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Abstract  

Heteroaggregation corresponds to an attraction between two different types of particles. It can 

either lead to stable or instable systems, depending on the conditions. In this paper 

heteroaggregation in binary mixtures of alumina and silica colloids (size ratio = 8.5) is studied, 

by coupling an experimental approach and Brownian dynamics simulations. Two main 

objectives are targeted. The first one is to bridge the gap between coagulation and dispersion, 

by examining the effect of the relative concentrations of silica and alumina. The second one is 

to study the effect of the volume fraction of solid, which impacts strongly the aggregation 

mechanism.  

The coagulation or the dispersion are evidenced by sedimentation tests, granulometry, and 

rheological measurements, supported by zeta potential measurements. Heteroaggregates 

could be observed by transmission electron microscopy. Brownian dynamics simulations give 

more insight into the very first moments of the process, to predict the adsorption kinetic and 

the heteroaggregates structure.  

A very good agreement is obtained between experiments and simulations, which both show 

adsorption of silica leads to the bridging of alumina particles and thus coagulation at low 

concentration. This adsorption is rapidly limited by electrostatic interactions, then hindering 

alumina agglomeration by repulsive interactions. For the higher solid fractions, alumina 

aggregation is more likely, as two alumina particles can easier encounter before their surface 

is enough covered by the silica to avoid their aggregation. 
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1. Introduction 

The stability of a colloidal suspension depends on the interactions that occur between the 

particles, and between the particles and the solvent. Colloids are subject to repulsive forces 

resulting from the interaction of electric double layers, and attractive van der Waals forces 

resulting from temporary dipoles. In addition, if the colloid size is small, the Brownian motion 

must be considered. D.L.V.O. theory (Derjaguin, Landau, Verwey, Overbeek) establishes the 

balance of the forces acting between the particles [1]. Stability is achieved when the repulsive 

forces are predominant, leading to a well-dispersed system, where the particles are individual 
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in suspension. On the contrary, an unstable suspension is observed when the attractive forces 

are predominant, leading to an agglomeration of the particles, and a rapid sedimentation.  

When two types of particles are present in a suspension, several behaviors can be 

distinguished [2]: 

- the absence of agglomeration, which corresponds to a co-dispersion of both types of 

particles, with repulsive forces predominant between all the particles, 

- an homo-agglomeration between identical particles, the second remaining as a dispersed 

phase, 

- the heteroaggregation, corresponding to an attraction between two different types of particles. 

The particles may differ from their composition, shape, size or surface charge. 

Heteroaggregation can either lead to a stable or instable system [3] [4].  

Many different applications are based on a heteroaggregation process [5]. In water treatments, 

solid pollutants (plastics, metals) in the form of micro or nanoparticles are separated from the 

water by heteroaggregation [6] [7] [8]. Functionalized [9], raspberry or rough colloids [10], core-

shell [11], or hybrid particles [12] [13], could be prepared by combining different types of 

colloids, to modify their surface chemistry or their shape. Their synthesis depends on a finely 

controlled heteroaggregation process. Their assembly give smart supraparticles [14] [15] [16], 

which may be of great interest for new materials such as metamaterials [17], colloidal crystals 

[18], or complex nanomachines [19]. Another field of application is the stabilization of 

emulsions by heteroaggregates [20] [21], which could replace efficiently the use of traditional 

organic surfactants, which are not healthy nor environmental-friendly. Finally the use of binary 

components mixtures and heteroaggregation was employed for advanced ceramics [22], to 

obtain a well-designed porosity for example [23] [24], or for biomimetic materials [25]. In 

parallel, some studies have proposed some kinetic models to describe and predict the 

coagulation process [26] [27] [28] [29]. 

