Chapter 15
Silica and Alumina Nanophases: Natural
Processes and Industrial Applications

Dominique J. Tobler, Tomasz M. Stawski, and Liane G. Benning

15.1 Introduction

Silicon (Si), aluminium (Al) and oxygen (O) are the three most abundant elements
in the Earth’s crust. The oxides these elements form constitute the main building
block for silicate minerals, and they are most often the end member oxides in rock
weathering processes. Due to their ubiquity, the variety of polymorphs they form,
each unique in structure, property and reactivity, they are among the most useful
natural materials.

Silica, usually denoted as SiO,, can crystallise in many different crystal systems,
forming a variety of polymorphs with stabilities governed by variable pressure
and temperature conditions (Heaney et al. 1994). Among these, quartz is the most
common and most stable form of SiO,. When dissolved, the amount of silica
in natural water is controlled by physicochemical parameters that are linked to
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water—rock interactions (e.g. weathering) or biomineral growth (e.g. diatoms or
radiolarians). These can vary significantly between different natural environments,
e.g. 100 ppb in seawater to >1000 ppm in near-boiling pressurised geothermal
waters. At Earth surface conditions, when SiO, levels become supersaturated, silica
precipitates as an amorphous phase. Such amorphous silica, often referred to as
opal-A, has a local structural coherence smaller than 20 A, and its solubility, density,
hardness and composition (e.g. water content can vary between 1 and 15 %) are
highly dependent on precipitation conditions (Perry and Keeling-Tucker 2000).
Yet, over time opal-A is unstable and gradually transforms into more crystalline
phases and eventually to quartz. The time scale for this transformation process is
highly dependent on the physicochemical conditions (i.e. temperature, pressure, pH
conditions) (Williams and Crerar 1985) and can take tens of thousands of years
(Herdianita et al. 2000).

The alumina system (Al,O3—H,O) is notoriously more complicated, with dif-
ferent polymorphs forming under different temperature and pressure conditions
but also at different solution pH. Aqueous AI’t oxy-species (i.e. the aluminates)
form as products of aqueous dissolution of aluminosilicates (which make up ~75 %
of the Earth’s crust) or of simpler AI(OH)3;, AIOOH and Al,O3 phases, with the
highest dissolution rates occurring at acidic and alkaline conditions. In solutions
supersaturated with regard to aluminate, typically only Al(OH); and AIOOH
phases precipitate, whereas Al,O3; or complex aluminosilicate phases are kinetically
inhibited and usually only form at higher temperatures. In the pure alumina system,
about half a dozen of metastable oxide and oxyhydroxide polymorphs are known to
exist, and these only transform at >1000 °C to the thermodynamically stable trigonal
corundum (a-Al,O3). For a full review, see Levin and Brandon 1998 and references
therein.

In both the Si and Al systems, the formation of amorphous and (micro)crystalline
phases is preceded by hydrolysis and condensation reactions leading to various
mono-, di- or polynuclear species (Iler 1979; Brinker and Scherer 1990). In the silica
system, solution speciation (Fig. 15.1a) and the type and abundance of polynuclear
silica species do not affect polymorph selection, although they are believed to
influence the formation kinetics (Iler 1979; Rothbaum and Rohde 1979; Belton
et al. 2012). In contrast, the versatility of hydrolysed alumina species (Fig. 15.1b)
and the polynuclear complexes it forms, most likely affects alumina polymorph
selection (Wefers and Misra 1987; Casey 2006; Sipos 2009). In this chapter, we
review the current knowledge on the mechanisms and kinetics of polymerisation
and precipitation for these two systems. For simplicity, they will be discussed
separately, first focusing on the silica system, considering both processes in natural
waters and industrial applications. For the alumina system, we will take into account
the amphoteric character of the solid phases, and the precipitation process will be
discussed separately for acidic and alkaline solutions.
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Fig. 15.1 Partial speciation diagrams of dissolved silica (a) and alumina (b) as a function of pH at
25 °C and 1 atm (Printed with permission from Elsevier from Dietzel (2000) for silica and Panias
et al. (2001) for alumina)

15.2 Silica in Natural Waters

Silica polymerisation and the subsequent precipitation of silica occur in many mod-
ern terrestrial environments (e.g. hot springs, brines, marine sediments, rivers), and
these processes are critical to a variety of processes including sinter formation, silica
diagenesis and biosilicification (e.g. diatoms, sponges and plants) (Pancost et al.
2005; Perry and Keeling-Tucker 2000; Tobler et al. 2008), as well as the transport
and fate of nutrients and contaminants, with silica nanoparticles acting as adsorbents
or mobile carriers (Ryan and Elimelech 1996). Silica also played an important role
in ancient geological settings; for example, most Archean fossils were preserved
in silica cherts (Westall and Walsh 2000). Furthermore, such processes were likely
also crucial in the formation of silica-rich deposits on Mars (Squyres et al. 2008) or
on other extraterrestrial bodies with the recent discovery of silica-rich nanoparticles
ejected from Enceladus, Saturn’s sixth largest moon, pointing towards subsurface
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hydrothermal processes (Hsu et al. 2015). The formation of silica in natural waters
can also be a nuisance to industrial facilities and equipment, for example, during
geothermal power extractions or in water treatment systems, where silica scaling
and fouling can greatly reduce performance (Gunnarsson and Arnorsson 2005).

