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ABSTRACT
The colloidal route is an important methodology in ceramic
processing. A key step of the colloidal route is the aggregation
of colloids in suspension. This often involves colloids of different
types, in a processwhich is known as heteroaggregation. Herewe
review the recent developments in ceramic heteroaggregation,
focusing on the physical mechanisms that cause it and on
the structural properties of the resulting aggregates. Structural
properties are analysed both on the local scale, at the level
of nearest-neighbour contacts between colloids and on the
long-range scale, at which percolating aggregates form, leading
to gelification. Both experimental and simulation results are
reviewed. The effects of the structure of the aggregates on the
subsequent steps of ceramic processing are discussed.
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1. Introduction

In recent years, there has been a growing interest in new methods for ceramic
materials processing. An important step forward in this field has been the devel-
opment of colloidal processing [1]. Colloidal processing is suitable for reliably
producing ceramic films and bulk materials. This type of processing requires
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the control of the initial suspension structure and of its subsequent evolution
through different fabrication stages, which can be schematically summarized
as follows (see Figure 1): (1) powder synthesis, (2) suspension preparation,
(3) consolidation into the desired component shape, (4) removal of the solvent
phase and (5) densification to produce the desired final microstructure, for
example with the desired spatial distribution of phases and with controlled
porosity.

All steps in this process require careful attention. Specifically, heterogeneities
and defects introduced in the first steps may persist or even worsen during
the final densification stage [1]. Therefore, there is a growing interest towards
understanding the phenomena that occur during aggregation in suspension,
possibly elucidating the elementary physical mechanisms. With this respect,
the interplay of experiments and computer simulations is of great importance,
since simulations are extremely useful in following the elementary steps of the
aggregation process.

Heteroaggregation of colloids has received more and more interest since few
years [2–4]. Particular attention has been paid for example on the determination
of the absolute heteroaggregation rate constants [5].Moreover heteroaggregation
is also more and more studied as a step in the synthesis of a variety of materials
(see for example [6–13]), including ceramic materials [14–34].

In heteroaggregation, two types of colloids are dispersed in a suspension.
If these colloids acquire opposite charges, this may induce aggregation driven
by electrostatic interactions, with subsequent flocculation and precipitation.
The heteroaggregation process is quite complex, and depends on a series of
parameters, such as solute volume fraction, suspension composition, pH, size
ratio between the two types of colloids etc.

In this Review, we focus on the recent results that have shed light on the
heteroaggregation mechanisms of ceramic colloids. In Section 2 we summarize
the basic points about the interactions between charged colloids in a suspension,

Figure 1.Main stages of colloidal processing for ceramics.
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with the aim of underlining the differences between suspensions of unary and
binary colloids. In Section 3, we review the recent experimental and simulation
results on ceramic heteroaggregation. That Section is divided into two parts.
In Sections 3.2 and 3.1 we consider heterocolloids with large size small size
differences, respectively. The focus of these Sections is on relating aggregation
mechanisms and resulting aggregate shapes, both on the local scale (nearest-
neighbour contacts) and on the long-range scale (percolating aggregates leading
to gelification). Section 4 contains the conclusions.

2. Colloid–colloid interactions in suspension: unary vs. binary colloids

Let us consider the interaction between two spherical colloids i and j of radii
ai and aj whose centres are separated by a distance rij. In the simplest model
[1,35,36], this interaction consists of four terms

Uij = UvdW
ij + Uel

ij + U steric
ij + U structural

ij , (1)

The first two terms UvdW
ij and Uel

ij in Equation (1) correspond to van der Waals
and electrostatic interactions, respectively. These terms are defined for distances
r > ai + aj and are generally dominant except when the distance rij is close to
ai+aj.When the colloids come into contact, the third and the fourth terms,U steric

ij
andU structural

ij , may become dominant. U steric
ij represents the interactions caused

by macromolecules adsorbed on the colloid surface and U structural
ij corresponds

to the interactions due to the structuration of the liquid around the colloid (for
example the hydration force) and possibly the interactions due to non-adsorbed
species in solution (depletion interactions)[37,38].

The sum of van der Waals and electrostatic contributions constitute the well-
known Derjaguin, Landau, Verwey and Overbeek (DLVO) potential [39,40],
which has greatly contributed to the understanding of the behaviour of colloidal
suspensions.