The case of heteroaggregation of particles with a high size asymmetry has been particularly 

studied, as it allows the formation of very specific aggregate structures. Experimental 

parameters such as the size ratio, the relative concentration of the particles, the pH and the 

ionic strength, can strongly modify the final structure of the aggregates as well as the kinetic 

of aggregation [30]. Some phase diagram could be obtained with mixtures of polystyrene and 

silica suspensions, showing the transition from a stable fluid to an unstable gel behavior, with 

increasing nanoparticle concentration [31] [32]. A large amount of small particles can form a 

relatively dense layer at the surface of the large ones, and stabilize the suspension. On the 

contrary, when the small particles are not sufficient to obtain a coating of the large particles, 

they form bridges between them leading to coagulation, and the suspension is unstable. 
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Coupling experimental and simulation studies on bi-component system made of alumina and 

silica particles [33] [34] [35] contributed to the development of very performant models based 

on Brownian dynamics simulations [36] [37]. Most studies were conducted with a small ratio of 

silica colloids, leading to heterocoagulation. The influent parameters and the kinetic of the 

coagulation process were determined. A very innovative granulation method in dilute 

suspension was proposed as a direct application, leading to well-designed dense and porous 

ceramic millimetric beads [38] [39] [40] [41]. Another recent application was a biomimetic 

assembly silica-alumina nacre-like composite [25]. In the literature, the addition of inorganic 

colloidal sols was reported for the stabilization of ceramic slurries. Boehmite [42], colloidal 

silica [28] [43] [44], titania or zirconia [45], allow improving the stability of suspensions of 

alumina, silicon nitride or carbide, and reducing their viscosity. The interest of inorganic sols 

for ceramic dispersion is to substitute organic dispersants and thus limit possible problems 

during thermal treatments. 

This paper presents a study of the heteroaggregation process by coupling experiments and 

Brownian dynamics simulations in binary mixtures of alumina and silica colloids. The 

coagulation or the dispersion are evidenced by sedimentation tests, granulometry, and 

rheological measurements, supported by zeta potential measurements. Heteroaggregates 

could be observed by transmission electron microscopy. The size asymmetry between alumina 

and silica is relatively high (size ratio = 8.5). Two main objectives are targeted. The first one is 

to bridge the gap between coagulation and dispersion, by examining systematically the effect 

of the relative concentrations of silica and alumina. The second one is to study the effect of the 

volume fraction of solid, which impacts strongly the aggregation mechanism. Brownian 

dynamics simulations give more insight into the very first moments of the heteroaggregation 

process, and predict with an extremely good accuracy the heteroaggregates structure obtained 

in these different conditions.  

 

2. Experimental study 

2.1. Materials  

The alumina powder used in this study is the high-purity AKP50 from Sumitomo (Japan), which 

presents a specific surface area of 10.3 m2.g−1 (supplier data), and a homogeneous grain size 

distribution with a mean diameter equal to 206 ± 4 nm (Figure 1). The colloidal silica is a 

commercial suspension of Ludox AS40 (40 wt.% of SiO2 in NH4OH solution) from Grace 

Davison (USA). It is an opalescent white liquid. The particles are discrete uniform spheres of 

SiO2, which have no internal surface area or detectable crystallinity. The specific surface area 

is 140 m2.g−1 (supplier data) with a mean particle size equal to 24 ± 2 nm (Figure 1). For the 
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preparation of the suspension, pH was adjusted by using HCl solution at a concentration 0.1M 

(Aldrich). 

 

 

Figure 1: Particle size distribution of raw materials alumina AKP50, and silica Ludox AS40 

(measurements done on 0.01wt.% suspensions, with Malvern Nanosizer ZS) 

 

2.2. Experimental procedure 

This study aims at investigating the conditions of heteroaggregation between colloidal silica 

and alumina, and better define the limits of coagulation and dispersion. Some mixtures of 

alumina and silica were prepared by varying the ratio R corresponding to the relative weight of 

silica compared to the total weight of solid in the suspension (in %), as defined in Equation 1. 

 

� = �(����)
�(
����)�(����) ∗ 100  Equation 1 

 

The procedure for the preparation of the suspensions is presented in Figure 2. 
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Figure 2: Procedure for the preparation of alumina/silica mixtures with various R 

 

2.3. Characterization techniques 

Zeta potential measurements were performed with an ESA analyser (AcoustoSizer II S flow 

through system, Colloidal Dynamics). The zeta potential was obtained from the ESA voltage 

data treated with the AcoustoSizer II operation software by using the O’Brien relationship. Zeta 

potential measurements were done on diluted alumina and silica suspensions, at 1.0 vol.%, in 

deionized water by varying pH with 1.0 mol/L HCl or NaOH addition with the automated 

AcoustoSizer II pH titration system. Zeta potential was also measured on a diluted alumina 

suspension (1.0 vol.%, pH preliminary set at 5.5) by addition of Ludox AS40 in order to vary 

the R ratio. In one case, Ludox AS40 was added at natural pH (9.2), and in another case the 

pH of the silica suspension was decreased at pH 7.5 by adding a small amount of HCl 0.1M, 

in order to limit the pH variation all over the titration. 