15.2.1 Silica Chemistry

In most natural waters, the silicate ion is usually present as orthosilicic acid,
Si(OH)4, a weakly acidic molecule (pKa 9.8), with the Si atom tetrahedrally
coordinated to four hydroxyl groups. Orthosilicic acid remains stable as long as
its concentration is below the solubility of amorphous hydrated silica (~110-
120 ppm at 25 °C; Gunnarsson and Arnorsson 2000). Silica solubility is affected
by several parameters, including pH, SiO, concentration, temperature, pressure
and the presence of other ions, small molecules and polymers (Alexander 1954;
Iler 1979; Rothbaum and Rohde 1979; Marshall and Chen 1982; Perry and
Keeling-Tucker 2000; Gunnarsson and Arnorsson 2005; Patwardhan 2011). At
the near-neutral pH of many natural waters, silica solubility is at its minimum,
while it rapidly increases at pH values above 9, with orthosilicic acid becoming
increasingly ionised (Fig. 15.1a). In acidic waters (pH < 3), the silica solubility is
only slightly increased and silica polymerisation rates are at their lowest. Despite
some discrepancy between reported solubility data, SiO; solubility increases with
increasing temperature and/or pressure, while it generally decreases with an increase
in ionic strength (IS). Naturally, IS favours the dissociation of acids, which in
turn may enhance SiO, solubility (Fig. 15.1a), but likely this will only affect the
solubility at pH close to the pKa. The lack of such data hinders a more thorough
discussion on IS effects. The effects of inorganic and organic additives on silica
solubility and polymerisation are highly variable, and the extent and the pathways
in which they affect silica formation are still poorly quantified, but good insights
can be found in Iler (1979) and Patwardhan (2011).

In solutions supersaturated with respect to amorphous silica, orthosilicic acid
undergoes condensation reactions via the coalescence of orthosilicic acid molecules
and the concurrent release of water:

Si(OH), + Si(OH), <> (HO);Si ~0-Si(OH); + H,0

Further oligomerisation leads to the formation of trimers, tetramers, cyclic species
and other polynuclear entities, thereby maximising the number of Si—O-Si bonds.
Under most experimental conditions, the orthosilicic acid remains the dominant
dissolved silica species (Icopini et al. 2005), while the composition and abundance
of oligomers are primarily governed by pH and SiO, concentration but also temper-
ature, ionic strength and the presence of other cations (Belton et al. 2012). These
polynuclear species undergo condensation and dissolution processes up to a point
where a critical cluster size is reached, and cluster growth becomes more likely than
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cluster dissolution. This is also termed the nucleation barrier. Once reached, it leads
to the formation of three-dimensional, internally condensed and highly hydrated
silica nuclei, a few nanometres in size (Iler 1979). These nuclei can grow through
monomer addition and/or through particle aggregation/coalescence (discussed in
Sect. 15.2.2) and interact with the biochemical environment in which silica will
be deposited. Overall, silica precipitates forming in surface waters are mostly
amorphous (i.e. opal-A) and not affected by oligomer type or abundance (contrary to
the alumina system, see Sect. 15.4). However, in some studies, silica precipitation
rate laws have been inferred as being a consequence of polymerisation of certain
oligomers (e.g. a fourth-order reaction corresponding to tetramer condensation)
(Rothbaum and Rohde 1979). This is further discussed in the next section where
the current understanding of silica formation mechanisms and kinetics is presented.

15.2.2 Silica Formation

The mechanisms of silica polymerisation and silica nanoparticle formation in
natural systems have been widely investigated in both laboratory (Alexander 1954;
Iler 1979; Carroll et al. 1998, 2007; Tobler et al. 2009; Tobler and Benning 2013;
Kley et al. 2014) and field settings (Carroll et al. 1998; Mountain et al. 2003;
Tobler et al. 2008; Meier et al. 2014), as well as through computational approaches
(Noguera et al. 2015). Silica polymerisation and silica nanoparticle formation are
generally described by a three-stage process where (1) silica polymerisation and
nucleation of silica nanospheres are followed by (2) particle growth via accretion of
silica monomers/oligomers and/or by Ostwald ripening and (3) particle aggregation.

In most natural waters (i.e. pH > 3), silica nanoparticles carry a negative charge,
which becomes more negative with an increase in solution pH and/or ionic strength
(Kobayashi et al. 2005; Barisik et al. 2014). This is explained by the deprotonation
of surface silane groups as pH increases and a decrease in surface HT concentration
with increasing ionic strength. Barisik et al. further observed that for particles with
diameters < 100 nm, the negative surface charge increases with a decrease in particle
size (Barisik et al. 2014). The higher the negative charge of the silica nanoparticles,
the more likely it is that they remain in suspension (because of the electrostatic
repulsion) and can get transported with the water flow. However, in most natural
waters, silica nanoparticles are not stable within the polymerising solution and
they aggregate into dense 3D networks. This is mostly due to IS effects, i.e. the
presence of charged species (e.g. coagulating cations such as Fe?*3% or AI*Y) or
of “sticky” organic molecules (e.g. polysaccharides) that reduce and even neutralise
the negative surface charge (Iler 1979; Perry and Keeling-Tucker 2000; Benning
et al. 2005).