The van der Waals term is generally attractive for the ceramic suspensions
considered in this paper. It can be obtained by integrating the 1/r6ij interaction
due to induced dipoles over the volume of the spheres. The result is [35]:

UvdW
ij (rij) = −Aij

6

[
2aiaj

r2ij − (ai + aj)2
+ 2aiaj

r2ij − (ai − aj)2

+ ln

(
r2ij − (ai + aj)2

r2ij − (ai − aj)2

)]
, (2)

where Aij is the Hamaker constant for the materials of the pair ij. UvdW
ij → −∞

for surface-to-surface separation hij = rij − ai − aj → 0.
The electrostatic interaction depends on the surface potential induced on

the interacting colloidal particles by the formation of charged groups on their
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surface when they are inserted in the medium. At the same time, the medium
causes also a screening of the Coulomb interaction, which is thus exponentially
damped and becomes of short-range type. The magnitude of these screened
electrostatic interactions should be obtained from the solution of the Poisson–
Boltzmann equation. Analytical solutions of the Poisson–Boltzmann equation
for spherical particles are not available, so that one may either solve the equation
self-consistently by numerical methods, or use approximate expressions. The
second approach is themost commonbecause it allows both large-scale computer
simulations and qualitative discussions of the suspension behaviour by a limited
set of parameters which have clear physical meaning.

When two colloids approach, the surface charges regulate, which can have
several effects on the interparticle forces [41]. To calculate these forces, two
limits are generally considered: a constant surface charge or a constant surface
potential. If the charges on colloids are not fixed, but fluctuate in equilibrium
with the solvent, a good approximation is to assume that the surface potential of
colloids is constant. For example, oxide particles (MO) in aqueous suspensions
present hydroxyl groups on their surface (M–OH).These groupshave someacid–
base properties and according to the pH, they can become positive (M–OH+

2 )
or negative (M–O−). Charges of oxide particles in aqueous suspensions are
determined by these acid–base equilibria. Assuming a constant surface potential
allows indeed to take into account the variation in the surface charges which can
occur when colloids approach each other. On the other hand, for other types of
colloids such as latex particles, the approximation constant surface charge may
be more appropriate [42].

In the case of constant surface potential, the electrostatic interactions can be
modelled by the Hogg–Healy–Fuerstenau (HHF) expression [43,44], obtained
by linearizing the Poisson–Boltzmann equation:

Uel
ij (rij) = πε

aiaj
ai + aj

(
ψ2
i + ψ2

j

)[ 2ψiψj

ψ2
i + ψ2

j
ln

(
1 + e−κhij

1 − e−κhij

)

+ ln (1 − e−2κhij)
]
, (3)

where ψi,ψj are the surface potentials of particles i and j, ε = ε0εr the dielectric
constant of the solvent, and κ the inverse Debye screening length, which deter-
mines the range of electrostatic interactions. The HHF expression is in principle
valid when the surface potential is not too high, say up to ψ � 25mV. For a
symmetric z−z electrolyte, κ can be expressed in terms of the ionic concentration
CI , of the electron charge e, of ε and of Avogadro’s number NA

κ =
√
2e2z2NACI

εkBT
. (4)



ADVANCES IN PHYSICS: X 39

In practical situations, it is important to estimate the true surface potential. This
is in general difficult, so that one has to resort to approximations. A common
approximation is to identify the surface potential with the zeta potential (ζ ). This
can be justified as follows.

The electrostatic interaction potentials (for example as that in the HHF
expression of Equation (3)) describe the electrostatic interactions derived from
the superposition of the diffuse double layers which are around the colloids.
These potentials are deduced from the Gouy–Chapman theory [37,45], which
only deals with the diffuse layer (the Stern layer is not considered), implying that
the ψ in Equation (3) have to be interpreted as the values of the diffuse layer
potential. The potential that can be accessed experimentally is the zeta potential,
which is measured in the diffuse layer on the slip plane. This is not exactly the
diffuse layer potential, however it has been shown that it is a good approximation
to it, especially when the ionic strength is small and when the potentials are of
small magnitude [46,47].

In a unary colloidal system, all colloids acquire charges of the same
sign, so that electrostatic interactions are always repulsive. Their magnitude
can be used to counterbalance the effects of van der Waals attraction, in such
a way that the suspension can become stable. This is schematically shown
in Figure 2. At increasing electrostatic interactions (i.e. at increasing surface
potential), the suspension may change its character from strongly flocculating,
to weakly flocculating, and to stable.