Sedimentation experiments were performed, on a pure alumina suspension, and some 

mixtures of alumina and silica at different R ratios. The total solid fraction was 1.0 vol.%, and 

the pH of all the suspensions was set at 6.5. Immediately after preparation, the samples were 

allowed to settle in closed tubes for a total of 28 days. In such conditions, a clear supernatant 

was observed and the height of cake was measured accurately. The sediment height was 

reported as a percentage of the initial volume of suspension. 

Laser diffraction analysis (Horiba LA-950) was used to determine the particle size distribution 

of suspensions of pure alumina and of mixtures of silica and alumina at different R ratios, and 

after 24 hours of preparation. The Mie method was applied using the refractive index of alumina 
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(n=1.77). The Dv10, Dv50 and Dv90 were extracted from the size distribution in order to compare 

the impact of R on the width of the distribution. 

Rheological measurements were performed on the most stable suspensions using a stress-

controlled rheometer ARG2 from TA Instruments (no sedimentation is allowed during such 

measurement). The measuring geometry consisted of a 20mm diameter upper plate and a 

Peltier lower plate. The gap was set to 1mm. Steady state flow measurements were performed. 

They consist of a series of creep experiments with varying shear rates, where the equilibrium 

shear stress is obtained when the curve reaches a linear regime. The following procedure of 

measurement was followed:  

1. a pre-shear at shear rate of 10 s-1 during 30 s, and at 0.1 s-1 during 120 s,  

2. a shear rate sweep from 0.01 s-1 to 200 s-1 

The morphology of the heteroaggregates was observed by Transmission Electron Microscopy 

(TEM, JEOL 2100F) after 24 hours of preparation. 

 

2.4. Experimental results 

Zeta potential measurements on diluted suspensions (1.0 vol.%) of alumina AKP50 and silica 

Ludox AS40 are reported in Figure 3. AKP 50 presents an isoelectric point (IEP) at 9.2. A high 

zeta potential absolute value above 30 mV is measured at acidic and neutral pH until the value 

7.8, or at basic pH, above 10.8. A high absolute value of zeta potential corresponds to strong 

electrostatic forces between the particles in suspension, and thus to a good dispersion. 

Therefore, AKP50 should be preferentially dispersed in acidic conditions, and would present 

in such conditions a positive surface charge. 

The IEP of Ludox AS40 is equal to 2.3. A high negative zeta potential is measured for pH 

values higher than 6.5, corresponding to the best conditions for silica dispersion. 

Therefore, in a wide range of pH, silica and alumina present opposite surface charges. 

Heteroaggregation may occur from pH 2.3 to pH 9.2, with an optimum range corresponding to 

high zeta potentials of opposite sign, i.e. for pH comprised between 6 and 8. 

In this study, mixtures of alumina and silica at different R ratios are prepared in that range of 

pH, and preferentially at a controlled pH of 6.5. 
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Figure 3: Evolution of the zeta potential as a function of the pH of alumina AKP50, and silica 

Ludox AS40 (1.0 vol.% in deionized water) 

 

Zeta potential evolution of mixtures of alumina and silica was then measured as a function of 

R (Figure 4), in order to evaluate the influence of silica concentration. The pH of the alumina 

suspension was preliminary set to 5.5, corresponding to opposite charges between the two 

types of colloids, as explained previously. One measurement was done by adding Ludox AS40 

at its natural pH (around 9.2) to the alumina suspension, and another one by adding Ludox 

AS40 at a pH preliminary set at 7.5. In both cases, zeta potential decreases when R increases. 

