lysozyme: alumimibydroxide particles (evaluated from the
approximation of 100 nm diameter and 10 nm heigtihdrical hydroxide particles, having a density

of 0.3 g.cn?) (Table (6.1)).

Table 6.1. Lysozyme to aluminium species ratios used througthe study.

LSZ concentration, LSZ : Aljs LSZ : Alz LSZ : Al hydroxide 100 nm
mg/ml

25 1:67.8 1:294 1:0.092
5 1:339 1:147 1:0.046
7.5 1:22.6 1:98 1:0.031
10 1:17 1:74 1:0.023
125 1:13.6 1:59 1:0.018
15 1:11.3 1:49 1:0.015
17.5 1:9.7 1:4.2 1:0.013
20 1:85 1:3.7 1:0.012
225 1:75 1:33 1:0.010
25 1:6.8 1:29 1:0.009

The series of aluminium-protein containing sammlese analyzed after solutions had been aged for 24
hours using a range of solution and colloidal témqpines listed Figure (6.1). After careful centriftiga
of the insoluble part of the samples, the predipdasolid was freeze-dried and analyzed using solid

state techniques.

(‘[ Al species - protein model system ]-\

[ Liquid state analysis ] [ Freeze - Drying

Centrifugation ] [ Solid state analysis

pH, Viscosity, Conductivity

Dynamic Light Scattering Ferron assay Scanning Electron
Microscopy

Zeta potential Bradford protein assay
27Al solution NMR

Figure 6.1. Range of analyses used to characterize solutidlojdal and solid state samples.
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Solutions /colloids characterisation

All the solution characterisation procedures uskwughout these studies have been used and
described in detail in previous publications froor group. Briefly,”’Al solution NMR spectra were
acquired using a Jeol ECX400 spectrometer (Jedlyd,oJapan) operating with a,O lock, single
pulse method, X-pulse of 94s, 512 scans, relaxation delay 0.5 s. Quantifioatibthe spectra was
carried out using a peak-fitting algorithm [18, 19]

The free protein concentrations in the systems etermined after centrifugation at 3000 rpm for 10
min to remove any solids using a Thermo UV1 spgttobometer for absorbance measurement. A
Bradford total protein assay was used for prote@ngfication [21].

The pH and conductivity of the systems were meabswith a PHM-250 pH-meter with Red Rod glass
electrode and a temperature sensor, and a CDM-@80uctivity meter with two-plate conductivity
probe and a temperature sensor (all from Radion#etalytical, Villeurbanne, France). Viscosity was
measured with an AND SV-10 vibro-viscometer (AND Bé&Ltd., Tokyo, Japan) with gold-coated
transducer and temperature sensor.

Dynamic light scattering (DLS) and zeta potentiatasurements of aluminium species - protein

solutions were acquired using a Zetasizer Nan@@ fvialvern Instruments (Worcestershire, UK).

Preparation of solid materials, scanning electron microscopy

After centrifugation of the samples the resultirgplid’ materials were rinsed with water and
centrifuged again. The pellet obtained was subsstyufeeeze-dried for 24 h using a Virtis freezeedr
before being mounted on Scanning Electron Microesd&EM) stubs (TAAB) and coated with carbon
using a standard procedure. A JSM-840A SEM (JEQierating at an acceleration voltage of 25 KeV
and a working distance of 15 mm was used througtisustudies.

Comparative Fourier Transform Infrared (FTIR) study of protein conformation in the presence of
aluminium species

In order to comparatively study the variation obtein conformation upon addition of the inorganic
species to lysozyme and bovine serum albumin, i@ssef model aluminium-BSA and aluminium-
lysozyme solutions were prepared similarly to thariable protein concentration samples, by
maintaining the protein concentration at 25 mg/md &arying the aluminium concentration from 0 to
0.15 mol.L* by steps of 0.015 mol}, leaving the samples to age for 24 hours befarezfe-drying for
infrared spectroscopic analysis. For spectroscoparacterization of the resulting samples a stahdar
KBr disc technique was used, 2 mg of freeze draadpde being mixed with 198 mg of KBr (Aldrich,
IR grade, 99 %) and pressed into a disc at ~ 18 ¢oif pressure.

Spectra were recorded at 2 tmesolution, the interferometer speed set to 0.4#47.s*, 128 scans
being averaged for each spectrum.

Two different techniques were applied in order talerstand the molecular characteristics of the
aluminium species: protein interactions, and talence any deep modification in their morphology,

which can potentially lead to drastic changes &irtbroperties. The amide | group of backbone C=0
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vibrations was firstly used to obtain an assessmgptotein conformation as a function of aluminium
species concentration.

Spectra were truncated between 1800 and 1375 leefore applying a multiplicative scatter correnti
(MSC, GRAMS 32) to groups of spectra obtained fehealuminium species-protein system. Random
noise and minor components were removed by use fac@r analysis algorithm (Minitab 14),
conserving only the principal components (5 incalses) for the reconstruction of the spectra, en th
basis of their respective contribution to the oré&didata.

For secondary structure assessment, the smootltedaaelined spectra were used between 1720 and
1490 cmt (amide | and Il bands). Both bands were deconedluising automated curve fitting routine
programmed using MatLab software. Peak positiomsesponding to different structural elements of
the two proteins were obtained from the literati@2, 23], their variation being limited to + 2 &m
during the fit. 6 peaks were fitted to the amidedture, corresponding to vibrations attributeditie
chains vibrations (1613 cHy B-sheets (1620 ct), B-strands (1630 cil), random coils (1646 cm),
a-helices (1654 ci) and turns/H-bonded COOH (1680-1690 ¥m2D correlation analysis was
carried out by using a MatLab toolbox [24] written the basis of the original work by Noda and
Ozaki [25].

6.2. Macroscopic measurements: pH, conductivity andogig of the systems

Aspartic and glutamic acids have been demonsttatbéar the highest affinity for aluminium species
in previous studies of aluminium-biomolecule intgi@ns since these aminoacids have a carboxylate
group in their side chain. Lysozyme only displays 6f those acidic residues at its surface andbgghi

a large positive charge at the pH considered, ngaltie approach of the highly positively charged
aluminium species difficult, and charge cancellataimost inexistent. Indeed pH, conductivity and
viscosity measurements of the samples prepared &#faminium species and lysozyme did not show
large changes, Figure (6.2), as those observeukipitesence of BSA, due to the lower acidic residue
content of the protein. In particular, pH remaingithin the domain of stability of the aluminium
species (pH ~ 4.2-4.4) [18, 19].
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Figure6.2. (A) pH, B) conductivity and €) viscosity of aluminium species - lysozyme

samples prepared at various protein concentrations.

Both aluminium polyoxocation-containing systems ;¢Aysozyme and Al-lysozyme) showed no

significant increase of viscosity whatever the Bgoe concentration (viscosity values remained close

to that of pure water and lysozyme solution at 10029 cP), indicating little or no gelation fdret

systems in question. In contrast, the viscositthefaluminium hydroxide-lysozyme mixtures increased

~ 7 % upon lysozyme addition, demonstrating limigetation.

6.3. Dynamic light scattering and zeta potential measergs

Evidence for the formation of bioinorganic assemlivas provided by the results of dynamic light

scattering, where an evolution in the particle siteghe model aluminium lysozyme systems (Figure

(6.3)) was observed.
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Figure 6.3. Polygonal representation of Aland Aky (A) and evolution of4) average particle sizes
measured by dynamic light scatterinB) geta potential of aluminium species-lysozyme damps a
function of lysozyme concentration. Particle siz8B. < 0.3 % (measurements in triplicate). The

particle size and zeta potential measured for [yszyme are presented as stars for comparison.

In the case of samples prepared from the aluminhymiroxide sol, the measured particle sizes
increased steadily, from 110 nm to 129 nm with @asing lysozyme concentration (figure (643)
Similarly to what has been found from analogouslis&iusing bovine serum albumin [15], lysozyme
probably covered the surface of aluminium hydroxeticles, but was however not inducing an
electrostatically driven coagulation due to itsipes charge in the pH domain considered. As fokaw
from Figure (6.3), the particle size of the puresAher and Al-mer solutions was found to be close to
the actual sizes of these species (1 + 0.1 an@®.25-nm, respectively [6]). Once lysozyme was added
the average particle size in all cases increasédl® + 0.40 nm and 6.13 + 0.38 nm respectively. Fo
both aluminium polyoxocation-lysozyme samples tteamsize of the suspension did not change with
further increase of lysozyme concentration. The rméémeter of the lysozyme in solution as
measured by DLS was ~ 1 nm (although from theditee the size of the lysozyme molecule is 3 nm x
3 nm x 4.50 nm [26, 27]). The mean particle sizalaminium polycation-lysozyme samples probably
arose from some limited adsorption of polycationstérs onto an area of the “surface” of lysozyme
that carried some negative charges under mildlgi@aaonditions [28] (pH < 5), thus allowing the
protein to be “seen”. Given that the ratio of alaimim to protein decreased as the protein concémrat
in solution increased and yet the mean particle simained the same it would suggest that the DLS
technique was measuring a specific molecular complkich, given the fact that the lowest, Al
protein ratio used was 3:1, was likely to be fornfreen 1 lysozyme for 3 A or 1 lysozyme for 6 — 7

Al 13, the ratio matching was this case the number idifcogylic acid moieties available at the surface of
the lysozyme molecule.