In a suspension containing binary colloids (A andB) the situationmay be quite
different, since electrostatic interactions can be of different signs. The behaviour
of the suspension thus depends on a complex interplay between the attractive
van derWaals interactions, the repulsive A–A and B–B electrostatic interactions,
and the A–B interactions, which may be either attractive or repulsive depending
for example on pH.

In Figure 3(a), the zeta potential of alumina and silica in aqueous suspension
is plotted as a function of pH.

For pH larger than 8.5, both colloids are negatively charged. All electrostatic
interactions are repulsive and contribute to stabilizing the suspension.

In the pH range between 7 and 8, both zeta potentials are significantly large
(in the range 20–30mV) and of opposite sign, positive for alumina and negative
for silica. In this case, the homogeneous alumina–alumina and silica–silica
interactions are repulsive, with negligible secondary minimum, as in Figure 2(c),
while heterogeneous alumina–silica interactions are attractive, even more than
in Figure 2(a), because electrostatic and van der Waals contributions are both of
the same sign. In this case, the forces between colloids share some resemblance
with those between different ions in ionic crystals, like NaCl or CsCl, with the
main qualitative difference being that electrostatic interactions in colloids are
screened.However,we should expect that in these conditions, colloidswill tend to
aggregate. This is the regime of interest for the heteroaggregation phenomenon.
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(a) (b) (c)

Figure 2. Schematic behaviour of the colloid–colloid interactions for unary colloids with
increasing strength of the repulsive electrostatic interactions, while keeping the van der Waals
contribution constant. In all panels, green dash-dotted lines correspond to the electrostatic
interactions (according to Equation (3)), red dashed lines correspond to the van der Waals
attraction (Equation (2)), and the blue full lines correspond to the total potential resulting from
the sum of these two contributions. The vertical grey dotted line shows the distance for hard-
sphere separation.
Notes: (a) For weak electrostatic interactions, the van der Waals contribution dominates, leading
to aggregation in the primary minimum, whose depth is infinite if steric repulsion forces are
not taken into account. (b) For a moderate increase in the electrostatic repulsion, a secondary
minimum develops. Its depth is often a few kBT , which causes mild aggregation. The primary
minimum is still there, but it is separated from the secondaryminimumby a larger barrier which is
unlikely to be surmounted. (c) If electrostatic repulsion increases further, the secondaryminimum
tend to disappear, while the primary minimum remains very close to r = 2a being practically
unreachable. In this case, colloid aggregation is not possible and the suspension is stable. In
passing from (a) to (b), the strength of the electrostatic term is doubled, whereas in passing from
(b) to (c), electrostatic interactions have been increased further by a factor 10.

Opposite-sign zeta potentials are found also in the pH range between 3.5 and 7 for
the binary system formed by carboxyl-functionalized silica-coated maghemite
nanoparticles (cMNPs) and amino-functionalized silica nanoparticles (aSNPs),
as shown in Figure 3(b) [33].

For smaller pH values, electrostatic potentials are still of different signs, but
the potential on silica becomes negligible.

In the absence of organic additives, the DLVO potential is generally sufficient
to describe the colloidal suspension behaviour. However, because of the van
der Waals interactions, the DLVO potential → −∞ for surface-to-surface
separation hij → 0, which is not realistic. At very short distance, the inter-
action should intuitively be repulsive, because colloids cannot penetrate each
other. In an aqueous medium, a repulsive hydration force (U structural

ij ) can be
considered but in practice it is quite difficult to estimate it quantitatively from
basic principles. For numerical purposes, this repulsive force is often modelled
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Figure 3. Zeta potential in two different binary colloidal systems as a function of pH.
Notes: (a) Alumina (squares) and silica (triangles) colloids. Reprinted with permission from
Ref. [21]. Copyright 2008 American Chemical Society. (b) Carboxyl-functionalized silica-coated
maghemite nanoparticles (cMNPs) and amino-functionalized silica nanoparticles (aSNPs).
Reprinted with permission from Ref. [33]. Copyright 2015 Elsevier Science.

by phenomenological repulsion terms proportional to r−m, wherem is a positive
exponent which is chosen to avoid significant superposition of colloids [48]. The
resulting well depth at contact −umin may be fitted to experimental data. For
example, in [21,22], umin was estimated bymeasuring the equilibrium adsorption
of small silica colloids on the surface of large alumina colloids, a quantity which
depends on the ratio umin/(kBT). The best agreement between the results given
by the potential of Equation (1) and themeasured adsorbed quantities was found
for 14 kBT ≤ umin ≤ 16 kBT at room temperature. Superposition of colloids can
be avoided also by imposing different types of constraint [49].