Early studies estimated the size of the first silica nanoparticles forming within
the polymerising solution to be around 2-3 nm (Iler 1979). This was confirmed
and visualised through atomic force microscopy analyses (Conrad et al. 2007).
More recently, advances in scattering methods have made it possible to follow
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Fig. 15.2 (a) Initial steps of silica nanoparticle formation from supersaturated silica solutions
monitored by SAXS (640 ppm SiO,, IS =0.22, pH = 7). Homogeneous nucleation followed by
initial fast particle growth concomitant with the decrease in molybdate-reactive silica, [SiOz(aq)]
(modified after (Tobler et al. 2009). (b) Silica nanoparticle size distribution in polymerising
solutions for two different ageing times (1600 ppm SiO,, IS = 0.22, modified after Tobler et al.
(2009)). (¢) Decrease in monomeric silica and (d) concomitant growth of silica nanoparticles in
solutions with varying initial silica concentrations as indicated (pH = 7; modified after Kley et al.
(2014))

in situ and in a time-resolved manner the formation of silica nanoparticles from
a polymerising solution. In Tobler et al. (2009), we combined synchrotron radiation
small-angle X-ray scattering (SAXS) (Stawski and Benning 2013) and dynamic
light scattering (DLS) flow-through experiments with (cryo)electron microscopy
and monitored in situ the formation of silica nanoparticles from polymerising
solutions where supersaturation was induced by a pH drop from about 12 to 7.
These particles grew from 3 nm to approximately 8 nm, which was mirrored by
a fast decrease in the orthosilicic acid concentration in solution (Fig. 15.2a, b).
The size of the silica nanoparticles after 3h of polymerisation was not greatly
affected by the tested silica concentrations (640 and 1600 ppm SiO,) and ionic
strengths (IS = 0.02-0.22), while particle aggregation initiated considerably earlier
at higher SiO, concentrations and IS. Kley et al. (2014) followed a similar approach,
employing both static and dynamic light scattering to monitor silica nanoparticle
formation in pH-induced silica polymerising solutions at a wider range of SiO,
concentrations (350-3000 ppm) and at two pH regimes (7 and 8). They showed that
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the particle density increased and the final particle size decreased with increasing
silica content (Fig. 15.2¢, d) and pH, as expected from classical nucleation and
growth theory. Similar to the work reported in Tobler et al. (2009), Kley et al.
found that particle aggregation quickly set in at high SiO, concentrations and that
at pH 7 aggregation was more enhanced than at pH 8 (Kley et al. 2014). They
explained this as a consequence of an increase in negative surface charge on silica
particles with increasing pH and with decreasing size and suggested that this leads
to repulsive forces, inhibiting particle aggregation (Barisik et al. 2014; Kley et al.
2014). In an attempt to better mimic natural processes, where silica polymerisation
and silica nanoparticle formation are the result of cooling (often extremely fast) of a
high-temperature, silica-supersaturated near-neutral fluid to ambient (geothermal)
or low temperatures (deep sea), we employed an approach similar to that used
in Tobler et al. (2009) but used a high-temperature flow-through experimental
system to monitor silica nanoparticle formation in temperature-induced silica
polymerising solutions (Tobler and Benning 2013). Our results revealed that the rate
at which silica nanoparticles formed was substantially lower (around 50 %) when
polymerisation was induced by fast cooling as opposed to pH change (both systems
having identical initial solution composition, i.e. [SiO,]). This was evidenced by
the occurrence of a lag time in the onset of particle growth, the formation of larger
critical nuclei and the absence of particle aggregation in the temperature-induced
experiments. This retardation in silica formation is explained by the differences in
time to establish supersaturation: the radical change in pH (<30 s) imposed a faster
attainment of supersaturated conditions compared to the slower (2—-3 min) and more
gradual change in T.

Although there are some differences in measured particle sizes and particle
growth profiles between these three in situ studies (Fig. 15.2), they do however
agree in the mechanistic interpretation of silica nanoparticle formation with silica
polymerisation leading to the formation of condensed critical nuclei, which grow
by addition of monomers according to classical growth theory up to the point where
silica solubility is reached and/or particle aggregation sets in (Fig. 15.2a). Ostwald
ripening has been suggested to be an important growth mechanism during the late
stages of silica particle growth (Iler 1979; Perry and Keeling-Tucker 2000); however
this process could not be identified at the conditions tested in these studies. Ostwald
ripening seems particularly unlikely at higher SiO, concentrations (>1000 ppm
Si0,), where particle aggregation quickly follows particle growth.

Several studies have observed the occurrence of a lag time (i.e. induction period),
where no silica polymerisation and particles are detected (i.e. no significant X-
ray/light scattering above background), although at the start of these experiments,
the experimental solutions were already at maximum supersaturation (Rothbaum
and Rohde 1979; Tobler and Benning 2013; Kley et al. 2014). The length of this
induction period is controlled by the same factors that determine silica solubility
(i.e. T, pH, IS and [SiO;]), and it decreases with an increase in silica supersaturation
(Iler 1979; Rothbaum and Rohde 1979; Gunnarsson and Arnorsson 2005; Conrad
et al. 2007). It is generally accepted that induction periods, recently also described
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as supersaturation plateaus (Noguera et al. 2015), represent the time during which
larger polymeric cluster structures and/or particles form and dissolve again (Perry
and Keeling-Tucker 2000), in agreement with classical nucleation theory. Such large
structures could be similar to the pre-nucleation clusters suggested for other mineral
systems (e.g. CaCOs; De Yoreo et al. 2017, Chap. 1). In both the silica and calcium
carbonate systems, particle nucleation likely occurs once such cluster structures
become dense enough to form the first solid particle.

This shows that despite the extensive research carried out in this field, there
are still a few gaps in the molecular-level mechanistic understanding of the
nucleation and growth of primary silica particles in natural aqueous solution. This
is further illustrated by the variety of kinetic models that have been derived from
measurements of the time-dependent decrease in orthosilicic acid concentration
or silica nanoparticle growth profiles, with reaction orders ranging between 1
and 6 (Tobler et al. 2009; Tobler and Benning 2013; Kley et al. 2014; Noguera
et al. 2015) and with varying dependencies on, for example, pH, [SiO,], particle
surface area or oligomer type. Due to the massive interest of industry in the
production of monodisperse silica nanoparticle, the bulk of the research has focused
on the mechanistic and kinetic understanding of silica nanoparticles synthesised
using organosilanes as a precursor (see Sect. 15.2.3). However, differences in the
formation process may prevent the resulting models from being applied to inorganic
natural systems.