The hypothesis above was supported by zeta pdtemt@asurements of the model systems in question

(Figure (6.3)B). The zeta potential value for the aluminium pealycation-lysozyme system was
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positive at all lysozyme concentrations measurdgs-dontaining samples having higher zeta potential
values than Ab-containing samples. In pure solutions of similaneentration, free lysozyme
molecules bore a potential of 2 £ 0.80 mV at pHHe observed charge evolution can be explained by
the adsorption of aluminium polyoxocations on theface of the protein. For small additions of
lysozyme, the potential observed was that for tee Bluminium polycations alone, however as more
and more lysozyme was added, the amount of fremialum polycations was progressively reduced in
comparison to the aluminium associated with th@Zyme-polycation conjugates, and the potential
slowly decreased to reach a value corresponditigatoof a lysozyme-polycation species.

For aluminium hydroxide, the value of the zeta po& was approximately twice as high as that ef th
aluminium polyoxocation-lysozyme solutions at samitoncentrations and decreased with increasing
amounts of lysozyme. The protein was probably dsbon the colloid surface, leading to a decrease
in zeta potential produced by a compensation ofesofthe positive charge of the surface by the
negatively charged groups of the protein, togethién a masking of the hydroxide particles potential

by the less charged biomolecules [11].
6.4. Residual concentrations of free lysozyme
To clarify the extent of aluminium species-lysozymgsociation after aging of the samples, free

lysozyme concentrations were measured as a funofitysozyme concentration after removal of the

insoluble matter by centrifugation (Figure (6.4)).
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5 S 1.6 K —8— Al -mer
T 5 144 2 —O0— Al_-mer
SY 12 ,o—0—0 3
T3 7] ./ —4— Al hydroxide 100 nm
§ g 1.0y G A" ~m—%  ---- Initial concentrations
S o 0.8 . /) ) /
S 3 Lo/ &
N & 0.64 so A7
@ < SO
~N £ 0.4 0o A
27 Jar
S 02' 6’///Q\‘//
20" S
0.0 s~aa

00 03 06 09 12 1.5 1.8
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Figure 6.4. Free lysozyme concentration in the supernatantisok of the aluminium species-

lysozyme samples after centrifugation.

The amount of protein remaining in solution refégttphenomena such as adsorption to colloidal
particles or electrostatic stabilisation of thetpio by binding to strongly positive ions such ag;A
mer and Adp-mer. Therefore, residual protein concentrationegadditional insights into the formation

of colloidal, self-assembled composites.
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The residual solution lysozyme concentration obsgrwas lower than that added to the solutions
(dotted line) for all the samples analysed.

Very little difference was observed between the gamwith ‘aluminium’ alone and with the highest
concentration of protein again producing evidenmed much weaker interaction of lysozyme with

aluminium species than with BSA, which did leadniportant modifications in the NMR signal [15].

The reduction of free lysozyme in solution was mpir@nounced for aluminium hydroxide / lysozyme
systems due to the larger size of the particlestizh the protein was bound, therefore enhancieg th
removal of the protein from solution on centrifugat

In the case of aluminium polycation-lysozyme systehysozyme concentration reached a plateau
above 17.5 mg.mt protein added. Although the protein concentratbserved for this plateau was
higher in the presence of Al(~ 18 + 1 mg.mL) than in the presence of Al(~ 15 + 2 mg.mL), the
difference was not significant This difference wasbably attributable to the differing stability of
aluminium polycations-lysozyme assemblies;;Alysozyme being the most stable species due to the

higher charge and stability of ffmer compared with Af-mer.
6.5. Quantitative’’Al solution nuclear magnetic resonance

#'Al solution NMR spectroscopy was used to investgae stability of the polycations in the presence
of the protein [6, 19]*’Al NMR spectra acquired from the Allysozyme solutions showed peaks at ~
63 ppm (tetrahedral core of the;fAmer) and ~ 0 ppm (octahedral signal of aluminiumnomers)
along with a signal at 80 ppm arising from aluminans of the internal reference solution (Figure
(6.5) A) [29]. In the spectra of the ftmer-lysozyme systems (Figure (6), along with the above
mentioned signals at ~ 63 and ~ 0 ppm, a broadeakat 70 ppm was observed, which corresponded
to the tetrahedral “core” aluminium nuclei of th&gmer [30].

[9%)
1

Relative intensity, a.u.

Relative intensity, a.u.

S5 ppm

Figure 6.5. ’Al solution NMR spectra of the AFmer—lysozyme (T=2%&) (A) and Ak-mer—
lysozyme (T = 68C) (B) samples, showing peaks attributed to * monomatiminium in octahedral

environment, + monomeric aluminium in tetrahedralimnment (reference solution,aluminium in
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the tetrahedral environment of;Atetrahedral cores,,o aluminium, respectively in the tetrahedral

environment of A, cores and the octahedral environment af Ahells.

On the basis of th&Al NMR spectra of the aluminium polyoxocation-lysoze samples, aluminium
speciation diagrams were calculated using an ahgoridescribed previously [3, 7]. The diagrams
included aluminium monomers, Almers, Ak-mers, Figure (6.6).

A B
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Figure 6.6. Speciation diagrams calculated from Figure (6.8hefAl;-mer-lysozyme &) and Ak

mer- lysozymeR) samples as a function of total lysozyme concéintra

The concentration of small aluminium oligomers (@alyminium dimers and trimers) was not taken
into account in this study due to the very low amtcation of these species, as indicated by the
absence of the expected broad peak at ~ 2-4 ppts strong overlap with larger peaks at ~ 0 and ~
10 ppm. In the case of the ;Almer-containing systems, the proportion of alumimimonomers
increased very slightly as described above.

In opposition with the previous situation, monon@wncentration appeared to decrease upon
lysozyme addition in Al-lysozyme systems. Despite the signal broadenirsgroied for Adg-mer
based systems, the corresponding species condéenfraigether with Al-mer concentration were
not affected by the protein addition. The very we#éflect of lysozyme on the NMR signal of the two
polycations can not demonstrate a much weakeraictien with lysozyme than the interactions

observed with BSA, which led to important modifioats in the NMR signal.
6.6. Morphology of lysozyme samples monitored by scagmilectron microscope

The solid products obtained by freeze-drying ofioxas aluminium species-lysozyme samples were
subjected to SEM analysis to observe the morphotdghe prepared materials (Figure (6.7)). In the
case of pure Ak-mer and Adyqmer systems, the freeze-dried material was disizgd, although
recurrently, flake-shaped materials were obsertimbn lysozyme addition, the samples containing
Als-mers changed progressively until finally they acegh a Velcro-like structural appearance for
samples prepared in the presence of 25 mg.wiLlysozyme. For the Aj-mer-based materials, the

solid products obtained tended to organize theraseiwto structures characterized by sheets covered
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with equally spaced parallel ribbons (Figure (6. 7he 100 nm aluminium hydroxide based samples
exhibited, in the absence and in presence of lysezya morphology similar to the one observed for
the Akgy-mer-lysozyme samples.

LSZ 0 mmol/L LSZ 0.34 mmol/L LSZ 1.70 mmol/L

Alyz-mer

Alzg-mer

Al hydroxide

Figure 6.7. SEM pictures of aluminium species-lysozyme hyiniaterials prepared by freeze-drying.

