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Abstract

In this work, properties from colloidal silica containing foam systems were analyzed and correlated to the fundamental concepts of
the particle adsorption at the gas-liquid interface, specifically for the adsorption energy and its relationship to the thermal energy of the
particle. Based on the presented data, it can be pointed out that hydrophilic colloidal particles should give rise to unstable foams due to
their low adsorption energy, which is below the minimum threshold required evaluated for the particle containing foam stabilization.
© 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Foaming containing particles can result in systems
having outstanding stability [1] or no foam formation
due to the action of highly hydrophobic materials [2]. This
opposing trend can also be attained with the same sort of
particle depending on the physicochemical state of their
surface, which can be modified by various techniques [3,4]
(e.g., by using water-soluble amphiphilic molecules that
can adsorb at the metal oxide surface and modify its
aqueous wettability or by changing the morphology of the
solid surface [5]).

The literature presents many studies related to the
foaming behavior of colloidal silica suspensions. However,
due to the various data related to the physicochemical
properties of colloidal silica foams presented by Binks and
Horozov [6], Blute et al. [7] and Gonzembach et al. [4]
these works were selected to be explored and further
analyzed in this paper.

Blute et al [7] evaluated hydrophilic (unmodified) col-
loidal silica suspensions (10 wt%) and analyzed the foam
stability of these systems. The selected experimental pro-
cedure consisted of introducing air into the colloidal
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suspensions and measuring the time required for the foam
to collapse (the stability time). Fig. 1 presents the stability
time of foams evaluated by Blute et al. [6] as a function of
the particle size (nm) of colloidal silica.

Fig. 1 shows a general trend where the smaller the
particle, the higher the stability time, which is related to
the higher viscosity of the suspensions containing tiny
particles [7]. However, although the stability time changes
are significant among those systems evaluated by Blute
et al. [7], they are almost irrelevant when compared to
highly stable ones [8], as the latter displays stability time
values ranging from many days to years (which makes
them some million to billion times more stable than those
shown in Fig. 1).

In order to increase the stability time and also the
system’s foaminess, Binks et al. [6] reported a method to
produce colloidal silica foams by changing the chemical
nature of the particles in suspension. They carried out a
silanization by using dichlorodimethylsilane in alcoholic
medium, which resulted in the silica’s contact angle (6)
increase, making a less hydrophilic particle surface. Aim-
ing to quantify this effect, some measurements of the
surface relative SiOH content were carried out. Because
the SiOH chemical group is commonly present at the silica
surface, this compound should be an indicative of its
highly hydrophilic feature (contact angle ~ 5-10° [9]).
Furthermore, by the silanization, Binks and Horozov [6]
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Fig. 1. Stability time (s) as a function of particle size of foams prepared
with 10 wt% colloidal silica suspensions [6]. The fitting line presented is
just to guide the eyes.
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Fig. 2. Contact angle (°) [10] of silica particles as a function of the relative
SiOH content on their surface and the foam volume (cm?) [6] attained for
each system.

were able to produce highly stable foam systems and to
achieve high foaminess values (measured by the stable
foam volume) with 20 nm colloidal silica particles suspen-
sions. Their results are shown in Fig. 2, which presents the
foam volume as a function of the relative SIOH content on
the silica surface. It is important to emphasize that the
foams that could be generated by Binks et al. [6] presented
very high stability times (dozens of hours), much higher
than the few seconds attained by Blute et al. [7] (see Fig. 1).

Fig. 2 shows that there are ranges of SiOH content that
allows foam generation and stabilization, whereas SiOH
values higher than 70% or lower than 15% inhibit the
foam formation and stabilization process. In order to
elucidate this aspect, the contact angle (), which is a

function of the relative SiOH content, is also shown in
Fig. 2 (based on Kostakis et al. [10]). The 6 value is very
important for the production of foams containing particles
as it controls their adsorption at the gas—liquid interface,
affecting the foam stabilization.

Gonzembach et al. [4] applied another method to
increase the stability time and foaminess of colloidal silica
suspensions. They carried out in-situ modification of the
silica particles surface in suspension by adding hexylamine
as a surface modifier. Fig. 3 shows their results based on
the volumetric gas fraction (P) incorporated in the suspen-
sions, which is a direct measure of the system foaminess. It
is possible to observe that as the hexylamine concentration
increases above a certain level, foam generation takes
place. Analogous to the Binks and Horozov [6] system,
the physicochemical parameter changed was the particle
contact angle with water (), which also varies with the
hexylamine concentration and is also shown in Fig. 3 [11].
It is important to emphasize that the foams that could be
generated (P> 0%) by Gonzembach et al. [4] presented
very high stability times (dozens of hours), which are also
much higher than those attained by Blute et al. [7]
(see Fig. 1).

Figs. 1-3 show that the physicochemical properties are
relevant for the behavior of particle containing foams,
either due to the particle size effect or the wettability one.
These fundamental concepts regarding foam systems con-
taining particles have already been discussed in the
literature [12], nevertheless a comprehensive quantitative
analysis to allow the comparison among different systems
is still required, such as for particular particle size values,
wettability or another property that depend on them. This
systemic view may result in novel concepts that can
elucidate the required conditions to attain foamability
and, additionally, explain why foams containing colloidal
hydrophilic particles are so unstable, as shown in Fig. 1 by
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Fig. 3. Volumetric fraction of gas (P) and the contact angle (0) as a
function of hexylamine concentration (mM). The contact angle data was
taken from Vilkova et al. [11]. The particle size was fixed in 200 nm. The
fitting lines presented are just to guide the eyes.
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their low stability time values. This broader view may also
provide explanations for the great stability/foamability
attained by colloidal partial hydrophobic silica particle
foams, as shown in Figs. 2 and 3.