3. Aggregation processes, aggregate structures and gelification

Aggregate shapes in heteroaggregation can be quite different depending on
several parameters, including the total volume fraction φs, the composition R
of the suspension, the size difference between the two types of colloids, and all
other parameters which define the colloid–colloid interactions.

Here we choose to consider separately two classes of heterogeneous systems,
defined by the ratios between the average sizes of the components. As we will
see, the aggregates in systems in which this ratio is very different from 1 are quite
different from the aggregates formed by heterocolloids of equal size.

In the following the experimental results are compared to those of Brownian
dynamics simulations [50]. In these simulations, the solvent is treated in an
implicit way and its interaction with the colloids is given by a frictional force
(proportional to the solvent viscosity) and a random force, usually called noise.
These simulations allow to treat size and time scales comparable to those of
several relevant experiments.
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Figure 4. Internal structure of aggregates observed in suspensions with the majority of one
type of particle: simulation snapshots for different mass ratios R = mSiO2/(mAl2O3 + mSiO2)

(a) R = 0.16 and (c) R = 0.82 and confocal microscopy images for (b) R = 0.16 and (d) R = 0.82.
Notes: Alumina and silica colloids have almost the same sizes (ratio between average diameters
1.06:1). Alumina and silica particles are green and red, respectively. Reprinted with permission
from Ref. [26]. Copyright 2010 American Chemical Society.

3.1. Heterocolloids withmoderate and small sizemismatch

The heteroaggregation of colloidswithmoderate or small sizemismatch has been
extensively studied, with many efforts aiming at elucidating formation pathways
and properties of colloidal crystals [2,3,6–8,29,51–59]. In the following we focus
on the studies concerning ceramic colloids [16,17,23,24,26,28,31].

Cerbelaud et al. [23,24] and Piechowiak et al. [26,28] studied the heteroag-
gregation of alumina/silica colloids with size ratios 1.6:1 and 1.06:1, respectively.
In the case of the almost equally sized colloids (with average radii a of about
300 nm), efforts were made to obtain spherical shapes for both types of particles.
Thiswas achieved by producing alumina-like particles, with a spherical silica core
coveredby a thin shell of alumina, in such away that the surface chemistry of these
particles was that of alumina. The particles were also functionalized by different
dyes, so that alumina-like and silica particles appeared, respectively, green and
red when imaged by a confocal microscope. The overall volume fraction of the
colloids in the suspension was φs = 3%. In all cases, the experimental results
were compared to those of Brownian dynamics simulations using the DLVO.
Therefore κa � 1, i.e. the Debye screening length was much smaller than the
particle size. The simulations did not include gravity. However it has been shown
that the effects of gravity are negligible for gel formation in binary colloids [7].

In both cases of 1.6:1 and 1:1 size ratios, the resulting aggregate shapes were
non-compact and fractal like. Confocal microscopy images of typical aggregates
obtained for 1:1 size ratio are shown in Figure 4, in which the experimental
aggregates are compared to those obtained in the Brownian dynamics simula-
tions. The agreement between experiments and simulations is striking, not only
qualitatively but also quantitatively, as it follows from the analysis of the radial
distribution functions of the colloids in the aggregates [26,28].

As can be seen in Figure 4, when the composition is strongly unbalanced
between the two types of particles, the minority particles (silica in Figure 4(a)
and (b) and alumina in 4(c) and (d)) constitute the backbone of the aggregates,
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Figure 5. Images of sedimented suspensions of mixed- labelled alumina-like and silica particles
as a function of different mass ratios R = mSiO2/(mAl2O3 + mSiO2) after 1month. Note that the
total volume fraction of colloids in the initial suspension is φs = 3%. This implies that most of
the volume in the sediments at R = 0.31, 0.48 and 0.65 is indeed occupied by water, which is
entrapped inside the network of colloids. Reprinted with permission from Ref. [26]. Copyright
2010 American Chemical Society.