The reason for the “nanoribbon-sheet” morphologyenbed in the Ap-mers and aluminium
hydroxide-containing samples is unclear. This molpyy could arise from the freeze-drying

procedure. Further morphological and spatial chahsinalysis is required to explain this phenomenon.
6.7. Comparative FTIR study of BSA and lysozyme / alummim species systems

Among aminoacids, oxygen donors are usually theddaminium ligands. The aminoacids most likely
to bind aluminium are thus Asp—COOGIu—COO or Ser—OH, Thr—OH or Tyr—=0 Aluminium
interaction with proteins can cause conformaticctznges, or link peptide chains together through
their carboxylates moieties [31]. Both secondarycttires and potential aluminium binding residukes o

BSA and lysozyme are shown in Figure (6.8).
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Figure 6.8. Structures of BSA obtained through modelling ugimg SAM-TO06 server [32]X,B) and
lysozyme obtained from RCSB protein data bankX##J1 (C,D) showing the secondary structural

motifs (A,C) and the surface residues prone to the bindirgdurhinium ions B,D). Representation
from Visual Molecular Dynamics software (VMD) [33].

Both proteins are composed of a large amourd-bglical and turn structures, a small amounf-of
sheets being present in lysozyme (Figure (8.8}). The BSA surface has a large number of strong
possible binding sites, e.g. aspartic and glutaauid residues, together with weaker binders, leathn

a high negative surface charge under the pH rasge in this study.

In contrast, the surface of lysozyme is mostly fessi and on average has much weaker binding sites
for aluminium than BSA. The close proximity of bing sites and the average negative surface charge
of BSA will lead to a large electrostatic poteniiadifferent points of the molecule that will fauothe
approach and binding of aluminium species, whetleaproximity of positively charged moieties will
weaken the electrostatic field surrounding lysozyamel thus disfavour binding.

In order to evidence these two different interactiendencies, a comparative study of BSA and
lysozyme in the presence of aluminium species wasietl out using FTIR spectroscopy for the
characterisation of samples prepared at fixed pratencentration and varying aluminium species
concentration.

No strong conformational changes were observed wdaminium species addition for BSA or
lysozyme (Figure (6.9)), apart from a slight desee& 5 %) in signal attributed to-helices upon
aluminium polycations addition to BSA, and a desezalso minimal, of the signal attributed to turns
upon addition of aluminium polycations to lysozymEhese variations can be explained by the

defolding of both proteins induced by the Al poltoas.
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Figure 6.9. Contribution of different amide vibration bandstihe area of the amide | band, determined
by means of peak fitting for samples prepared fB®#\-Al3 (A), BSA-aluminium hydroxideR),

lysozyme-Al; (C) and lysozyme-aluminium hydroxid®) systems.

The main modification observed affected the sidgirchibrations, with a marked increase in the digna
observed at 1613 chfor the two proteins upon addition of Aland Ak, Upon increase in aluminium
hydroxide concentration, the same signal incre&selysozyme and decreased for BSA.

These observations demonstrated that interactiebselen aluminium species and the two proteins
influenced mostly their side chains without profdlynaffecting their conformation. In order to obtai
more information on the nature of these interasti@D correlation analysis was used.

In BSA/aluminium polycation synchronous correlatimaps, most of the spectral modifications can be
attributed to the perturbation of carboxylic acidieties of the protein (aspartic and glutamic acid
residues) by the introduction of aluminium specigh strong positive autopeaks and cross peaks at
1405 and 1600 cth Small negative cross peaks were also present4/1595 cit and 1740/1405
cm* (Figure (6.9)A-B).

The peaks at 1740 and 1710 twan be attributed to thgC=0) vibration of COOH groups that were
very sensitive to hydrogen bonding. The vibratiémimbound groups can be found at up to 1762 cm

and can shift below 1700 ¢hfor bound groups [34]. Peaks in the 1400 and 1860 regions were
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respectively attributable ta(COO") andv,{COQO) of the deprotonated Glu and Asp residues. These
two vibrations were susceptible to shifts by +60/@n* from 1402/1579 cfh for Asp and from
1404/1556 cm for Glu upon deformations induced by cation chefatTherefore the shift observed
here demonstrated the binding of aluminium spediesdeprotonated Glu and Asp residues.
Furthermore, the correlation of CO@roups with non H-bonded COOH indicated that titeraction

of Al;3 and Ak, with Glu and Asp residues occurred mostly at thdage of the protein, without

affecting the secondary structure of the molecule.

Al hydroxide
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Figure 6.10. Summary of synchronous 2D-COS maps generatedtfiammission FTIR spectra of
samples prepared at different aluminium speciesammnations in the presence of a constant
concentration of protein, 25 mg.r‘ﬁLA-C: BSA-Al;3, BSA-Alyy and BSA-aluminium hydroxidd)-E:

lysozyme Als, lysozyme-Afg and lysozyme-aluminium hydroxide.

For BSA/aluminium hydroxide systems, positive ag@s and cross peaks were observed at 1380,
1500 and 1710 cth(Figure (6.10)C). The correlations attributable to the CO§loups were almost
absent from the synchronous correlation diagrard, tae signal from H-bonded COOH was mostly
positively correlated to a signal at 1500 ¢rwhich was attributed to tH#COH) vibrations of COOH,

a vibration known to strongly shift upon hydrogenntiing (1264-1450 ci)[34]. Deprotonated
tyrosine ring vibrations can also be observed iis gpectral region, but the correlation of their
evolution with the signal from COOH groups cannetrbadily explained.

The asynchronous correlation diagram was similathto map obtained in the presence of the two
polycations (Figure (6.11)), however the vibratiomtated to COO groups correlated with more
hydrogen bonded COOH groups. In addition, a caiicalacan be noticed between COOH groups being
exposed to different hydrogen bonding modes. Thwseobservations indicated that the presence of

the hydroxide sol first perturbed the hydrogen bogadf COOH groups, or that COOH groups H-bond
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to the surface of the hydroxide before being deprated, this last step being however less likedynth
in the presence of polycations due to the large @i low flexibility of the hydroxide particles.
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Figure 6.11. Summary of asynchronous 2D-COS maps generatedtfearamission FTIR spectra of
samples prepared at different aluminium speciesammnations in the presence of constant
concentrations of protein.-C: BSA-Al 3, BSA-Al;y and BSA-aluminium hydroxidd)-E: lysozyme-

Al 13, lysozyme-Afy and lysozyme-aluminium hydroxide.

A different correlation scheme was observed fobtysne-based samples, with a major autopeak at
1515 cnt' in the presence of all aluminium species. Simjlad the case of aluminium hydroxide /
BSA samples, this signal can be attributed@OH) of COOH groups, this signal being positively
correlated with a feature at 1695 tmattributed to strongly H-bonded COOH, and negdyiv
correlated with a feature at 1606 trattributable tw,{COQO) vibrations.

However no negative correlation can be noticed with weaken(COQO) vibration. This signal can
also be attributed to(CC) ring and 8CH) of deprotonated Tyr residues [34], especialy
asynchronous correlation was observed betweenrésatt 1475 and 1515 &mThese two latter
signals could be respectively attributed to comipigXyr and protonated tyrosine, Tyr deprotonation
leading to a characteristic shift of théCC) ring andd(CH) signal from 1500 to 1515 émThe signal

at 1606 crit was therefore attributed t§CC) ring andd(CH) vibrations of the protonated residue. The
correlation of the 1500-1515 ¢hsignals with the feature at 1695 ¢would be then attributable to a
cooperative binding of aluminium species to Aspy @hd Tyr residues (Figure (6.12)) leading to a
deprotonation of the latter residue, the,f Tyr being far higher (10.2) than the pH usedirtyour

experiments.
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Figure 6.12. Possible binding mode of Alto lysozyme, involving one tyrosine residue anteot
residues favourable to binding in thesheet region. Representation using VMD [33] adteergy
minimisation and 5 ps MD equilibration of the asbgnusing Accelrys MS Discover and the Compass

generalised force field.

6.8. Conclusions

The interactions of lysozyme, a biomolecule preserfituman and animal body fluids, with different
aluminium species have been studied. The resudta TIR analysis of aluminium species/protein
systems demonstrated the likely interaction mecmsileading to the formation of hybrid materials.
For both BSA and lysozyme, the assembly of;And Ak, with the proteins led to the formation of
hybrid species observable by means of dynamic lgglatttering (particle size superior to both pure
aluminium species and pure protein particle sizasyl zeta potential measurements (potential
stabilising to the value of the hybrid species upmrease in protein concentration). However, the
assembly of aluminium species with both proteinyy dad to a minor change in their secondary
structure, the main changes being observed forptitein surface groups as demonstrated from
secondary structure quantification carried outdiffierent protein: aluminium ratios. Polycationsreve
demonstrated to bind Asp and Glu residues of B84Adihg to a deprotonation of their carboxylic acid
groups, as demonstrated from 2D correlation spsobmy. This deprotonation would have led to the
increasing acidity of the solutions observed frdmrpeasurements reported previously [15].