15.2.3 Silica for Industrial Applications

Silica nanoparticles are highly desirable materials for industrial applications (e.g.
electronics, biotechnology, catalysis, water purification and chromatography)
because of their specific structural properties (e.g. swelling capacity, strength,
durability, thermal stability, dielectric properties) (Ab Rahman and Padavettan
2012; Hench and West 1990; Bagwe et al. 2006; Wang et al. 2008). In natural
waters, silica is formed from an inorganic building block, i.e. orthosilicic acid,
while most synthetic silica nanoparticles are produced through the hydrolysis
and condensation of alkoxysilanes, for example, tetraethoxysilane (TEOS) and
tetramethoxysilane (TMOS). Highly monodisperse, spherical silica particles have
been obtained through the so-called Stober method (the base catalysed hydrolysis
and condensation of alkoxysilanes in low-molecular-weight alcohols) (Stober et al.
1968), but other processes such as the diffusion of alkoxysilanes into a stirred
aqueous solution of lysine have also been investigated (Yokoi et al. 2006). In
aqueous solutions with acidic or basic catalysts, alkoxyl groups are hydrolysed to
form silanol groups and alcohol. The condensation between silanol groups (Si—OH)
or between silanol and alkoxides (Si—OR) group creates siloxane bridges (Si—O-Si).
These processes are affected by the type of alkoxysilane, the nature and composition
of solvent and catalyst, temperature, pH, as well as reactant mixing procedures (Ab
Rahman and Padavettan 2012; Besselink et al. 2013), which can be tuned to
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produce specific particle sizes and distributions. Silica nanoparticles prepared with
alkoxysilanes have much smoother surfaces compared to silica particles formed
by the condensation of orthosilicic acid in water. This is argued to be due to the
reversible exchange of alkoxyl (Si—-OR) and hydroxyl (Si—-OH) groups, thereby
creating a relaxation mechanism for further smoothening, while condensation of
orthosilicic acid produces fixed Si—O—Si bonds (Carcouet et al. 2014).

The formation conditions for industrial silica nanoparticles greatly differ from
those in nature, thus the reaction kinetics and mechanisms, to form highly size-
controlled, smooth and monodispersed silica nanoparticles during the hydrolysis
and condensation of alkoxysilanes, naturally deviate from those that occur in nature
(Sect. 15.2.2). However, there are quite a few similarities discussed below. Scatter-
ing and spectroscopy techniques combined with (cryogenic) electron microscopy
and molecular modelling have provided evidence that silica polymers with an open
fractal structure are the early species, which, once sufficient levels of supersaturation
are reached, transform into a dense sphere, with a size of approximately 2 nm
(Boukari et al. 2000; Green et al. 2003; Fouilloux et al. 2011; Carcouet et al.
2014). However, there is still debate on the mechanistic steps that lead to the
monodispersed mature particles formed during the hydrolysis and condensation of
alkoxysilanes, possibly also because of the large number of parameters that impact
these processes (i.e. type and concentration of alkoxysilane, solvent and catalyst,
mixing procedure, etc.). Similar to silica nanoparticle formation in natural systems,
growth by monomer addition (classical growth theory) has been a suggested mech-
anism (Matsoukas and Gulari 1989). Several studies have argued, however, that the
observed particle growth trends could also be explained by particle aggregation
(Bogush and Zukoski 1991). In the monomer addition model, nucleation occurs
in the initial stages leading to the formation of a set number of nuclei, which then
grow by the addition of hydrolysed monomers. On the other hand, in the aggregation
model, nucleation occurs continuously throughout the reaction, producing nuclei of
a certain size, which first aggregate to form larger particles and then grow by further
addition of the primary nuclei. A recent study combining high-resolution cryogenic
transmission electron microscopy (TEM) with 2°Si magic angle spinning (MAS)
nuclear magnetic resonance (NMR) gives convincing evidence of the formation of
monodisperse silica nanoparticles through the aggregation of uniform 2.3 nm sized
primary particles to larger (>10 nm) units (Fig. 15.3) (Carcouet et al. 2014). These
larger units grow by further addition of primary particles, which collapse upon
association from 2.3 nm in solution to about 1.3 nm when bound to an aggregate
(associated with the expulsion of water). They further showed that free primary
particles were present at all stages of particle growth (Fig. 15.3), which demonstrates
that nucleation occurs throughout the reaction. Further support for the aggregation
model comes from a seeded growth experiment (Bogush and Zukoski 1991),
where the decrease in orthosilicic acid concentration was unaffected by the number
density of particles, which suggested that particle growth did not occur via direct
condensation of monomers onto the particle surface. In the aggregation model,
the fast initial decrease in orthosilicic acid concentration (i.e. fast consumption of
monomers once the reaction is induced) is explained by the formation of ionised,
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Fig. 15.3 Schematic representation of silica nanoparticle formation mechanism modified after
Carcouet et al. (2014). Initial open structures densify to primary particles (Stage I; T1) that collapse
upon association into assemblies (Stage II; T2, T3). After association, no further new assemblies
are formed, and growth occurs via the addition of primary particles (Stage I1I; T4, arrows point at
a free primary particle)

open structures of low density that collapse to form primary particles. This leads to
a steady increase in particle density up to a point where these primary particles start
to aggregate into more stable assemblies, leading to a sharp decrease in particle
density. Following formation of these assemblies, the particle number remains
stable, and the decrease in orthosilicic acid concentration proceeds at a much lower
rate (producing new primary particles for growth through aggregation). Similarly,
Fouilloux et al. reported an initial fast increase in the particle number density up
to a plateau, where particle numbers remained constant, but particle growth still
occurred (Fouilloux et al. 2011). They argued that this result supports a mechanism
with two consecutive phases: (a) nucleation and growth and then followed by (b)
phase densification. However, as pointed out by Carcouet et al., it could also be that
primary particles with sizes lower than 3 nm were present but simply not visible by
the employed techniques of these previous studies (Carcouet et al. 2014). Also, the
usually observed plateau in particle number density occurring during the particle
growth process can be easily explained with the aggregation processes described
above.
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15.3 Alumina in Natural Waters and in Aqueous Industrial
Environments