Silica particles, wearing negative surface charges, are attracted by the positive surface of 

alumina, leading to a decrease of the zeta potential. The addition of Ludox AS40 at natural pH 

9.2 leads to a significant increase of the pH of the binary suspension, with a final pH value 

around 8.9 when R = 30%. At the same time, the zeta potential decreases strongly up to ζ = -

30 mV for R=6%, changing sign at R = 2% (ζ = 0 mV). For R > 6%, zeta potential decreases 

more slowly to attain ζ = -52 mV for R = 30%. Addition of Ludox AS40 with an initial pH of 7.5 

leads to a final pH of 7.5 for the binary suspension at R = 30%, and the pH variation is thus 

limited in a range where heteroaggregation is predominant. As in the previous case, a strong 

decrease of zeta potential is observed for the smallest values of R below 6% attaining ζ = -12 

mV, with a sign reversal for R = 4%. A lower decrease is then observed for R > 6%, and a zeta 

potential of ζ = -44 mV is reached for R = 30%. The difference between the two curves is due 

to the lower surface charge of silica particles at a lower pH of 7.5. In both cases, a small 

addition of silica until R = 10% to an alumina suspension leads to a strong decrease of zeta 

potential, corresponding to an unstable and agglomerated system, whereas as soon as R is 

more than 10%, zeta potential is less than -30 mV, which is usually considered as a sufficient 

potential for a dispersed and stable system. 
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Figure 4: Evolution of the zeta potential and the pH of an alumina AKP50 suspension (initial 

pH = 5.5; 1.0 vol.%) as a function of R by adding Ludox AS40 at natural pH 9.2, and at a pH 

preliminary set at 7.5 

 

Sedimentation was observed with suspension of alumina and silica for different R ratios, the 

pH value being set at 6.5 (Figure 5), after a time of 1 week, and 1 month. In these tests the 

solid fraction is low (1,0 vol%). A small deposit corresponds to well dispersed particles and a 

stable suspension, such as those observed for pure alumina at pH 6.5, and R = 12.5, 15, 20 

and 30%. On the contrary, high deposits are formed rapidly for R = 1, 5, 7.5 and 10%, and 

their height decreases slightly between 1 week and 1 month, corresponding to a very small 

rearrangement of particles in the deposit. Therefore, for R ≤ 10%, silica acts as an 

agglomerating agent leading to an unstable suspension, whereas for R > 10%, a stable and 

non-agglomerated suspension is obtained. 

 

Figure 5: Relative height of the sediment measured in sedimentation tests for mixtures of 

alumina and silica (1.0 vol.%, pH = 6.5) with various R ratios, after 1 week and 1 month.  
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In order to characterize the presence and the size of these agglomerates, the particle size 

distribution of suspensions with different R is reported in Figure 6. High values for D50 and D90 

are measured when R ≤ 10% (except for R = 0% - pure alumina), which corresponds to a 

strong agglomeration of the suspension. On the contrary, for R > 10%, D50 is around 0.2 µm, 

and D90 decreases gradually when R increases, showing a good dispersion of the elementary 

particles, with few agglomerates, their presence being eliminated when R > 25%. This result 

is in a very good correlation with the observations done through sedimentation tests. 

 

 

Figure 6: D10, D50 and D90 (in volume) obtained from particle size measurements for alumina-

silica mixtures (pH = 6.5) with various R ratios. 

 

The rheological behavior was evaluated by shear flow measurements only on the most stable 

suspensions, i.e. for R = 20, 25 and 30%, at pH 6.5, because the instability observed on 

suspensions at lower R do not allow performing correct and valuable measurements. It is 

noticeable that rheological measurements were not successful at R = 15%, whereas previous 

observations show that suspensions are disaggregated for R higher than 12.5%. This 

observation will be discussed in the last section of Discussion. The results obtained for R = 

30% are reported for different solid fractions (from 10 vol.% to 35 vol.%) in Figure 7a). Very 

similar curves were obtained for binary mixtures with R = 20 and 25% (presented in 

Supplementary material), with a shear-thinning behavior, leading to a very low and constant 

viscosity for high shear rates (above 10 s-1). The viscosity increases when the solid fraction 

increases, but the values remain low, below 0.1 Pa.s, even at a high solid fraction of 35 vol.%. 