In the case of lysozyme interacting with aluminiwmecies, as well as for BSA interacting with
aluminium hydroxide particles, only a perturbatiminthe hydrogen bonding of Asp and Glu COOH
moieties can be noticed. This result demonstratedweaker interaction of the soluble aluminium
species with lysozyme, arising from the high pwsitelectrostatic potential on the protein. The

similarity of the interactions between aluminiumdhyxide and both proteins was due to the rigidity

167



6. Interactions of Aluminium Hydrolytic Species with Biomolecules

and large dimensions of the colloid, which decrdate probability of contact between potential
binding sites on protein and mineral surfaces. ddreelations observed in the case of lysozyme could
also demonstrate a cooperative binding of the aliumi species to acidic aminoacids and tyrosine
leading to a deprotonation of the later residue.is Thypothesis however requires further
experimentation to be confirmed. The variety oferattions observed between proteins bearing
different physicochemical properties and aluminispecies constitutes a useful base for the choice of
polymers and biopolymers for the fabrication of @oaluminium-based materials, either from stable
bioinorganic core-shell particles (comprising alomm at the surface or in the bulk of the mateyials
or by self-assembly of composite networks havirg dhility to phase-separate from the initial liquid
medium.
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7. Insight into structural transition and compdgion of mucin in the presence of aluminium species

Part 7

Insight into Structural Transition and
Complexation of Mucin in the Presence of

Aluminium Species

During this work, aluminium-mucin samples were @negal from model solutions of aluminium species
(aluminium monomers, A-mers, Ak-mers, and aluminium hydroxide sol with 100 +rrh particle
size) and different amounts of mucithe samples were analyzed using a range of solaih
colloidal techniques including pH, conductivity sebsity measurements together withl NMR and
quantification of the free protein and aluminiunadtion after centrifugation of the phase-separated
materials. The samples were finally freeze-driedl @malyzed using Fourier transform infrared

spectroscopy and SEM as solid-state techniques.
7.1. Potentiometric titrations, pH and conductivity ddminium-mucin solutions

Potentiometric titrations

The affinity of mucin to aluminium species has beested by potentiometric titrations. Fully
automated potentiometric titrations were carrietl @u mucin alone and on mucin in the presence of
the Alsz-mer polycation. Figure (7.1) shows the titrati@sults of mucin in the absence and in the

presence of the Admer polycation as a function of pH.
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Figure 7.1.Potentiometric first and derivative titration casvof 2.5 mg of mucin aloneA) and Q")
respectively) and 2.5 mg of mucin with 0.15 mdi Al,-mer polycation ) and B’) respectively)
against 0.1 mol.I* KOH.

Alone, the pure mucin titration curve (Figure (7A) underwent one main inflexion point which
happened between pH 4 and 12. The trend of a pucinrtitration curve is related to the composition
of its sequence. Although the detailed compositemd structures of mucins are diverse depending on
their origin, they display some common features li&gions enriched with acid aspartic, acid glutami
[1], cysteine [2], serine [3] and threonine [4].eThide chain groups of those amino acids havsgs pK
ranging from 4 to 13. The broad pH interval of theprotonation of mucin is related to sequential
deprotonation of its amino acid functional grouPsice mixed together with the Aimer polycation,

the potentiometric titration curve (Figure (7.B) of mucin revealed two more inflexion points
providing a first indication of the existence ofnbiing sites. They were caused by the delayed
deprotonation of the protein, due to its electristateractions with the metal. The mucin gKwere

perturbed from its pure pK values.

pH and conductivity of aluminium species-mucin demprepared at various mucin concentrations.
pH and conductivity measurements of the samplegapeel from aluminium species and mucin were

carried out simultaneously, after ageing the sasfile24 h. The data are presented in Figure (7.2).
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Figure 7.2.pH (A) and conductivity B) of aluminium species-mucin samples prepared vatious

mucin concentrations.
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On the pH diagram (Figure (7.2), pH increased for the aluminium hydroxide-basgsteams starting
from mucin concentration of 5 mg.nlwas observed. It probably reflected the partiaivession of
the colloids into smaller aluminium hydroxide peles with release of hydroxide ions. With thgaAl
mer, Akgs-mer and AIC} based systems, no pH variation was noticed. Tipeottenation and further
binding of the protein by the aluminium species wasproven by potentiometric titration. It is lliige
that the pH stability was the result of a reorgaftiisy of the mixed species. lonised sites on mucin
could have been instantly bound by the aluminiuecis, the phenomenon occurring before the pH
was measured, i.e. within the 24 h of aging ofstheples.

Pure mucin conductivity increased upon an increafsés concentration. This corresponded to an
increase in the charge density of the protein.dases of mucin concentration had a relatively low
effect on the conductivity of the systems (Figure2) B). The stability of the conductivity of the
aluminium-mucin samples reflected the neutralisatmf the negative charges of mucin by the
positively charged aluminium species. The eventuoed with all the different aluminium species

employed.

7.2. Visual aspect and viscosity properties of the ahinm-mucin samples

Visual aspect

The gel-like aspect of the aluminium-mucin sampled the absence of precipitate in the samples were
first appreciated by simple visual examination. Wilgey were not mixed together, the mucin and the
aluminium hydroxide particles did not gel as reprgsd in Figure (7.3% andB. Once combined, the
two molecules demonstrated a synergistic effectheir ability to establish a gelled material (Figur
(7.3)C).

Figure.7.3. Solution samples of mucin 25 mg.fh(A), aluminium hydroxide particles 0.15 mof-I(B)

and a mixture of aluminium hydroxide particles Or6l.L™* and mucin 25 mg.nit (C).

The Aljs-mers and the Aj-mers polycations had the same property to fornelanghen they were
blended with mucin. The gelation of mucin in theeggnce of aluminium species rather than
aggregation [5] was visible by eye as a viscoudesgant gel developed in the samples upon mucin

concentration increase, Figure (7.4).
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Figure 7.4.Gelation behaviour of increasing concentratiomatin 24 h after mixing with different

aluminium species 0.15 mol'L

The elastic material depicted in Figure (7CG3Yid not pour freely, rather had the consistencgytip
or honey. It can resist and recover from stretchamgnpression or distortion applied by a forcego

unknown extent as no measure was performed).

Viscosity
Among the properties that underwent the most drantdianges at the gel point was the viscosity,

Figure (7.5).
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Figure 7.5.Viscosity of aluminium species - mucin sampleppared at various protein concentrations.

The measurements were performed at 24 h aging.

Measurements demonstrated that the gelation ofrmucialuminium species modified the viscosity of
native mucin. Furthermore, the viscosity of thefatént aluminium species solutions increased upon
increase of mucin concentration. The gel point naticed after addition of 22.5 mg.rilof mucin in

the samples which contained initially the AJCind the aluminium polycation species. Mucin addit

of 20 mg.mL* led to the gel point of the aluminium hydroxidesbd samples. The viscosity
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measurements were sensitive to the aluminium sgi@eiaf the samples. In the case of the aluminium
hydroxide-mucin systems where that observation thasmost pronounced, viscosity increased 4.7
times in presence of 25 mg.Mlof protein compared to the viscosity of the punecin stock solution,

confirming an increase in the density of the geirfed.
7.3. Residual concentrations of mucin and aluminiumocesi

To clarify the extent of aluminium species - mu@ssociation after aging of the samples, free
supernatant mucin and aluminium concentrations weeasured after the removal of the insoluble
matter by centrifugation as described in the expental section. The results are presented in Figure

(7.6) for the samples prepared fromAer, Ak;-mer and aluminium hydroxide sols.
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Figure 7.6.(A) Free mucin concentration andl)(aluminium cation concentration in the supernatant

solutions of the aluminium-mucin samples after dérgation.

The average measurement error of the experimerfierped in triplicate, did not exceed 0.03 mg.mL
! for mucin and 5.20 % for aluminium ions. Mucin centration was determined with the Bradford
protein assay, Figure (7.8) and aluminium concentration by Ferron spectropinetoic assay, Figure
(7.6)B.

As follows from Figure (7.6)A, the free mucin concentration in the supernatdrthe aluminium
specieamucin samples increased with increase of totalgmotoncentration for all three aluminium
systems. The mucin concentration in the superrataas lower than the one introduced initially ie th
samples. Part of the mucin contained in thes-Aler, Aky-mer and aluminium hydroxide systems was
involved in the formation of new aluminium-mucinsamblies. For samples containing one of the
aluminium polycations, “free” mucin concentraticeached the maximum at a total mucin level of 20
mg.mL™. On the other hand, the equilibrium of the formatiof the aluminium hydroxide-mucin
composites seemed to require the highest quantitipeotein as no plateau phase was attained.