Aluminium is contained in more than 250 different minerals, most noteworthy in
the form of common aluminosilicates (e.g. feldspars or clays) and the economically
important bauxite ore (mixed Al oxides and hydroxides). Rock weathering and soil
formation processes are to a large extent driven by the interaction of fluids with
rocks leading to the dissolution of these various phases containing Al. Similar to
silica nanoparticles, colloids in the alumina—water system control the cycling of
various species in natural waters by introducing a charged solid-liquid interface to
which a multitude of inorganic (e.g. phosphate, arsenic, lead, iron, chromium) and
organic (e.g. humic acid) compounds can adsorb (Kasprzyk-Hordern 2004). This
way alumina colloids are involved in cycling of anthropogenic pollutants in soils and
natural waters and have many applications in water treatment (Hu et al. 2006). Al-
containing compounds and their processing are also essential for various industries,
for example, metallurgy and welding, ceramic production, catalysis, electronics,
pharmaceutics, cosmetics, fire prevention, paint production, etc. (Wefers and Misra
1987; Levin and Brandon 1998).

The main difference between the alumina—water and silica—water systems is
that in the alumina system, there are a multitude of possible Al-oxyhydroxide
phases that can precipitate from solution. Typically, amorphous colloids form at the
beginning and then transform directly in solution to crystalline polymorphs (Wefers
and Misra 1987). It is generally accepted for the alumina system that the reaction
pathways and the products strongly depend on the Al speciation in solution. The
various aqueous AI’T oxy-species (i.e. the aluminates) form through dissolution
of amphoteric Al phases under acidic and alkaline conditions, as illustrated in
Fig. 15.1b. In natural waters, the precipitation of Al phases usually occurs through
the neutralisation of Al-rich acidic solutions (pH >3-4), while in industrial settings,
the neutralisation is most often from alkaline liquors (pH <9-10, i.e. the Bayer
process used for processing of bauxite ores). Unsurprisingly, due to the geochemical
and industrial importance of the alumina system, a substantial body of literature on
precipitation from solution as well as speciation of aqueous entities exists (e.g. see
the reviews by Wefers and Misra (1987), Swaddle et al. (1994), Casey (2006), Sipos
(2009) and references therein). Below we present a brief summary of the current
knowledge.

15.3.1 Solid Phases in the Alumina—Water System

The water—alumina system is characterised by a plethora of polymorphs, and thus
it is inevitable to consider first the possible solid products of precipitation from
the aluminate solutions. Excluding pure Al,O3 phases (since they typically do not
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precipitate from solution), these include (Wefers and Misra 1987; Ruan et al. 2001;
Kloprogge et al. 2006; Demichelis et al. 2009; Smith et al. 2013):

* Colloidal amorphous and gelatinous hydrated alumina(s) formed through con-
densation of aluminate complexes (Bale and Schmidt 1959; Petz 1968; Nail et al.
19764, b, c; Rousseaux et al. 2002) and including all nanometre-sized amorphous
oxides, hydroxides and oxyhydroxides.

* Poorly crystalline pseudo-spinel (Bradley and Hanna 1994) and pseudo-boehmite
structures formed through ageing of the amorphous phases mentioned above
and containing up to 30 wt% water with respect to the Al,O3 stoichiometry
(Tettenhorst and Hofmann 1980; Wefers and Misra 1987; Brinker and Scherer
1990). Further ageing of pseudo-boehmite leads to either trihydroxide(s) (at
T <~75 °C) or oxyhydroxide(s) (T >75°C) (Wefers and Misra 1987).

+ Crystalline Al-trihydroxides (AlI(OH)3), in which the APt is octahedrally
coordinated by OH™ groups, and each OH™ is bound to two cations with a vacant
third octahedron, thus forming neutral sheet structures (Demichelis et al. 2009).
The most studied AI(OH); phases are:

— Gibbsite, the most common and thermodynamically stable phase among
hydroxides in natural systems (major component in bauxite ore). Structurally
it contains OH™ ions in consequent and opposite layers with a sequence
arranged as {—AB-BA-AB-BA-...} in the direction perpendicular to the
layers — it means that OH™ ions of the adjacent groups are located directly
in front of each other (Fig. 15.4a) (Saalfeld and Wedde 1974).

— Bayerite, which crystallises under highly basic conditions during processing
of bauxites (i.e. the Bayer process). Its layers follow the sequence {—AB-AB-
...} —OH™ ions from one layer are shifted in respect to the previous one, so
that the ions from one layer fall into spaces in-between hydroxyls from the
neighbouring ones (Fig. 15.4a) (Rothbauer et al. 1967).

— Nordstrandite, which crystallises upon ageing of precipitates at mildly basic
conditions (pH ~ 7.5-9). Its structure follows the bayerite layer pattern, but
with oppositely located hydroxyl groups, hence yielding the sequence {—AB-
AB-BA-BA-. .. }(Fig. 15.4a) (Saalfeld and Jarchow 1968).

— Doyleite, only discovered recently (Caho et al. 1985), has a similar layer
stacking as bayerite (Fig. 15.4a), but the hydroxyls of the two consequent
double layers are located in intermediate positions between those of gibbsite
and nordstrandite (Demichelis et al. 2009).