The volume fraction dependence of the high shear viscosity (100 s-1) could be fitted by the 

Krieger-Dougherty model (Figure 7b)) [46] [47], with η the viscosity of the suspension, η0 the 
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viscosity of the solvent, Φ the solid volume fraction of the suspension, Φmax the maximum solid 

volume fraction, and [η] a fitting parameter (Equation 2):  

� = �� �1 − �
�����

��������
  Equation 2 

With η0 = 0,001 Pa.s and [η] = 5.4, Φmax = 0.44 was calculated. The result obtained here 

corresponds to a relatively high maximum solid fraction for a ceramic suspension containing 

particles whose diameters are much below 1 µm; thus for high ratios, colloidal silica acts as a 

very efficient inorganic dispersant. 

 

a) b) 

Figure 7: a) Shear flow measurements on an alumina-silica suspension (R = 30 %, pH = 6.5) 

for different solid fractions (from 10 vol.% to 35 vol. %). b) Viscosity measured at 100 s-1 on 

alumina-silica suspensions for R = 20, 25, and 30%, at pH 6.5, as a function of the solid 

fraction, and a Krieger-Dougherty model. 

 

TEM images of heteroaggregates are presented in Figure 8 for R = 15, 25 and 30%. Images 

clearly show that silica colloids cover the surface of alumina particles in all cases. 
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Figure 8: Transmission Electron Microscopy (TEM) images of alumina/silica heteroaggregates, 

for different R ratios. 

 

In the following, Brownian dynamics simulations will help discussing the heteroaggregation 

mechanisms in the whole range of R (from 1 to 30%), and as a function of the solid fraction, to 

better understand particles arrangement and microstructures. 

 

3. Brownian dynamics simulations 

3.1. Methodology 

The methodology followed to perform the Brownian dynamics simulations is explained in this 

part. Spherical alumina particles of 206 nm (radius a1 = 103 nm) and silica nanoparticles of 24 

nm (radius a2 = 12 nm) are considered. In all cases, n1 = 10 alumina particles are considered. 

n2 silica nanoparticles are then inserted according to the different values of R = 1, 6, 8, 10, 15 

and 30% which are studied. The number of silica particles used in the simulations is reported 

in Table 1. 
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R (%) 1 6 8 10 15 30 

n2 116 730 990 1271 2019 4903 

Table 1: Number of silica nanoparticles used in the simulations (n2) as a function of R (with n1 

= 10 alumina particles). 

 

All simulations are performed considering periodic boundary conditions in a cubic simulation 

box, whose size (L) is fixed by the particle numbers and the solid volume fraction (Φ) as 

(Equation 3): 

�� =  !("#$#�"�$��)
��    Equation 3 

Thus changing the volume fraction of solid is the same as changing the size of the simulation 

box. At the beginning of the simulations, particles are randomly distributed in the simulation 

box avoiding superposition. Then the trajectory of each particle is calculated by the Brownian 

dynamics simulation scheme presented in references [36] and [37]. The motion of the alumina 

particles is obtained by a full Langevin scheme, whereas the motion of the small silica particles 

is obtained by integrating the overdamped Langevin equation, in which inertia is neglected. 

However, when an alumina particle is covered by silica, the heteroaggregate is moved with a 

two steps procedure. First, it moves as a whole with the diffusion coefficient of an isolated 

alumina particle considering that the small silica particles are bounded on its surface. Then, in 

a second step, only the small silica particles move, allowing their rearrangement on the alumina 

surface. This algorithm is chosen to avoid the caging effect already observed in Brownian 

dynamics simulations with particles that have a high size ratio and which prevents the diffusion 

of larger particles surrounded by smaller ones [33] [48]. More details on this simulation scheme 

can be found in reference [37]. These Brownian dynamics simulations are performed with a 

time step of δt = 5.10-10 s. 

Interactions between the particles are described by an extension of the D.L.V.O. theory [5]. 