The results obtained with the Ferron spectrophotamassay (Figure (7.@) confirmed the existence
of bio-inorganic complexes. The aluminium catiomtemt of the supernatants was lower than was
initially present in the samples. Similarly to wheds observed with the Bradford protein assayas w

with the aluminium hydroxide-containing systemstttige quantitative loss of aluminium species was
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the most pronounced. Increase in mucin concentrat@used very little variation of the percentage of
the aluminium cation in the supernatants.

The residual mucin and aluminium ion concentratiemsthe supernatant solutions revealed the
existence of aluminium-mucin assemblies; the extéitte complexation being the most significant for

the aluminium hydroxide systems.
7.4. Characterisation of the aluminium species in tleibbrganic assemblies B{Al NMR

Al solution NMR

The identification and the measure of the amouhiadividual aluminium species have been carried
out using quantitativé’Al solution NMR spectroscopy according to a progeddeveloped earlier in
our group [6, 7]. The NMR spectra of all of theralnium species-mucin systems were acquired and

are displayed in Figure (7.7).
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Figure 7.7.%’Al solution NMR spectra of the Algimucin @), Al;z-mer-mucin B), Al zo-mer-mucin
(C), and aluminium hydroxide-mucij samples as a function of total mucin concentrafithe peak

at 80 ppm arises from the internal reference swhubf aluminate ions in fD.

2’Al NMR spectra acquired from the AlEinucin samples (Figure (7.3), revealed one prominent

peak at O ppm (octahedral signal of aluminium moaenwhose intensity did not vary upon increase
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7. Insight into structural transition and compdgion of mucin in the presence of aluminium species

of mucin concentration along with a signal at 8dnparising from aluminate-ions of the internal
reference solution [8]. Spectra of solutions mafdalg;-mer and mucin (Figure (7.B), showed peaks

at ~ 63 ppm (tetrahedral core of theAher) and ~ O ppm. The intensity of the charadiedbpeak of
the aluminium polycation decreased when the conagom of mucin was increased. In the spectra of
the Aky-mer-mucin systems (Figure (7.C), along with the mentioned signal at ~ 0 ppm, twoader
signals at 70 and at ~ 9 ppm were observed. Thegsmonded respectively to the tetrahedral ‘core’
aluminium and the octahedral aluminium shell atomfisthe Akgy-mer [9]. Spectra of the initial
aluminium hydroxide systems (Figure (700) presented two peaks; one related to the alumioai®-i
and the second one was the monomers’ peak [8]. sHvend mentioned peak disappeared after
addition of mucin in the samples.

Local peak integration (Figure (7.8)) demonstratesimall decrease in concentrations of the aluminium
species initially present. This main spectral cleampserved under protein additions, without the
appearance of monomer concentration increase,rowedi that the addition of protein catalyzed the
formation of a gel in solution. Apart from the alumam monomer-containing samples where some

aluminium dimers were detected, the speciatiowhaium appeared to be unaffected by the protein.
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Figure 7.8.Speciation diagrams determined by local integratibthe peaks of th&€Al NMR spectra
of the samples prepared from A{GA), Al;s-mer B), Alsg-mer (C) and aluminium hydroxide particles

(D) 0.15 mol.L* with mucin.
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The addition of the mucin to the systems causenhited decrease of the initial signals. No formatio
of new signals was observed. Mucin acted as alisialgi agent on the aluminium species. Those

results were verified by aluminium solid-state maclmagnetic resonance.

2'Al solid-state NMR

Al solid-state NMR (SSNMR) was performed on thenaiium polycation-containing samples. The
characteristic signal of an aluminium polycatimference system, the Almers, exhibited two
resonances as represented in Figure (7.9). Thegspmnded to the signals of the tetracoordinated
(noted Aly) [10, 11, 12] and the hexacoordinated (noteg)Adluminium [13, 14].
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Figure 7.9.2’Al solid-state NMR spectra @l,s-mer 0.15 mol.L* (A), Al;s-mer in presence of 25
mg.mL*of mucin @), Alss-mer 0.15 mol.L* (C), Als-mer in presence of 25 mg.mbf mucin D).
Vertical scales (not showed) represent the intgmsiarbitrary units, normalized to the maximum lpea

height in each spectrum. Asterisks denote spinsidg bands.

In the spectrum of the AFmer reference system, one can noticed a narromalsag 61.787 ppm and
one smaller and broad peak at -2.210 ppm as showFigure (7.9)A. The first signal noted peak 1,
was stable in the presence of mucin, whereas ttendeone, peak 2, was shifted to higher chemical
shifts. Together with the shielding of peak 2, ar@a observe the decrease of the peak 1: peak 2

intensity ratio (the data are compiled in Tabld )).
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7. Insight into structural transition and compdgion of mucin in the presence of aluminium species

The characteristic signal of ansiimer reference system exhibited two broad peaks: ain59.439
ppm and one stronger at - 2.054 ppm (Figure B)9Although both peaks were still there in presence
of mucin, peak 1 was shifted to higher chemicaftshivhereas peak 2 was shifted to lower chemical

shifts (the chemical shift values are presenteainle (7.1)).

Table 7.1.Relative intensities of peak 1 and peak 2 obseirvadmples containing an aluminium

polycation without and with mucin.

Chemical shift, ppm
[mucin], Peak 1 Peak 2
mg.mL?
Samples with Samples with Samples with Samples
Al3mer Al zg-mer Al ;zmer with Alze-mer
0 61.787 59.439 -2.210 -2.054
25 61.317 63.351 -3.462 -3.775

The presence of the characteristic signals of lilmmiaium polycations in the samples containing some
mucin suggested that mucin did not break down theniaium species. The shift of the octahedral
signals suggested the complexation of the polyoatiwith the protein.

The decrease of the peak 1: peak 2 ratios in the ahsamples containing the;4ypolycation implied
that the octahedral aluminium detected had beemddr during the addition of mucin, with a
concentration effect on the protein. The chemitaft ©f peak 2 for all the aluminium polycation-
containing samples can be attributed to the folonadf aluminium-mucin assemblies. The shielding of
peak 1 for the Ab-containing systems could be due to the conversfosome A}, polycations into

Al 13 polycations.

Now that the proof of the existence of new assessblbetween aluminium and mucin were
demonstrated by means of several techniques, DL&sunements were undertaken to get more

information about the aluminium-mucin assemblies.

7.5. Dynamic light scattering measurements

The binding of the aluminium species by BSA wasvptbto be electrostatically driven [15]. Based on
that knowledge, we hypothesized that the new ad#esnformed between the different positively
charged aluminium species used in our work and mweire interacting electrostatically.

Although this hypothesis could have been reinfonsti zeta-potential data, the results obtainedh wit
that latter technique were not useful owing tortteik of reproducibility. Instead, DLS measurensent
were conducted to evidence the existence of elgetiio interactions in the samples. The particte si
of pure mucin samples was determined by dynamilut lggattering and the results are presented in
Figure (7.10).
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Figure 7.10.Size distributions of 2.54) and 25 B) mg.mL* mucin aqueous solutions.

The mucin alone can be considered as a mixturedicfes having different gelation states. It can b
clearly seen that at 2.5 mg.mL(Figure (7.10)A), the mucin solution showed a bimodal size
distribution; the smaller particles have a meamndiger 10.20 + 1.74 nm and the larger particles®0.7
+ 1.51 nm. The same trend was observed for mugicantrations of 5 and 7.5 mg.fLThe bimodal
trend can be explained by the structural dumbldedl-Istructure of the mucin molecule. That
characteristical aspect represented in Figure JAbk evidenced by [16] by means of atomic force

microscopy and transmission electron microscopy.

~20 nm

Figure 7.11.Schematic diagram of a dumbbell-like mucin mole@ilewing two globular structures

per chain separated by a glycosylated spacer.

The lower particle size value distinguished thebglar structure of the protein whereas the higher

value the long glycosylated spacer of the peptatzkbone.