* Al-oxyhydroxides (AIOOH) are composed of double layers, in which the primary
motif 2 AIOOH forms chains (Wefers and Misra 1987):

— Boehmite, precipitating upon neutralisation of aluminate solutions at elevated
temperatures, in which 2 AIOOH-based chains are arranged in a cubic packing
(Fig. 15.4a) (Christoph et al. 1979).

— Diaspore, in which the 2 AIOOH-based chains are arranged in a hexagonal
packing (Fig. 15.4a) (Busing and Levy 1958). This phase is typically found as
the product of weathering or high-temperature transformations (Keller 1978).
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Fig. 15.4 (a) Structures of aluminium oxy-hydroxide phases in octahedral representations. (b)
Simulated diffraction patterns of the same phases for the wavelength corresponding to Cu K.
Patterns and visualisations were generated from the structural information contained in the
following entries of the ICSD: gibbsite, 98-000-6162; bayerite, 98-002-6830; nordstrandite, 98-
003-4393; doyleite, 98-005-0581; boehmite, 98-003-6340; diaspore, 98-001-6768. Visualisations
and diffraction pattern simulations were prepared in VESTA 3 (Momma and Izumi 2011)
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These differences are translated into variations in the diffraction patterns
of the various crystalline phases (Fig. 15.4b), which show common structural
features among the trihydroxide group phases in more stark contrast to the
oxyhydroxides.

The Al speciation diagram in Fig. 15.1b clearly shows the precipitation region
for solid trihydroxides at pH ~4 to ~10. Precipitation has been shown to occur
during the neutralisation of the acidic and alkaline aluminate solutions and pro-
ceeds through a colloidal stage with possible polynuclear complex ions and their
condensation products, as will be explained in more detail in the sections below.
In both cases, an initially formed amorphous alumina gel eventually transforms
to pseudo-boehmite, which has fibrous and sheetlike morphologies. This pseudo-
boehmite only gradually crystallises to bayerite and gibbsite (Cesteros et al. 1999)
through the following sequence:

Colloidal amorphous or gelatinous alumina (s) — pseudo-spinel and pseudo-
boehmite — bayerite — gibbsite

The polymorphic sequence as well as the morphology and the size distribution of
the products depend strongly on the physicochemical conditions of the precipitation
and transformation reactions (Li et al. 2005a, b, 2011). Gibbsite and bayerite can
crystallise concurrently from aluminate solutions, yet this transformation depends
on chemical conditions and bayerite is also known to transform to gibbsite (Loh
et al. 2000; Li et al. 2005b, 2011). In strongly caustic environments and at tem-
peratures close to 100 °C, boehmite can form instead of trihydroxides (gibbsite or
bayerite) (Wefers and Misra 1987; Gong et al. 2003). The kinetics and mechanisms
for these polymorphic transformations between the various Al phases are still not
fully understood, partly because we lack knowledge of their stability field. Indeed,
gibbsite is regarded as the most stable phase because it is most common, but clear
evidence is missing. For more details, the reader is referred to the excellent reviews
and summaries found in Wefers and Misra (1987), Loh et al. (2000), Gong et al.
(2003), Li et al. (2005a) or Li et al. (2011).

15.3.1.1 Alumina Chemistry Under Acidic Conditions

The mechanism and products of acidic hydrolysis of AI’** have been extensively
studied using a wide variety of in situ and ex situ analytical techniques. These
include potentiometric titrations (Brosset et al. 1954; Nail et al. 1976a), 27Al NMR
(AKkitt et al. 1988; Akitt 1989; Casey 2006), SAXS (Rausch and Bale 1964; Bottero
et al. 1982) and X-ray diffraction (Johansson 1960; Hsu and Bates 1964; Rowsell
and Nazar 2000).

The process starts at pH <3 with an unhydrolysed, mononuclear [Al(H,0)¢]**
species, which with increasing pH hydrolyses according to the following idealised
equations (Brinker and Scherer 1990):
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[AI(H,0)¢** 4+ xH,0 — [AI(OH), (H,0),_, 1T + xH;0*

where x defines the extent of hydrolysis (i.e. the OH/Al ratio ranging from O to 3).

The further polycondensation of the so formed [AI(OH), (H,O),_,] =0+ species
and how these relate to the final solid Al-polymorphs have been extensively studied,
yet the mechanisms are still controversial (Bi et al. 2004 and references therein).
Essentially, two condensation mechanisms have been proposed: the “core-links” and
the “cagelike” models (Bi et al. 2004).

According to the “core-links” model, the condensation of hexameric
[Alg(OH) ,(H,0),,]°" rings or [Al;o(OH),,(H,0),4]*" double rings leads to
larger sheetlike structures. In this case, [Alsy(OH),,,]'"®t was proposed to be the
last species in the series, before the precipitation of a solid colloidal entity of the
[Al1(OH);], type takes place (Bi et al. 2004). These colloids are expected to exhibit
a local sheet-structure resembling that of the crystalline AI(OH); phases. This
model is primarily based on potentiometric titrations (Brosset et al. 1954; Stol et al.
1976) combined with X-ray diffraction analyses (Hsu and Bates 1964). Although
the “core-links” model explains well the various titration characteristics, it lacks
sufficient structural evidence for the proposed hexameric units and their consequent
condensation products.