Therefore, the present communication aims to explore
and analyze the fundamental concepts leading to the
foaming behavior of suspensions containing colloidal
particles by correlating experimental data with fundamen-
tal physicochemical concepts. In order to do so, this work
focused on colloidal silica containing foams based on
experimental data presented in the literature. The colloidal
silica particle containing foam was selected for this study
as it has been one of the most investigated regarding its
foam formation ability. The main objective was to under-
stand the fundamental reasons of why some colloidal silica
foams attain good stability whereas others do not.

2. Mathematical approaches

For a suitable evaluation of nanoscaled particles con-
taining foams, it is necessary to select a foam property
sensitive to the presence of such particles, which could then
explain the observed macroscopic behavior.

It is known that when a particle is attached to a gas—
liquid interface, the overall Gibbs free energy of the system
is reduced, resulting in a more favorable thermodynamic
condition. The energy decrease due to this adsorption
process at a flat interface can be mathematically described

by Eq. (1) [1].
AGags = TERf)V(l * cos 0)2 (1

where, AG,q4s is expressed in joules (J), y is the gas—liquid
interfacial tension (N/m) and R, is the particle radius (m).
Additionally, when 0° < 0 < 90° the positive sign in Eq. (1)
is used or the negative one for 6 > 90°.

Nevertheless, the AG,4s value cannot be used to state
whether the interface is stable or not. That argument can
only be sustained when the energy released due to adsorp-
tion of the particles is compared to their own thermal
energy, which is the origin of the Brownian motion of
colloidal particles in suspension [13]. If the thermal energy
value is close to the adsorption energy, then this process
may not take place, as the particles will have enough
energy to break loose from the gas-liquid interface.

The thermal energy of suspended colloidal particles is
described by the product of the Boltzmann constant (Kg)
and the absolute temperature (7)) [14]. Therefore, by the
(KgT) value, also expressed in Joules (J), it is possible to
define the stability of the particles adsorption at gas—liquid
interface, as presented by Eq. (2) [1]:

AG,gs  Adsorption Energy

Interface Stability = T =
B

2
Thermal Energy @
Eq. (2) allows the comparison among different foam
systems regarding their particle size and wettability. This
tool will be used in this work to discuss and explain the
experimental foam properties shown before (Figs. 1-3).

3. Results and discussion

Based on Eq. (2) it is possible to evaluate the influence of
R, and 0 on the particle adsorption stability. Fig. 4 shows
the results attained for an aqueous low temperature
(T=373 K) system:

It is possible to observe that as the contact angle changes
from 5° to 10° or from 5° to 89°, the (AG,qs/KgT) ratio
increases many orders of magnitude. Furthermore, the
dotted parallel line to the x axis shown in Fig. 4 defines the
condition where the adsorption energy is equal to the
thermal energy, which implies that the system is unstable
as the thermal energy is high enough to withdraw particles
from the interface of the bubbles. Therefore, it is possible
to point out the inherent instability associated with
unmodified colloidal silica foams, just like those prepared
in Blute et al. [7], as the low contact angle (5-10°)
associated with such small particles results in very low
(sometimes less than 1) values for the (AG,qs/KgT) ratio
(Fig. 4). This is the key aspect that explains the low
stability time attained in colloidal (2R, <40 nm) silica
foam systems by Blute et al. [7] (Fig. 1).

In order to explain the results attained by Binks and
Horozov [6] (Fig. 2) and Gonzembach et al. [4] (Fig. 3) the
(AG,4/KpT) ratio for those systems was calculated using
Eq. (2) and the values of 0 presented in Figs. 2 and 3. The
surface tension (y) values were assumed to be close to plain
water, 72 m N/m. The results are shown in Fig. 5.

Fig. 5 correlates the attained foam volume or volumetric
gas fraction (P) with its corresponding (AG,qs/KpT) value.
Although the correlation between (AG,q/KgT) and foam
volume or with P is not quite clear, no foam was attained
with a (AG,qs/KgT) value below approximately 300. This
result indicates that foams stabilized with particles require
an adsorption energy (AG,qs) a few hundred times greater
than the thermal energy (KgT), which can be regarded as a
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Fig. 4. (AG,q4s/KgT) relation as a function of particle size (nm) for three
different contact angles (5, 10 and 89°). The dotted line represents (AG,qs/
KgT)=1.
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Fig. 5. Correlation between the (AG,qs/KpT) ratio and the foam volume
(cm®) (by Binks and Horozov [6] and Blute et al. [7] on the left) or with the
volumetric gas fraction, P (%) (by Gonzembach et al. [4] on the right).
The fitting line presented is just to guide the eyes.

minimum threshold for the formation and stabilization of
foams containing particles. This threshold is lower than
that often stated in literature, which is suggested to be
thousands of times greater [1]. If one compares the 300
ratio value with that generated by unmodified colloidal
silica suspensions (such as Blute et al. systems [7]), which is
in the range of 5 to 10 % (see Fig. 4 and the curves where
0=5°-10" with 2R,=20-40 nm), it is possible to under-
stand why those systems presented such low stability times
(smaller then dozens of seconds) and are shown in Fig. 5
with P values very close to null.

4. Conclusions

Colloidal particle stabilized silica foams were investi-
gated based on the variables that control the system
foaminess and stability, such as the particle size and
wettability. It was concluded that the ratio between the
adsorption energy of a particle at gas—liquid interface
(bubble’s interface) and the thermal energy of the particles
is an important parameter that helps to explain the
experimental results in the literature. The correlated data
presented in this work suggested that the adsorption
energy must be at least few hundred times greater than
the thermal energy in order to allow foam stabilization,

which is the reason why hydrophilic colloidal particles
containing foams are unstable, as their adsorption energy
are either lower or just above the thermal energy value.
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