Upon increase of the concentration of the mucirthi@ solutions, the mean size of the samples
increased linearly from 50.7 + 10.26 to 655.42 +rB. Furthermore, once the concentration of the
protein reached the threshold of 10 mg-nthe size distribution of mucin samples becamenoial
(example of a homogeneous size distribution issttated by Figure (7.108). According to the
manufacturer, mucin contains about 1 % of bounticsecids whose ionization is pH-dependent.
Under the studied pH conditions, sialic acids wartheir ionised form, which decreased the collbida

stability of mucin [17]. The variation of the genktrend of the size distribution of the proteimse
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7. Insight into structural transition and compdgion of mucin in the presence of aluminium species

from the increase of intermolecular binding in $ioio which promoted further gelation-aggregation
into larger particles.

The increase of mucin concentration promoted arease of the mean particle size of the pure mucin
solutions (Figure (7.12)). The rise of the meartiplar size was due to the formation of intermolecul

interactions within the mucin network.
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Figure 7.12.Evolution of average particle sizes of aluminiune@ps-mucin samples as a function of

mucin concentration measured by DLS at a scattemgyle of 90°.

Figure (7.12) also shows the effect of additioralfminium species (0.15 mol*). on the particle size
distribution of mucin. There was a significant charn the new assemblies’ particle size distribnutio
The mean particle size of all the suspensions @untasome aluminium species was below the values
obtained for pure mucin solutions.

Furthermore, the variation of the mean particle skas dependent on the nature of the aluminium
species present in the samples. An increase indibiibution size was noticed upon mucin
concentration increase in the aluminium hydroxidd ¢he aluminium monomer-containing samples
whereas additions of the protein to the aluminiwtygations affected the particle size in the bletads

a lesser extent. The conjecture is that the pedjticharged aluminium species interfered with the
intermolecular interactions present in the mucitwoek. The aluminium species added to mucin
adsorbed on, the surface of mucin and caused fugglation due to the formation of intramolecular
polymeric bridges between smaller particles. At shene time, the mucin particles, which had more
complete coverage by the aluminium species, tendetke-aggregate due to electrostatic repulsion.
More mucin particles were fully covered by alummispecies, which led to de-aggregation of larger
particles. Aluminium apparently inhibited the oligerisation of the protein and conferred greater

stability on the new assemblies.
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7.6. Conformational assessment of the mucin in aluminiyrotein hybrid materials.

Infrared spectroscopy measurements were intendeohtirm the above-mentioned model and to study

the conformation of mucin alone and in the presedi@uminium species.

The conformation of mucin in the absence and inghesence of aluminium species was studied

spectroscopically by Fourier transform attenuatethltreflectance (ATR-FTIR) and KBr pellet

transmission.

ATR-FTIR analysis
First the infrared absorptions of the freeze-diede mucin samples were measured by ATR-FTIR.

The spectra obtained for different mucin concemtratand an example of the component amide | band

curve fitted are represented in Figure (7.A3ndB respectively.
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Figure 7.13.(A) Mucin adsorption at different concentrations folemhby ATR-FTIR. B) Amide |

band with fited component peaks for the 25 mgrpure mucin sample.

The amide | band is a summation of several compobands, each arising from specific secondary
structures located within the protein. Figure (7.hihlights the fraction of each secondary struetu

found in the pure mucin sample.
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Figure 7.14.Secondary structure distribution of the pure msailutions against the concentration of

the protein determined by ATR-FTIR. Standard désret errors obtained from data collection in

triplicate were within £ 3.2 %.

Curve fitting analysis of component bands demotestréhat the proportion of each secondary structure
present in the pure mucin did not vary upon inceeaisthe concentration of the protein. Among the
conformations encountered, between 25 and 40 %eofatal fraction of secondary structure consisted
of B-sheet structures. 30 % of the protein was orgdriige intermolecular interactions and in between
15 and 20 % in intramolecular interactions. Ranatains andx-helices were less abundant structures,
present in equal proportions.

Upon increase of the concentration of the protBibS measurements emphasized an increase of the
mean size of pure mucin samples. It was presumatifjpbuted to the formation of electrostatic

intermolecular interactions. The infrared spectopsc data was able to support this assumption.

The conformation of mucin in the presence of dédfdraluminium species was then studied. The
enlargement of the amide | band of the mixturealominium species with mucin (presented in Figure
(7.15) stressed a variation of then., in the region 1800-1600 chin the presence of aluminium

species. Tha ., 1670 cnt of a pure mucin sample shifted to lower wavenumlierthe presence of

all the aluminium species employed.
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Figure 7.15.Enlargement of the ATR-FTIR spectra of pure mugiecsrum (25 mg.mt) and
aluminium (0.15 mol.I})-mucin (25 mg.mL!) combinations showing the shift of the,., of the amide
| band.

Significant changes in peak position and theirtietaintensities were observed in the presence of
aluminium species, suggesting that aluminium causmtformational changes for the mucin. The
speciation diagrams of the secondary structurethefaluminium-mucin samples endorsed the idea.
The results are presented in Figure (7.16).

504 A 504 B
404 . 404 N
. i I N / . _ o~/
S K =) | K. *:
s 0 +\*\+‘+\+\>>< i = O T g
2 o T
S 20 S 201 v
@ o]
|I T = Lt O ) /
P g gL Ty
104 o oo P ey 104 000 o N
e I e e e —
0 T T T T T T 0 T T T T T T
0 5 10 15 20 25  pure 0 5 10 15 20 25  pure
. E mucin . 1 mucin
[Mucin], mg.mL* [Mucin], mg.mL
504 C
40 .
—x—X /
X O Secondary structure:
= 304 T, = —+— B-sheet
o 4\*\},} A —s— intermolecular bonding b-sheet
g 204 o i et —¥— intramolecular bonding or extended chain
° * —e— random chain
= —
L . om\/v\v\v/v\v - -0~ a-helix
104
-0 o g e -2
0 T T T T T T
0 5 10 15 20 25 pure
[Mucin], mg.mL* mucin

Figure 7.16.Secondary structure distribution of the Aiers-mucin ), the Akg-mers-mucinB) and
the aluminium hydroxide-mucirC) mixtures against the concentration of the protigitermined by

ATR-FTIR. Standard deviations errors obtained frata collection in triplicate were within + 2.8 %.
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7. Insight into structural transition and compdgion of mucin in the presence of aluminium species

In the presence of aluminium species, the intracudée bonding or extended chain structures were
either the most numerous from the beginning of maadition in the mixtures as in the case of the
aluminium hydroxide-containing samples, or becahgemost significant after additions of 12.5 or 5
mg.mL* of protein to the Ak-mers and Alrmers solutions respectively. Upon increase of the
concentration of mucin, the fractions of tBesheet and the intermolecular bonded conformations
decreased while an increase of the fraction ofabeelices was observed. The presence ofcthe
helices was limited for the aluminium polycationstems and more pronounced for the aluminium
hydroxide samples. The random chain organisatios iwsensitive to the presence of aluminium and
its fraction was stable in the protein. These okmens supported the interpretations of the DLS
results. Due to the decrease of the intermoleddading, oligomerisation of the protein was inteblit
The important quantity of intramolecular bondinggested that the presence and the complexation of
the aluminium species with mucin favoured the fdfaraof compact structures such @shelices at

the expense @-sheets.

The conformation of mucin was subsequently analygethe KBr transmission method. Similarly to
the procedure performed for ATR-FTIR analysis, theectra collected by KBr transmission
spectroscopy were peak fitted and their integratiane provided secondary structure distribution

within the samples. The distribution diagrams a&m@esented in Figure (7.17).
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Figure 7.17.Secondary structure distribution of the pure mseimplesA), the Als-mers-mucin ),
the Akg-mers-mucinB) and the aluminium hydroxide-muci@) mixtures against the concentration of
the protein determined by KBr transmission. Staddbaviations errors obtained from data collection

in triplicate were within + 3.1 %.
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In its native conformation, mucin is mainly madeimtfamolecular bonding and organisedBisheet
structures. Addition of aluminium species did nobdifly that general trend notwithstanding the
occurrence of a combination of electrostatic irtBoms, covalent linkages and hydrogen bonding
between aluminium and the protein. Increase ofciecentration of mucin in the samples did not
change the proportion of each secondary strucBireding of aluminium to mucin led to structural
stabilisation of the host protein. Furthermore, tmmformation of mucin was aluminium species-
independent because no real difference was evidebeéween the different aluminium species
employed on the secondary structure distribution.