On the other hand, the “cagelike” model considers the well-characterised tride-
camer [(AlOy4) A112(OH)24(H20)12]7+ complex ion (Johansson 1960; Johansson
et al. 1960) and other similar structures (Casey 2006) to be the actual primary
building units in the alumina system. These primary structures are thought to be
involved in the nucleation and growth of amorphous colloidal particles and their
transformation to various crystalline polymorphs (Bottero et al. 1987; Fu et al.
1991). The tridecamer unit is also known as the Keggin Al;3 structure, and it has
been shown that such units exhibit a very high stability (up to several years) (Casey
2006). The presence of the Keggin ion in aluminate solutions can be easily identified
through 2’ Al NMR, and this method has thus been the primary tool to study the
growth mechanisms and structures involving Keggin complex ions (Akitt 1989).
Similarly, the structure of another large Alj cation, [A13OOg(OH)56(H20)26]18+,
composed of two 8-Keggin units linked via four AlOg units (Fig. 15.5) has also
been revealed by 27Al NMR (Rowsell and Nazar 2000; Allouche et al. 2000; Casey
2006).

It is important to emphasise that depending on reaction conditions, the formation
of other polynuclear species has been predicted. However, due to physical limi-
tations of analytical tools (insufficient specificity allowing to distinguish various
AlOg-based species) such as the aforementioned >’ Al NMR, many of these species
have so far not been characterised or even identified (Casey 2006). Hence, results
from the experiments conducted under similar conditions are often interpreted by
using either the “core-links” or the “cagelike” model (see the next paragraph). There
have been attempts to consolidate the “core-links” and the “cagelike” models by
reinterpreting the various experimental data and creating a “continuous” model (Bi
et al. 2004). This unified model assumes that the polynuclear species transform
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dynamically through different intermediate stages, where the long-lived Keggin
complex ions form upon ageing (i.e. the ion is stable as long as pH or temperature
does not drastically change), but the validity of this combined model is still debated.

For instance, Nail et al. studied the early stages of amorphous alumina gel for-
mation from AICl; and Al,(SOy4)s solutions and postulated a mechanism in which
the evolution of polynuclear species to a solid colloidal precipitate was a stepwise
process leading to the condensation of hexamers (Nail et al. 1976a). Depending
on the original counter anion in the A>T solution, the colloidal precipitates were
suggested to be composed of ~10 six-membered rings for CI~ and only ~3 for
SO,4%~. Leetmaa et al. studied products forming under nearly identical conditions by
means of 2’ Al NMR and infrared/Raman spectroscopy (Leetmaa et al. 2014). Yet,
their data also revealed that the products were primarily composed of polynuclear
chains of highly distorted aluminium-based octahedra for the C1™ system and of
sulphate-stabilised Keggin Al;3 clusters for the SO4>~ system. Perry and Shafran
evaluated the optimum conditions for the formation of polynuclear Al complexes
and found that the neutralisation of AICI; and AI(NO3)3; by KOH and KHCOj; at low
ionic strengths favours the formation of Al;; clusters and larger polymers (Perry &
Shafran 2001). In contrary, in the presence of sulphates, the resulting products were
primarily Al;; clusters, which was expected due to the stabilisation of the clusters
by SO,>~.

The above-cited studies show that we have been learning more and more about
the structures and the synthetic routes for the various polynuclear species for
alumina under acidic conditions. Such insight is very important for the systematic
analysis of the process, because the mechanistic details of the interplay of the
various clusters on the path the crystalline phase remain rather vague at the moment.
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15.3.1.2 Alumina Chemistry Under Alkaline Conditions

Processing of bauxite ores (aluminium-rich ores containing primarily gibbsite,
boehmite and diaspore) under alkaline conditions is known as the Bayer method,
and it is used to form also gibbsite and nordstrandite (Counter et al. 1997). The
speciation of Al in basic solutions is rather complex and unsurprisingly a subject
of controversy (Sipos 2009). Furthermore, little is known about any polynuclear
complex ions that may form under these conditions. In fact, under highly alkaline
conditions, the aluminate systems are considered to be actual solutions (see
Fig. 15.1b), rather than colloidal systems, as was demonstrated, for instance, by
light scattering or infrared and Raman spectroscopies (Li et al. 2003; Sipos 2009).
Typically among the aqueous species, only tetrahedral [Al(OH),]™ is expected to
be present at pH > ~8-9 (Moolenaar et al. 1970; van Straten et al. 1984; Swaddle
et al. 1994; Li et al. 2003; Sipos 2009). Some other mononuclear species such
as linear [AlO,]~ and square planar [Al(OH),(H,0),]” complexes may also be
present (Gerson et al. 1996), but at insignificant concentrations (Swaddle et al. 1994;
Sipos et al. 1998; Sipos 2009). At pH> 13, AP can exist as either [AI(OH)s])*~
or [Al(OH)6]3_ (Akitt and Gessner 1984; Barcza and Pélfalvi-Rézsahegyi 1989;
Buviri-Barcza et al. 1998), but again these two species are minority species
(Sipos 2009) compared to the main [Al(OH),]” species. Using computational
approaches, Gale et al. showed that at alkaline conditions dimeric complexes like
[(HO)3A1(0H)2A1(0H)3]2_ should also be expected (Gale et al. 1998), while
the presence (or significance) of higher polynuclear species is still a subject of
controversy (an insightful discussion is given in Sipos (2009) and the references
therein).