Table 1. Colloid volume fractions φg in the sediments of Figure 5 as a function of R =
mSiO2/(mAl2O3 + mSiO2). mSiO2 and mAl2O3 are the total masses of alumina and silica in the
suspensions. φg is larger than the overall volume fraction φs = 3% in the initial suspension
because of the separation of the system between the precipitate and a part containing essentially
pure solvent.

R 0.16 0.31 0.48 0.65 0.82
φg (%) 13.5 6.4 6.1 7.0 19.6

Note: Data taken from Ref. [26]. Copyright 2010 American Chemical Society.

while the majority particles surround the backbone, thus appearing on the
aggregate surface. Aggregates of this type tend to repel each other, thus strongly
hindering the formation not only of compact structures, but also of extended
non-compact networks. Since relatively small aggregates are formed, sedimen-
tation is quite slow for these unbalanced compositions. Extended networks are
more easily formed for balanced compositions. These networks present a fractal
character, in agreement with the results in [16,17].

The formation of extended fractal networks, which is achieved for reasonably
balanced compositions (mass ratios R = mSiO2/(mAl2O3 + mSiO2) = 0.31, 0.48,
0.65) leads to fast precipitation giving gel-like cakes, as those shown in
Figure 5. In these precipitates, most of the volume is indeed occupied by
water. The observation of these precipitates allows further comparison between
experiments and the simulations. In this comparison, the simulations are used to
determine the colloid volume fraction at which a percolating network of colloids
is formed. The comparison with the experiment is made by the following line of
reasoning.

Let us assume that the powder volume fraction in the precipitates corresponds
to the maximum density that can be achieved by the heteroaggregation process
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Figure 6. Brownian simulation results for the alumina–silica system with size ratio close to 1.
Notes: (a) Percolation dimension. The percolation dimension counts the number of directions in
which the largest aggregate spans the whole simulation box. (b) Number of colloids in the largest
aggregate. Both quantities are given as functions of the overall volume fraction φs for different
mass ratios R. (c), (d) and (e): snapshots of simulations at φ = 10% and different R values. Only
the snapshot in (d) shows a percolating aggregate. Reproduced with permission from Ref. [28]
with permission from the PCCP Owner Societies.

at the corresponding composition. From this assumption, it follows that the
sediment volume fraction corresponds to the density at which a percolating
network is formed. Therefore, we can compare the experimental colloid volume
fractions in the sediments to the volume fractions at which percolating networks
start to form in the simulations. The sediment volume fractions are reported in
Table 1. The results of the percolation simulations are shown in Figure 6.

The agreement between experiments and simulations is quite good: for
R = 0.31, 0.48 and 0.65 the volume fractions φg in the sediments are between
6 and 7%, whereas in the simulations percolation appears for volume fractions
between 7 and 8%. Moreover, in both experiments and simulations, percolation
is easier for R = 0.16 than for R = 0.82. In fact, the simulations show that
percolation occurs at volume fractions between 10 and 11% for R = 0.16, while
percolation is not observed for R = 0.82 up to volume fractions of 12%.

Weston et al. [31] studied gel formation and shear thinning for binary mix-
tures of silica and alumina, silica and titania, and alumina and titania fumed
nanoparticles in different solvents. Depending on solvent and on pH, Weston et
al. found that pseudosolid gels at total colloid volume fractions φs as low as 1.5%
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Figure 7. TEM micrographs illustrating areas of low particle density, containing dispersed
nanoparticle aggregates of a variety of sizes with empty void spaces between them (ac), and
a series of micrographs showing a region of unbroken nanoparticle networks that extend for tens
of microns in all directions, at three different levels of magnification. Images are of∼100 nm thick
sections of a 1.5 vol% 30-70 AluC-Aerosil 200 dispersions in polymerized LR white resin. Circles in
background are from TEM grid.
Notes: Reprinted with permission from Ref. [31]. Copyright 2014 American Chemical Society.

can be formed. Representative results are shown in Figure 7. Fractal dimensions
in the range of 2.3 were measured. Similar fractal dimensions were also obtained
in suspensions with spherical colloids [16,17]. They are somewhat smaller than
those predicted for diffusion-limited aggregation in three dimensions [60].