The importance of intramolecular interactions im thluminium-containing samples was likely to
facilitate polymer chain entanglement and was resjpde for the higher value of random chain
organisation. Although the intramolecular bondingswet present in pure mucin samples, the absence
of complexation with aluminium species within ther@ mucin solutions may explain the lower

fraction of random chain structures in those sasiple

The results obtained with both infrared spectroscéogchniques were next compared. Figure (7.18)

expresses it.
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Figure 7.18.Comparison of the secondary structure distributibthe aluminium (0.15 mol:t)-mucin
25 mg.mL* mixtures determined by ATR-FTIR and KBr transmissio

The infrared spectroscopic data of the aluminiuneimunaterials summarised in the above figure,

demonstrated that the ATR spectra were not iddrtbdaansmission spectra.

The mucin native conformation was organised intauech more compact structure when analyzed by
KBr transmission than by ATR-FTIR. Although bothrgaling techniques featured high intermolecular
bonding content, the fraction of random chains mase prominent with the KBr transmission analysis
than with the ATR-FTIR one.

The difference stated can be related to the sarppéparation. The quality of transmittance
measurements could have been adversely affectdtelsample preparation, step which is not required
for ATR-FTIR analysis.

7.7. SEM observations
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7. Insight into structural transition and compdgion of mucin in the presence of aluminium species

The solid products obtained by freeze-drying ofioxas Al species-mucin samples were subjected to
SEM analysis. By increasing the mucin concentrafiom 2.5 to 25 mg.mt in the samples, the SEM
morphology of the solutions evolved from dispersetall spheres to stacked sheet structures covered
with scattered spheres (Figure (7.19)). The condtion of the mucin obtained from the infrared
spectroscopic data showed an increase of the giopaf the intramolecular interactions within the
protein itself upon increase of the concentratiérthe protein. The increase of the intramolecular
interactions can have affected the structure ofpilne protein and caused the formation of stacked

sheets.

10um

Figure 7.19.SEM images of the pure mucin solutions at 2.52Hchg.mL" mucin concentration
centrifuged at 3000 rpm for 30 min and freeze-dp&dr to observation.

In the case of pure ;¢¢mer (Figure (7.20)), the freeze-dried materialisorganized on the micrometer
level. Once in the presence of mucin, the polycafarmed smaller sized structures. The samples
containing Alsmers changed progressively until finally they diteid small and spherical
configurations. Carbon, oxygen and aluminium wemgoumly observed in the sample at the highest

mucin concentration as revealed by their elemenggdping.
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Figure 7.20.SEM pictures of aluminium-mucin hybrid materialgepared by freeze-drying from Al
mers with various mucin amounts. &,((b), (c) are represented the elemental mapping of the same

region than in the 25 mg.miLhybrid material using respectively @K, OKa; and AlK o, energies.

A similar picture to the one drawn for the;Atontaining samples was observed for thg-Aler-based
materials (Figure (7.21)). Freeze-drying of purgeAher solutions led to structures heterogeneous in
shape. As mucin concentration increased, sphers umiform sizes about micron size in diameter
were prevalent. The dense assemblies observedtialtiminium polycation-mucin solutions can be
explained based on the conclusions obtained frdnargd spectroscopy. We saw that electrostatic
interactions occurring between the aluminium syseaied the protein favoured the folding of the mucin
into a more compadai-helical pattern. The condensed helical confornmati@y justify the formation

of the spherical structures. Again, the elementappng of carbon, oxygen and aluminium exposed

their uniform incorporation in the aluminium-mu@ssemblies.

10 pum

Figure 7.21.SEM pictures of aluminium-mucin hybrid materialgepared by freeze-drying from £
mers with various mucin amounts. &),((b), (c) are represented the elemental mapping of the same

region than in the 25 mg.rﬁLhybrid material using respectively @K,, OKa,; and AlK a; energies.
The presence of mucin also modified the morpholoigthe aluminium hydroxide-containing samples,

Figure (7.22). From small spheres, the aluminiundrbyide particles organised themselves into

aluminium-mucin heterostructures.
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10 pum

Figure 7.22.SEM pictures of aluminium-mucin hybrid materialgpared by freeze-drying from Al
hydroxide with various mucin amounts. &,((b), (c) are represented the elemental mapping of the
same region than in the 25 mg.thhybrid material using respectively @k, OKa; and AlK o,

energies.

The initial small and spherical morphology of thkinainium hydroxides was identical to the
morphology of the samples resulting from the blafdaluminium polycations and mucin. SEM
observations made on samples prepared from alumipialycations supported the idea that increases
in mucin concentration led to partial transformataf polycations into aluminium hydroxide colloids.
The fact that the A and Akgsbased materials obtained by freeze-drying applgrevere soluble in
water over the whole mucin concentration range adag explained by either the relatively small
fraction, or the extremely fine size of the aluraimi hydroxide particles formed in both cases.
Summarizing the SEM observations of the morpholo§wluminium-mucin systems, the effect of
aluminium speciation was important. With increassime of aluminium species, the spherical shape of

the protein got organized into sheet-like structure

7.8. Conclusion

This study aimed to improve the understanding ef glelation behaviour of mucin induced by the
presence of different aluminium species. Here wecidee the use of infrared and nuclear magnetic
resonance spectroscopies and other physico-chetactatiques to investigate on the molecular-level,
the interactions between mucin and aluminium spgeciEhe contribution of the electrostatic

interactions among the aluminium-mucin complexesmém was confirmed as evidenced by
potentiometric titrations and DLS measurements.

The binding of aluminium species to mucin was fouadbring about transition of nativ@-sheet

structures to more compact organisation involvimgerimolecular bonding with the resultant

189



7. Insight into structural transition and compdgion of mucin in the presence of aluminium species

stabilisation of the protein as evidenced by DLSasweements and Fourier transform infrared
spectroscopy. The formation of small spheres inaleninium polycation-containing mixtures was
verified by SEM observations. In the case of themahium hydroxide systems, the conformational
change of the protein due to its complexation waompanied as demonstrated by SEM, with the
formation of sheet-like structures. The tendencynatin to gel in the presence of aluminium species

was the most pronounced with the aluminium hydrexadrticles.
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Part 8

Summary and Per spectives

8.1. Hydrolysis ratio and experimental parameters

The first part of the thesis was methodology-baseevas partly devoted to the preparation of the
ground floor materials for the latter part of th®jpct, the aluminium-biomolecule studies. Aftee th
determination of the speciation of four aluminiumference systems b¥/Al solution NMR, a
comparative study of three aluminium quantificatienhniques was performed. Though quantification
of aluminium concentration resulted in good comrsisy between gravimetry, spectrophotometric and
2'Al solution NMR techniques, NMR was preferred otre other techniques. The benefits of NMR lie
in its quick implementation and its ability to aeté speciation information unlike the two other
methods.

The specified aluminium reference systems synthdqAICkL, Al and Akgmers and Al(OH) were
used for fundamental studies of the phenomenagreggtion and gelation. Based on qualitative visual
observations of aluminium-gelling agent mixturen, absence of deprotonated sites on the gelling
agents appeared unfavourable to the establishmemuminium-ligand complexes. Beside, pH-
dependent gelling agents were found to be the destibilization agents of the aluminium systems.
These agents were able to produce gels, with tilgyabeing exploited later in the project. Getati
was also observed in highly basic solutions suchitisthe KsPO,-containing samples and some of the
Na,SiOs-containing samples. However, the use of thosetag®as to be avoided in order to maintain
the aluminium speciation in the samples.

Among the aluminium reference systems employedalim@inium hydroxide suspension was the most
prone to form a composite gel-like structure in gresence of gelling agents. Extrapolation of the
results to mixtures made of aluminium species aioghblecules suggested that negatively charged
functionalities such as carboxylate functions amel gide chains of certain amino acids (aspartid, aci
glutamic acid, etc.) present in biomolecules wdl/é the most important impact on their gelatiorhwit
aluminium species. We consequently assumed thamidies formed between aluminium and
biomolecules would be predominantly driven by elestatic interactions since the aluminium

polycations are highly positively charged and them@nium hydroxide colloids are also positively
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charged. Hydrogen bonding could also control theogation of new assemblies between aluminium
species and the biomolecules. To further obsergeirttricate relations existing between aluminium
species and ligands, the number of organic polytested as gelling agents could be extended. Rurthe
functionalities for potential co-gellant applicatowould be exposed.