It is known that aluminium in amorphous precipitates is octahedrally coordinated
in the same way as it is later in crystalline phases (Tettenhorst and Hofmann 1980;
Wefers and Misra 1987). Upon precipitation from acidic solutions, independent
of the actual condensation mechanism and possible speciation, one can assume
that AI’T also condenses into solids with a sixfold coordination. However, in the
Bayer process, the dominant solution species, i.e. the [Al(OH),]™ ion, exhibits
a fourfold coordination. Hence, one might rationalise the nucleation stage in
terms of a transition product, in which the realignment of ligands would occur
to establish the octahedral geometry by a swap from the tetrahedral one. The
question arises whether abundant [Al1(OH),]” species constitute a monomer in
crystal growth or whether there are actually other minority species which control
the process. Gerson et al. carried out semiempirical quantum modelling of var-
ious mononuclear, dimeric, trimeric and tetrameric species in caustic aluminate
solutions and suggested a mechanism and possible pathway in which a minority
tetrahedral [AI(OH)3;(H,O)] complex could dimerise and then transform to the
tetramer, via a transient trimer moiety (Gerson et al. 1996). In such a tetramer, a
central octahedral AI** ion would be surrounded by three tetrahedral counterparts.
However, results from conductivity studies combined with viscosity measurements
of caustic aluminate solution were interpreted in terms of the formation of the
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[Alg(OH),,]®” (Barcza and Pélfalvi-R6zsahegyi 1989; Buviri-Barcza et al. 1998)
or [Alg(OH),,]*” moieties (Sipos et al. 1998). In such species, octahedral AT
geometry dominates, yet actual structural evidence for the proposed mechanisms
is still lacking to say the least (Sipos 2009). In more dilute caustic solutions (i.e.
[NaOH] /[Al] ~ 1, and [NaOH] ~ [Al] ~ 1.0 mol/L), a polynuclear species
in a size range comparable with that of Keggin Alj3-like species was proposed
based on primarily light scattering evidence (Li et al. 2003, 2005a). Similar
colloidal polynuclear aluminate structures were suggested based on optically clear
supersaturated aluminate Bayer liquors analysed by cryo-vitrification of solutions
at different stages and subsequent imaging by transmission electron microscopy
(Counter et al. 1999). In these systems, the Keggin Al;3-like species were assumed
to be primarily six-coordinated, and their existence in the Bayer process could
provide a conceptual link between the mechanisms of AI(OH); precipitation from
the acidic and alkaline solutions. Finally, the critical nuclei size for gibbsite that
forms as an end product in the Bayer process was calculated to have a radius
of ~ 1.2 nm (Rossiter et al. 1998), which is in line with the size range of Keggin
ions and other small polynuclear oligomers (cf. Fig. 15.5). This might suggest that
Keggin ions are sort of a universal “precursor” phase in alumina system regardless
of conditions. This is an interesting hypothesis, but yet it has to be confirmed.

To illustrate the influence of physicochemical conditions and speciation onto
the nucleation of phases precipitating from aluminate solutions, let us consider
the investigations reported by Li et al. concerning the growth of gibbsite and
bayerite through the Bayer process (Li et al. 2003, 2005a). The authors studied
precipitation using dynamic light scattering to derive particle size distribution and
X-ray diffraction for phase identification. Their data showed that dilute solutions
([AP*] < 0.82 M and [NaOH] < 1.0 M) yielded bayerite and the concentrated
ones ([Al”] > 2.05 M and [NaOH] > 2.5 M) gibbsite, whereas a dimorphic
product precipitated at intermediate concentrations (0.82 < [Al3+] < 2.05M and
1.0 < [NaOH] < 2.5 M). To explain their results, the authors proposed a growth
mechanism that took into account differences in speciation in the original aluminate
solutions and was dependent on concentration. For dilute systems (Fig. 15.6a), they
suggested that the process started with Keggin-like complex ions (1) that further
aggregated and oligomerised to larger clusters (2); these coalesced to amorphous
particles (3), which then lead to the rapid growth of nuclei (of pseudoboehmite)
and/or pseudo-spinel phases (4), which transformed into pseudoboehmite (5) and
then crystallised to a more stable bayerite phase. However, for concentrated
solutions (Fig. 15.6b), the process originally involved small aluminate species such
as ion pairs, dimers and trimers rather than the large Keggin ions (1), followed by
formation of a loose A1*T-containing oligomeric network (2), its initial densification
to form a cluster (3), further densification to form a crystalline core (4), densifi-
cation of the core and nuclei agglomeration (5) and final formation of a gibbsite
crystal (6).
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Fig. 15.6 A schematic representation of the formation of crystalline aluminium hydroxide from
sodium aluminate solutions: (a) dilute solutions and (b) concentrated solutions. The size ranges
indicated are speculative (Adapted and printed with permission from Li et al. (2005a). Copyright
Elsevier 2005)

15.4 Outlook

This chapter highlights the extensive research carried out to unravel the mechanisms
and pathways of silica and alumina colloid formation, with regard to both natural
processes and industrial applications. Substantial advances in in situ scattering and
imaging techniques have allowed to characterise the early stages of colloidal growth
and aggregation; however, we are still facing substantial gaps in the molecular-level
mechanistic understanding of the condensation reactions leading to the nucleation
of the primary particles. This is particularly true for the alumina system where
analytical limitations have so far hindered clear identification of all the polynuclear
species forming in aluminate solutions, making it even harder to define their
role in the formation of alumina colloids. For the silica system, the presence of
polynuclear species seems of minor importance and colloid formation is more
dependent on the behaviour of the monomeric silica. Whether silica nanoparticle
growth occurs via the aggregation of primary particles or the addition of monomeric
silica to existing particles is however still debated. It is evident that before we
can formulate a fully coherent picture of silica and alumina colloid formation,
more studies need to focus on the molecular characterisation of the condensation
reactions and the nucleation of the primary particles. This is challenging with the
current analytical limitations and the technical difficulties associated with these
observations. However, in situ scattering and imaging techniques are constantly
improving in resolution, with regard to both time and space. Also, the importance of
silica and alumina nanophases for industrial processes further accelerates progress
in this field, suggesting that a major breakthrough may come soon.
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