As in the case studied in [28], the formation of low-density gels was attributed
to the competition between heterogeneous attractive interactions and homo-
geneous repulsive interactions hindering the rearrangement in the aggregates
towards more compact shapes. This is indeed a result which is valid in general
for binary colloids, besides ceramic systems. In fact, gel formation in binary
colloids has been studied in several papers [7,8,55,56] about model systems such
as polystyrene spheres. Specifically, in [56] it has been demonstrated that binary
colloids tend to form less dense gels than unary colloids.

3.2. Heterocolloids with large sizemismatch

The heteroaggregation of colloids with considerable size mismatch has been
recently investigated in a series of papers, in which quite different systems were
studied [9,10,14–22,27,33,55,61–63]. In the following we focus on results related
to colloids used in ceramic processing.

Yates et al. [16] studied the heteroaggregation of alumina and silica colloids
in a wide range of different size ratios, from about 70:1 to about 1:1. They noted
that quite small mass ratios of small silica colloids, of the order of a few per cent,
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are sufficient to induce the aggregation of larger, oppositely charged alumina
colloids, a result that has been confirmed by subsequent works. In Ref. [17], the
fractal dimension of the aggregates was measured at increasing silica/alumina
size ratio, finding some increase, from 2.04 to 2.19, between the two extreme size
ratios. This increase was attributed to the strengthening of the particle–particle
interactions as the silica particle size grew larger.

Cerbelaud et al. [21] produced alumina/silica suspensions with huge size
mismatch between the particles of average radii aAl2O3 = 200 and aSiO2 = 12.5
nm, giving a size ratio of 16:1. The pH range was between 6.5 and 8, in which
these colloids acquire opposite charges (see Figure 3(a)). The large, positively
charged, alumina colloids presented quite irregular shapes, while the small neg-
ative silica colloids were spherical to a very good degree of approximation. In
these experiments the amount of silica particles adsorbed on the alumina ones
was at first determined, using inductively coupled plasma (ICP) analysis [19]. As
shown in Figure 8, with increasing silica content, the adsorption measurements
became incompatible both with the hypothesis of full adsorption and with the
hypothesis of adsorption limited by charge neutralization. For 3% total mass
fraction R of added silica (R = mSiO2/(mAl2O3 + mSiO2)), the amount of silica
adsorbed on alumina was significantly smaller than the total amount of silica,
but significantly larger than the amount needed to neutralize the positive charge
of alumina. The Brownian simulations using the DLVO potential were able to
reproduce quantitatively the experimental behaviour. The value of the inverse
Debye length was κ = 108 m−1, so that κaAl2O3 � 1 and κaSiO2 � 1.

The shapes of the resulting aggregates were then imaged by scanning electron
microscopy (Cryo-FEGSEM), revealing a typical aggregation pattern which was
also qualitatively reproduced by the Brownian dynamics simulations. In this
pattern, several small silica colloids form a ring in between two neighbour
alumina particles, as shown in Figure 9(a) and (b). The silica colloids in the ring
are co-adsorbed between two alumina particles. The silica rings thus compensate
for the electrostatic repulsion between adjacent alumina particles, in such a way
that aggregates can form. Because of ring formation, the amount of silica needed
to induce aggregation was quite small, since aggregation was observed for mass
fractions of 0.2 and 1.1%, that are much smaller than the amount needed to
neutralize the overall alumina particle charge by adsorption. The formation of
a ring can be considered as a form of bridging aggregation [64], a phenomenon
which is induced in most cases using co-adsorbed polymers as bridging agents.

The Brownian simulations revealed that the aggregation process consists of
two steps [22]

(a) A fast initial stage, which is completed on a time scale of 10−2-10−1 s, in
which the silica colloids adsorb on isolated alumina particles and reach
the stationary coverage.
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Figure 8. Comparison between the adsorption isotherm of silica on an alumina surface measured
experimentally by ICP analysis (�), the one calculated from the simulation results (•), and the
simple scaling estimates of adsorption based on charge compensation (�). The straight line
indicates complete adsorption.
Notes: Reprinted with permission from Ref. [21]. Copyright 2008 American Chemical Society.

(b) A subsequent slower agglomeration process, in which the silica-covered
alumina particles diffuse, meet and begin to form aggregates.