Knowing that all of the aluminium species tested able to gel, the next section of work was
undertaken to explore the mechanisms leading t@ahgel transformation of aluminium ions into Al
(oxy) hydroxides and oxides in aqueous solutionptlicsue that aim, the effects caused by the additio
of a soft base, Trizma-base, to aluminium referesystems was investigated using a combination of
four complimentary techniques for monitoring pHndactivity, viscosity and parameters of ultrasound
(ultrasonic velocity and attenuation). The preseotk led to the generation of new kinetic data dbou
the gel formation process. pH measurements revélastdhe aluminium species present initially were
neutralised and converted first into monomeric ahinm ions. Upon increase of the hydrolysis rdtio

of the media, conductivity results demonstrated tha species started to condense into polynuclear
species. Fronm ~ 3, the Keggin and the aluminium molecular clissteere converted into Al (oxy)
hydroxides from the viscosity data. The event witsated by the aggregation of primary nuclei of Al
(oxy) hydroxides into larger clusters. Its furthéevelopment corresponds to the sol-gel transition
phenomenon that was characterised by the formatiameak gels as attested by ultrasonic titrations.
The variation of the differential ultrasonic attation measurements corroborated the successidre of t
events occurring during conversion of aluminiumsidnto Al (oxy) hydroxides. Furthermore, the
sequence of the sol-gel transition was dependantherinitially aluminium species present. Upon
further addition of base, the resulting gels sthitie dissolve and form smaller negatively charged
particles as well as aluminates as a final prodfidissolution under basic conditions. The findicgs

be extrapolated to the characterisation of collomtacesses in different metal-containing solutions
Additionally, the impact of variables such as terapgre or the presence of anions or ligands omg¢he
formation process could complement the conclusistablished here. The procedure followed here
could interestingly be applied to composite geloider for example to investigate the viscosity of

composite materials.

8.2. Gelation studies

A potentiometric method was developed and optimfsedhe determination of the formal hydrolysis
ratio h for the exhaustive and quantitative speciatiostfomation of aluminium in aqueous solutions.
The method uses the point of complete precipitatioaluminium hydroxide as a referenée=3.0) in
order to calculate the initial formal hydrolysidioaof aluminium hydrolytic species. Additional dat
processing of the first-derivative titration curweas performed by peak-fitting. Peak-fitting waedis
to refine the position of the inflexion points am$olve overlapping inflexions better. Several sohs

of pure hydrolytic species including aluminium mamers (AICE), Aljs-mers, Abysmers and
aluminium hydroxide particles were used as ‘refeeerstandards’ to validate the proposed
potentiometric method. Other important variableshim potentiometric determination of the hydrolysis

ratio have also been optimised including the cotraéion of aluminium.
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In the presence of aluminium reference systemsebd4 mol.[}, there is a problem of assigning the
major inflexion point K = 3.0) which arises from higher local pH gradier¥treover, the use of
concentrations higher than 0.012 méi jirovided underestimated values of the formal hlydis ratio

of the systems. The use of high aluminium concéntra during the course of titrations can also lead
to the formation of a gel as already discusseténprevious section. The optimum range of aluminium
concentrations for the titrimetric determinationtloé formal hydrolysis ratio was found to be betwee
0.004 and 0.012 mol'L

The type and strength of alkali (Trizma-base,,8H, NaHCQ, NaCOs;and KOH) employed for the
titrations had an effect on the pH-metric determidgraof the ‘formal’ hydrolysis ratio. On the basié
the comparison of five different alkalis, the optim window of alkali strength for the determinatiafn
the ‘formal’ hydrolysis ratio of Al species in sdilon is in the range of 8.8 pK, < 10.4 €.g. Trizma,
NH4OH or NaCQ0s). The conclusions were corroborated by referenaleies obtained fronf’Al
solution NMR measurements. Once the parameterBeopotentiometric method were optimised, the
determination of the “formal’ hydrolysis ratio wasoss-verified using quantitativéAl solution NMR.
The absence of major difference between the pateetiric and the spectroscopic techniques in the
determination ofh, proved the robustness of our method. Finally, tihethod appeared to be an
accurate and easy technique in its implementatioiistrated by its use in the determination & th

‘formal’ hydrolysis ratio of a commercial samplelmdsic aluminium chloride.

From the results discussed above, the developeshfimmetric method is an excellent route to the
qualitative analysis of aluminium-containing satuts due to its low cost, relative ease and good
control over reaction factors. Unlike withAl solution NMR, by using potentiometry, it is pdsie to

calculate the aluminium speciation of an aluminiiams solution which contains an insoluble phase

(e.g. aluminium hydroxide).
8.3. Interactions of aluminium species with biomolecules

In the final part, a thorough study of aluminiunmmiolecule systems was undertaken. Experiments
consisted of mixing together a pure aluminium refee system with varying amounts of a
biomolecule. Four aluminium-containing systems wamrgloyed: aluminium monomers (AKEI Al
mers, Akg-mers and aluminium hydroxide particles while thi@eligands were tested: lactic acid,
lysozyme and mucin. The choice of the biomolecwes based on their different physico-chemical
properties and their occurrence in the human bt composition and formation mechanisms of
these materials have been investigated using \arigalution and solid-state characterization
techniques. The study of aluminium-biomolecule agsges made it possible to highlight and

characterise new bio-materials.
In the first study, lactic acid, a strongly bindiligand, was used. Lactic acid, due to its acidityke

down all the aluminium reference systems testem ahiminium monomerby acidic hydrolysis. After

ageing, aluminium-lactate compounds were formedvéen the biomolecule and the resulting
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aluminium hydrolysed products. The existence oflateecomplexes was evidenced Bpl and *H
solution NMR spectroscopies and KBr transmissidraned spectroscopy of the solid products.
Alis-mers, Agrmers and aluminium hydroxide particles were thestm@sponsive species to the
presence of lactic acid. However, aluminium-lactagéohybrid materials were detected with all the
aluminium systems employed. Some of these chelateplexes were mono-coordinated while the
majority contained lactic acid acting as a bidentifand.

Lactic acid is a chelator of Alions. It can be used in biological systems to nesrabnormal by high
concentrations of aluminium from the body. The atief agent forms a water soluble chemically inert

form, the chelate, which will enter the bloodstreamd be excreted harmlessly.

The second biomolecule employed as a ligand, waesi globular protein, lysozyme. The evolution
of both the inorganic and biomolecular phases veaspared with results of previous studies focusing
on interactions of aluminium species with bovineuse aloumin (BSA). For both BSA and lysozyme,
the assembly of A} and Ak, with the proteins led to the formation of hybridesies observable by
means of dynamic light scattering (particle sizpesior to both pure aluminium species and pure
protein particle sizes) and zeta potential measentésn(potential stabilising to the value of the fiyb
species upon increase in protein concentrationgciip charge-stabilised bioinorganic assemblies
involving aluminium species and lysozyme were obserto form in contrast to the gel like structure
formed on interaction of BSA with aluminium speci@e chemical and structural alterations of the
two proteins on interaction with the inorganic spsowere investigated using infrared spectroscopy
(secondary structure determination and 2D coralasipectroscopy) and showed that the interactions
involve mostly acidic surface groups (Asp, Gluyotigh strong complexation and deprotonation in the
case of BSA interactions with Aland Ak, through hydrogen bonding in the case of lysozyme
interactions with the same species, and also thrdwygirogen bonding in the presence of aluminium

hydroxide particles.

The last compound tested was mucin, a protein wiidiound in the dynamic, interactive mucosal
defensive system of the human body. The mucin mtdewith isoelectric point at pH ~ 4.79-6.24
represents a very weak polyacid showing a rangacadities and, therefore, an inhomogeneous
distribution of negative charges. Thus, for mostesastudied, the interaction between mucin and
positively charged aluminium polycations or alumimi hydroxide nanoparticles will be predominantly
electrostatic. Such interactions presumably leacbt@rage of mucin molecules by smaller aluminium
polycations.

The resulting aluminium-mucin complexes were chiariged by a gel-like structure. The binding of
aluminium species to mucin was found to bring atetriansition of nativ@-sheet structures to more
compact organisation involving intermolecular bamgivith the resultant stabilisation of the protasm
evidenced by DLS measurements and Fourier transfdrared spectroscopy.

The re-organisation of the new assemblies was wbdean the form of small spheres by SEM in the

case of the systems made initially of aluminiumypations. Interesting curved sheeted morphology
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materials were obtained from aluminium hydroxideemusystems, which will require further

characterisation including mechanical testing.

The objective of scrutinising the effects of alumin species on the structures of biomolecules of
different properties was achieved. The present Wedkto the generation of new morphological data
about the interactions occurring between aluminpotynuclear and hydroxide species and different
biomolecules. For the first time, conformationalalses were performed on a wide range of
aluminium species and biomolecules. The isoelegdmt of the ligand seemed to have the most
important influence on the formation of new confatimnal assemblies. The advancements brought

about by the conformational studies will enable tmenagine new bio-related materials.
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