Interaction is thus the sum of two contributions: an attraction due to van der Waals forces Uij
vdW 

and an electrostatic interaction Uij
el  

Uij
DLVO = Uij

vdW + Uij
el  Equation 4 

With [49]: 

%�&'() = −	
+,- 	. /$+$,
0+,��1$+$,2� +

/$+$,
0+,��1$+�$,2� + ln 60+,��1$+$,2�0+,��1$+�$,2�78 Equation 5 
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with ai the radius of particle i; rij the center-to-center distance between colloids i and j; and Aij 

the Hamaker constant : values of 1.48x10-20 J, 4.6x10-21 J, 4.76x10-20 J are considered for the 

alumina-silica, silica-silica and alumina-alumina interactions respectively [50]. The electrostatic 

interaction is expressed by the Hogg-Healy-Fuerstenau potential [51]: 

%�&9� = πε	 $+$,$+$, 	1<�/ + <&/2 = />+>,
>+�>,�

ln ?@9ABC+,@�9ABC+,D + lnE1 − F�/GH+,IJ Equation 6 

where hij = rij – (ai + aj) , ε = 81ε0 is the dielectric constant of water, ε0 is the permittivity of 

vacuum,  Ψi is the surface potential of particle i and κ is the inverse of the Debye screening 

length (no added salt is used in these experiments, therefore the ionic concentration is small 

and a value of κ = 108 m-1 is considered). Experimentally, all the suspensions are prepared at 

pH 6.5. In order to reproduce their behavior numerically, the surface potential of particles is 

assimilated to the zeta potential measured experimentally at pH 6.5, therefore Ψ1 = 38 mV and 

Ψ2 = -32 mV for alumina and silica respectively (see Figure 3). The D.L.V.O. potentials used 

in the simulations are plotted in Figure 9. The interactions between particles of same nature 

are repulsive, whereas they are attractive between alumina and silica particles. Because the 

D.L.V.O. potential diverges at the particles contact, the strategy presented in references [33] 

[48] is applied. The D.L.V.O. is cut at a well depth of 14kBT (kB being the Boltzmann constant, 

and T is the room temperature) and a linear repulsive potential is applied to avoid 

interpenetration. This strategy is chosen because it has already allowed to quantitatively 

reproduce silica adsorption on alumina in previous studies [33]. 

 

 

Figure 9: D.L.V.O. potentials used in simulations for silica-silica, alumina-alumina and silica-

alumina interactions. 
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3.2. Numerical results 

Snapshots of simulations for various R are shown in Figures 10 and 11. Two different solid 

fractions are considered, 1 vol.% and 10 vol.%. In all cases, silica nanoparticles are adsorbed 

on the alumina particles. For the lowest values of R, all the introduced silica nanoparticles are 

adsorbed on alumina. For the highest values of R, some silica nanoparticles remain in 

suspension, even though alumina is not completely covered: a saturation of the adsorption of 

alumina by silica is thus observed. This is in agreement with some results obtained in previous 

studies [48], and is explained by the repulsive interactions between the adsorbed silica 

nanoparticles. 

In order to quantify the maximum adsorption depending on R, and for the two solid volume 

fractions (1 vol.% and 10 vol.%), some calculations have been done on 10 independent 

simulations, as reported in Figure 12. It is observed for both solid fractions, below R = 6%, that 

all silica nanoparticles are adsorbed at the alumina surface. When R is comprised between 

[6%-8%], the values for adsorption start deviating from the line of complete adsorption, which 

means that some nanoparticles cannot adsorb on the alumina surface, and remain in the 

solvent. Nevertheless the number of silica nanoparticles adsorbed on alumina continues 

increasing with R. Moreover, the number of nanoparticles adsorbed on alumina also increases 

with the solid loading. This behavior can be attributed to the repulsive interactions between the 

adsorbed nanoparticles and the surrounding “free” silica nanoparticles. When the number of 

surrounding nanoparticles increases, the energy of interactions between the silica 

nanoparticles increases and adsorbing more silica nanoparticles on alumina may help to 

decrease the total energy of the system (potential well depth of -14kBT for the alumina-silica 

interaction). 