Step (b) was fast if the concentration of silica nanoparticles was not too large
[22]. In fact, for relatively high silica concentrations (mass fraction R = 3.3%) a
large number of silica particles covered each alumina particle forming a rather
rigid network on it. The overall charge of the silica-covered alumina particles
was negative (see the charge compensation model in Figure 8). Even though
aggregation was shown to be energetically favourable, it required rearrangement
of the silica particle network, a process that was unlikely to take place on the
scale of 0.1 s reached by the simulations. However, the experiments, performed
on much longer time scales, did show aggregation also for R = 3.3%.

This is at variance with some of the results by Gilchrist et al. [15], who deter-
mined the structural evolution of colloidal phases assembled from oppositely
charged mixtures of silica microspheres and polystyrene nanoparticles, with
size ratio 60:1. Individual suspensions of either type of particle were stable, but
heteroflocculation took place upon mixing them, depending on the number
ratio of small to large species. At low nanoparticle concentrations, nanoparticle
bridges form betweenmicrospheres, leading to their flocculation, while at higher
concentrations the nanoparticles form a denser coating on the microsphere
surfaces, inducing charge reversal and, ultimately, their restabilization.
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(a)

(b)

(c)

(d)

Figure 9. Images of heteroaggregates of colloids with huge size difference, showing the
formation of a ring of small colloids between the large ones. (a) and (b) Brownian-simulation
and experimental cryo-FEGSEM images of aggregates of large alumina and small silica colloids
(ratio between average sizes 16:1). The experimental alumina colloids have irregular shapes,
while silica colloids are spherical. In (a), the horizontal line separates two different simulation
snapshots. Reprinted with permission from Ref. [21]. Copyright 2008 American Chemical Society.
(c) TEM image of carboxyl-functionalized silica-coated maghemite nanoparticles (cMNPs) and
amino-functionalized silica nanoparticles (aSNPs), with size ratio 3.8:1. Reprinted with permission
from Ref. [33]. Copyright 2015 Elsevier Science. (d) SEM image of a heteroaggregate consisting
of 4 polystyrene particles and several melamine–formaldehyde particles, with size ratio 5.46:1.
Reprinted with permission from Ref. [10]. Copyright 2009 Elsevier Science.

Concerning the aggregate shapes, both experiments and simulations [21,22]
showed that it is possible to obtain both chain-like and compact alumina–
silica aggregates in this system with huge size mismatch. Compact aggregates
are energetically favourable, so that chain-like aggregates have a tendency to
rearrange thus becoming compact. However kinetic factors may hinder this
process.

Dusak et al. [33] studied the aggregation of carboxyl-functionalized silica-
coated maghemite nanoparticles (cMNPs) and amino-functionalized silica
nanoparticles (aSNPs), with size ratio 3.8:1. As shown in Figure 3(b), aSNPs
and cMNPs were positively and negatively charged, respectively. The resulting
aggregates showed again the emergence of the typical aggregation pattern (Figure
9(c)) in which small particles form rings that are able to bridge between large
particles. The experimental evidence for these rings was even more evident than
in [21], because in [33] both types of particles were essentially spherical.
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Suspensions of TiO2 nanoparticles with smectite clays have been studied
by Labille et al. [65], showing that nanoparticle behaviour is mainly driven
by heteroaggregation with clay colloids (due to electrostatic forces), while
homoaggregation remains negligible. Primary heteroaggregates were formed via
the attachment of nanoparticles to the clay. This was followed by a secondary
heteroaggregation stage by bridging nanoparticles.

Since the driving force towards the formation of these types of aggregates is of
quite general character, we expect to find them in other colloidal systems besides
ceramic colloids, such as latex spheres [9,10,63]. This is indeed the case, as can be
seen for example in Figure 9(d), in which aggregates of polystyrene particles and
melamine–formaldehyde particles with size ratio 5.46:1 are shown. Aggregation
with formation of rings of small colloids bridging larger ones has been also
observed in [63], where suspensions of polystyrene latex (size ∼530nm) and
alumina-coated silica (primary ∼12nm) colloids have been studied and their
rheological properties have been determined.

These results show that the main driving force for aggregation, i.e. electro-
static attraction between unlike colloids, leads to the formation of quite similar
aggregate morphologies in quite different systems.

There are systems in which the aggregation mechanism by ring formation
is not observed. As example of this is the silica–zirconia system which has been
experimentally studied in [14] and simulated in [18]. In that system, silica colloids
are larger than zirconia colloids by a factor 102. Silica colloids are assumed to
have zero potential, while zirconia colloids are strongly charged and induce local
opposite charge when they adsorb on silica. The resulting attraction is extremely
short-ranged compared to the size of the silica colloids, since its range is estimated
to be about 1/600 of the silica colloid size. These facts render co-adsorption of
zirconia on silica extremely unlikely, so that the rings cannot form. In alumina–
silica, the attraction range [21] is about 1/40 of the alumina size.

4. Discussion and conclusions

In most of the heteroaggregation phenomena treated in Section 3, the het-
eroaggregation of ceramic colloids is mostly driven by screened electrostatic
interactions (of inverse screening length κ) when the colloids are sufficiently far
apart. Because of electrostatics, unlike colloids tend to approach each other, while
like colloids are forced to stay separated.When unlike colloids come into contact,
also other forces, including van der Waals attraction and structural force, come
into play, giving rise to a potential well of finite depth −umin.

Let us discuss first the case in which the two types of colloids have similar
radii of magnitude a. In this case, the most important parameters determining
heteroaggregation areumin/(kBT) andκa. Typical values ofκ for ceramic colloids
are in the range of 108 m−1 [21,26], which, for submicron colloids, gives κa � 1.
This interaction range is very short compared to the size of the colloids, so that in
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an aggregate, a colloid strongly interacts only with its nearest neighbours, which
are colloids of the other type. Colloid–colloid electrostatic attraction is thus of the
sticky type [66]. Some weak attractive interaction with the colloids of the same
type may be caused by the shallow secondary minimum due the van der Waals
contribution. Typical values of umin can well exceed 10 kBT , as in the alumina–
silica system at room temperature [21,22]. Both the sticky character and the deep
well of the interactions contribute to cause a difficult rearrangement of colloids in
the aggregates. The results of this difficult rearrangement is the formation of thin,
fractal-like aggregates, which is at the origin of the low percolation thresholds
encountered in several cases [16,17,28,31].

An easier rearrangement of the colloids would lead to more compact shapes.
This can be achieved in principle by decreasing κa and umin/kBT . The effect of
decreasing umin has been confirmed by a series of Brownian dynamics simula-
tions [28,58]. κa can be decreased using nanocolloids, i.e. colloids with radii in
the range of a few 10 nm, and/or by changing the solvent properties to achieve
significantly larger κ . Decreasing umin/(kBT) implies controlling the interaction
of colloids when they come into contact. This may be achieved by properly
functionalizing the colloid surfaces. If the aim is to produce not only compact
aggregates but true colloidal crystals, size dispersion must be very narrow and
colloid shapes very regular.Moreover, secondary-minimumeffectsmay be tuned
in such a way that they match the periodicity of the crystal.

For colloids with large size mismatch (say of radii a1 and a2, with a1 � a2),
one may have κa1 � 1 but κa2 � 1. In this case, small colloids can rather
easily rearrange when adsorbed on the large colloids. A common aggregation
pattern, in which small colloids bridge between large colloids forming rings
or necks between them, is observed in a variety of ceramic and other systems
[9,10,21,22,33,63]. In this case, not only chain-like aggregates, but also compact
ones can be formed.

The different compactness of the aggregates formed in suspension can have
consequences on the subsequent steps of ceramic processing. An important issue
in this case is to produce uniformmaterials with controlled porosity. As we have
seen, for alumina–silica, the aggregates were more compact in a system with
large size mismatch (16:1) than in a system with small size mismatch (1.6:1)
[24]. After aggregation, both systems were used to form millimetric spheres by
a granulation process [19,20]. At the end of the granulation process, the spheres
presented outer homogeneous size and shape in both cases, but their internal
structures were different. For 16:1 size ratio, the porosity in the spheres was
homogeneously distributed, except for the appearance of some cracks. For 1.6:1
size ratio, spheres exhibited a central large cavity free of solid. This difference
was attributed to the intra-aggregate porosity. After being produced in the liquid,
the spheres were dried and sintered. Capillary forces during drying may bring
the particles from the sphere centre to its surface. Thus, one may expect that the
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more porous the aggregate is in the liquid, the larger the cavity inside the spheres
will be at the end.
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