Simulation snapshots show that alumina particles can aggregate thanks to the small 

nanoparticles which bridge them. This is clearly observed for R = 1% at Φ = 1 and 10 vol.% 

(Figure 10). To characterize this aggregation, the aggregates containing at least one alumina 

particle are analyzed at t = 0.1s. Figure 13 shows the mean number of alumina particles in the 

aggregates as a function of R.  
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Figure 10: Snapshots of Brownian dynamics simulations at t = 0.1 s for various ratios R of 

silica nanoparticles: on the left with a solid volume fraction of 1 vol.%, and on the right with a 

solid volume fraction of 10 vol.% 
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Figure 11: Snapshots of one isolated alumina particle obtained in Brownian dynamics 

simulations with various ratios R of silica nanoparticles at t = 0.03 s (except for R = 1% at 10 

vol.%, t = 0.0015 s) 

 

 

Figure 12: Adsorption isotherm of silica nanoparticles on alumina particles calculated from the 

simulation results with solid volume fractions of 1 vol.% and 10 vol.%. The grey line indicates 

complete adsorption. Results are averaged over 10 independent simulations. 
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Figure 13: Mean number of alumina particles per aggregate observed at t = 0.1 s as a function 

of R, for simulations with a solid loading of 1 vol.% (in red) and 10 vol.% (in blue). Results are 

averaged over 10 independent simulations. 

 

Adding silica nanoparticles (increase of R) allows a better stabilization of the suspensions, 

traduced by the presence of aggregates containing only one alumina particle, in agreement 

with experimental characterizations. An increase of R induces not only an increase in the 

amount of silica adsorbed but also faster adsorption kinetics (see Figure 14). Thus, at the 

highest R ratios, alumina particles are quickly covered by the silica nanoparticles, which repel 

each other and thus hinder the aggregation of the alumina particles. Moreover, it can also be 

noted that a smaller amount of silica is required to stabilize the less concentrated suspensions. 

For Φ = 10 vol.%, a ratio R = 30% is indeed necessary to mainly have isolated alumina 

particles, whereas a smaller fraction R = 15% is enough for Φ = 1 vol.%. This can also be 

explained by the competition between the kinetics of alumina aggregation and the kinetics of 

silica adsorption. For Φ = 10 vol.%, alumina particles are closer to each other from the 

beginning of the simulation, and can more easily encounter before their surface is sufficiently 

covered by silica to avoid their aggregation. This result therefore shows that not only R is 

important for understanding alumina aggregation but also the solid volume fraction of the 

suspensions. 
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Figure 14: Kinetics of silica nanoparticles adsorption on the surface of alumina particles in 

simulations with a solid volume fractions of 1 vol.% (curves are not averaged). 

 

 

4. Discussion 

Experimental characterizations and numerical simulations were performed on mixtures of 

alumina and silica colloids at pH 6.5, where the surface charge was maximum and opposite. 

A very good agreement was obtained between experiments and simulations. Opposite surface 

charges lead to the adsorption of small silica colloids at the surface of alumina particles. The 

simulations show a saturation of the silica adsorption on alumina for R ratios between 6 and 

8%. These values are in agreement with the experimental measurements of zeta potentials 

shown in Figure 4. For values R < 7.5%, a strong decrease in zeta potential is indeed observed 

which can be explained by the adsorption of negatively charged silica nanoparticles on the 

surface of the alumina. For the highest values of R, it can be observed that the zeta potential 

decreases much more slowly with R, the silica particles adsorb with difficulty, which can 

correspond to an adsorption saturation, as observed in simulations. It can be noticed that these 

R values are much lower than that necessary to have a hexagonal close packing of silica 

nanoparticles at the surface of alumina particles. Calculations for hexagonal close packing 

leads to a surface coverage of 
!
/√� = 91%, and a ratio R = 22.5% (considering a density of 

ρ(Al2O3) = 3.98 g.cm-3 and of ρ(SiO2) = 2.2 g.cm-3, for alumina and silica respectively). This 

low coverage at the saturation can be explained by the repulsions between the silica particles 

adsorbed on the surface of the alumina [48] [31]. By considering a compact hexagonal stacking 

of silica on the surface, we can indeed deduce an effective radius for the silica particles, which 
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allows to take into account these repulsions between the adsorbed nanoparticles [48] 

(Equation 7) : 

 
NO0P$Q9	QR'909(	ST	9PP9QU�'9	N���Q$	V$0U�Q�9N
NO0P$Q9	(9'9�RV9(	ST	$"	$�OW�"$	V$0U�Q�9 = 0X	!	$�,Z[[�

 !	($#	$�)� =	 !
/√�  Equation 7 

with rs the ratio between the number of adsorbed silica nanoparticles and the number of 

alumina particles for the saturation of silica adsorption. Values of a2,eff=2.14a2 and a2,eff=1.83a2 

are found for R=6% and R=8% respectively, which is much higher than the silica radius a2. 

Note that a2,eff = 1.83a2 corresponds to a2,eff = a2 + the Debye length, which is estimated here 

at 10 nm and which characterizes the range of electrostatic interactions. This study proves that 

it is fundamental to consider the electrostatic interactions between the smallest particles, here 

silica, to explain their adsorption at the surface of alumina. The consequence is that a low 

amount of silica is enough to create a repulsive barrier and stabilize alumina suspensions, 

even at high solid fractions. 

The simulations also reveal that the volume fraction of particles plays a role on the value of the 

saturation of adsorption and on the aggregation of alumina particles, which is not always 

considered in the studies previously reported in the literature. For the same values of R, higher 

than those necessary to have the saturation of silica adsorption, it appears that the 

suspensions are more aggregated for a volume fraction of 10 vol.% than 1 vol.%. The 

simulations show indeed that there is a competition between the adsorption kinetics of the 

silica particles and the aggregation kinetics of the alumina particles. To avoid the aggregation 

of alumina particles, they must be sufficiently covered with silica particles before meeting each 

other. This may explain some experimental observations. Indeed, the sedimentation tests 

(Figure 5) and the measurement of the aggregate sizes (Figure 6) show that for R higher than 

12.5%, the suspensions are not aggregated. However, rheological measurements could not 

be carried out with R = 15% on the whole concentration range (up to Φ = 35 vol.%), due to 

flocculation. This difference in stability can thus be explained by the volume fraction of the 

suspensions used in the experiments. Indeed, the sedimentation and aggregate size 

measurements are carried out on dilute suspensions with a maximum of particles volume 

fraction of 1 vol.%, whereas the rheology measurements are carried out also with higher 

volume fractions up to 35 vol.%. According to the simulations, it can thus be expected that in 

rheology there is more aggregation at R = 15% than in dilute suspensions. This study thus 

shows that in these binary systems where different kinetics have to be taken into account, the 

behavior of suspension is complex, and the one observed in dilute suspensions may be 

different from those observed in concentrated suspensions.  
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5. Conclusion 

Experimental characterizations and numerical simulations were performed on mixtures of 

alumina particles and silica nanoparticles at pH 6.5, where the colloids surface charge was 

maximum and opposite. The ratio of silica to the total solid fraction was varied from R = 1 to 

30% (in weight). Opposite surface charges lead to the adsorption of the small silica colloids at 

the surface of alumina particles. For the lowest R, heteroaggregation induces 

heterocoagulation, i.e. a rapid instability of the suspension and a strong agglomeration, 

whereas for the highest R, on the contrary, heteroaggregation leads to the dispersion and a 

long-term stability, at the same pH. The experiments conducted by zeta potential 

measurements, sedimentation tests, granulometry and rheological measurements, show that 

the transition from coagulation to dispersion is in the range of R [6-15%]. Simulations 

performed by Brownian dynamics allow getting a better insight into the mechanism of 

heteroaggregation as a function of R, and the importance of considering the volume fraction 

of particles. A very good agreement is obtained between experiments and simulations, which 

are complementary. Actually, simulations show that silica can totally adsorb at the surface of 

alumina particles until R = 6%-8%. Then repulsive interactions between silica particles limit 

their adsorption, less silica is adsorbed, and most of them remain in the solvent, hindering 

alumina agglomeration by repulsive interactions. The adsorption of silica is governed by 

electrostatic interactions; if this result was already shown by other authors [48] [31], it has to 

be noticed that a much larger range of R has been explored in this study. Finally, the second 

important aspect of this study is to highlight the importance of the particle concentration, which 

is often not considered in the literature: alumina agglomeration may occur for higher solid 

fractions, because not enough silica is adsorbed before two alumina particles encounter. This 

observation is important to properly interpret the different experimental characterizations that 

are not always performed at the same volume fractions of particles according to the 

specificities of the experiments. Finally, this paper shows that alumina can be efficiently 

stabilized by using silica particles, which opens new perspectives for ceramic liquid processing, 

by using a silica sol at a medium pH and at a moderate concentration to modulate alumina 

suspension properties without any other organic additives. 
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