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Abstract

This work focuses on the development of tools for processing foams containing particles. By defining a foam stability index model and
correlating it with the suspension viscosity, it was possible to build up a road map to indicate whether a suspension could or not result in
high quality foams. The comparison of the literature data with predictions of the present model showed suitable agreement with the
properties previously reported. It was also observed that by using the road map concept, foam systems can be understood better, which
can lead to further innovative technologies.
© 2013 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction

In recent years, there has been great interest in foam and
foam-like systems containing particles, which are present in
many industrial sectors from mineral flotation to insulating
materials and slag foaming [1]. Those systems usually present
an outstanding long-term stability compared to common
surfactant generated foams [2] as the particles are located on
the film between the bubbles. However, a common technical
issue in most applications is the lack of understanding of
the fundamental concepts defining the foaminess/stability of
the bubbles and its correlation with the particle present,
regarding its size and chemical nature. Filling this gap could
generate new insights resulting in technology advances and
further innovations, either in well established areas (such as
flotation and insulating foams) or related novel ones (slag
foaming).

Some previous models have been derived in an attempt to
describe those systems [3—5], but none of them was successful
enough to incorporate the many different parameters that
influence the overall foam stability.
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Thus, the aim of this work is to design ““Processing Road
Maps” involving the most important variables leading to
bubble stability. Fig. 1 shows an illustration where equa-
tions defining both axes (X and Y) would be the ultimate
target of this work.

It must be highlighted that the road map concept was based
on Ashby’s materials selection methodology [6], which is often
used to describe complex engineering systems by developing
mathematical and (especially) graphical tools to quantify and
compare different materials regarding their effectiveness for a
specific application. That is exactly what the foaminess/
stability of suspensions problem is in need of.

The next sections present the main variables that influence
bubble stability and, based on some correlations among them,
indexes (for the X and Y axes in Fig. 1) will be proposed:

e Firstly, the maximum capillary pressure that the bubble
film can withstand (Pc max) and the total internal
effective bubble pressure (AP.s) are discussed.

e Secondly, the relationship between the adsorption free
energy (AG,qs) of the particles at the bubble interface
regarding their thermal energy (Kg7) is shown in order
to better understand the adsorption stability.

The mathematical reasoning for the derivation of a
foaminess/stability index expressed by the four variables
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Fig. 1. Envisioned processing road map for the quantification and com-
parison of different particle stabilized foams regarding their stability and
foam capacity (foaminess).

mentioned above (Pc max» APetr, AGags, KgT) is also
presented in this work, which could be suitable to describe
the Y axis. It is also important to understand that both the
bubble film thickness stability (expressed by the relation-
ship between the Pc . and the APy) and the particle’s
adsorption stability on the bubble’s interface (defined by
the AG,4s and KgT variables) are fundamental aspects of
foams containing particles and they must be simulta-
neously attained. Furthermore, the X axis could be
described by a rheological property, especially if the foam
production technique is mechanical frothing, that could
better address the constraints associated to the air incor-
poration in a suspension. The most accessible rheological
data for foam systems is the viscosity of the suspension
prior foaming. Hence, the viscosity, or an equation
comprising it could expand the understanding providing
a clearer vision toward foam systems, as will be discussed
below.

2. Pc maxs APgr and their correlation with the bubble film
stability

The particles placed at the bubble interface can result in
different structures (monolayer, bilayer, multilayer, etc.)
which, along with other variables (wetting angle, for
instance), define the “film strength” or the maximum
capillary pressure it can withstand before becoming
unstable. Based on the literature [7], the “intrinsic strength
of the film” will henceforth be called maximum capillary
pressure (Pc max) Which is expressed in megapascal
(10° N/m?). There are many equations aiming to quantify
this variable [4,7,8], however the one proposed by Kaptay
[3], was selected by the authors to use in the present work,
is given below.

Pema = T (cosh+2) (1)
Rp

where, f'is the fraction area of the bubble’s surface that is
coated by particles, 6 is the wetting angle of the particles
(deg.), R, is the particle’s radius (m), y is the surface
tension (N/m) of the gas—liquid interface and Z is a
parameter related to the sort of particle configuration
within the film. Additionally, it must be highlighted that
P ¢ max Is not a function of the bubble size.

In order to evaluate whether a bubble is stable or not,
one has to compare the strength of the film (which
withstands the whole foam structure) with the stresses that
the system is subjected to. Those stresses are mainly
expressed by the effective pressure (4Pgr) acting over the
bubbles and it can be calculated according to the following
equation [3], also derived by Kaptay:

APy = <Patm+ ;—1 +ng> [ 1—f(1—cos26)} )

where, P, is the atmospheric pressure (0.101 MPa), p the
density (kg/m?) of the system, ¢ the acceleration due to the
gravity (m/s?), H the height (m) of the foam column and
2Ry the bubble diameter (m). The term pgH in Eq. (2) is
also known as the hydraulic pressure. The Laplace pres-
sure due to the radius of curvature of the bubble is
considered in the 2y/Rp term. One can notice that Eq. (2)
is not a function of the particles size at the bubble’s film.
Furthermore, it must be pointed out that the APy
represents the pressure developed inside the bubbles that
could result in the rupture of the bubble’s film and, thus,
the foam collapse.

The interaction between Pc max and AP is expressed in
Fig. 2 where the results of Egs. (1) and (2) are shown for
an aqueous system.

By analyzing Fig. 2, the following hypothesis can be stated:

I. There is a threshold for the 2R, value, above which no
bubble, regardless of its size, can be stable, as the
Pc max value will always be lower than the total internal
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Fig. 2. Pc max and APy as a function of the bubble diameter (related to
the AP curve) and of the particle diameter (related to the Pc yax straight
line). y=0.072 N/m, f=0.9, z=0.633, 0=30°, H=0.1 m, g=9.8 m/s” and
p=1000 kg/m>.
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pressure of the bubble (AP.y). As presented in Fig. 2,
that threshold seems to be close to 2 um, although this
value will depend on those variables inserted in both
Eqgs. (1) and (2).

II. The Laplace pressure (2y/Rp term) is the main source of
the increase of the AP.y value when 2Rp becomes lower
than approximately 20 um. This can indicate the
difficulty of keeping bubbles below that size, as AP
increases steeply with the 2Rp decrease.

The fraction area of the bubble’s surface coated by the
particles (f) is another variable that plays an important role
in the bubble stability. The Pc .x results are shown in
Fig. 3, for three given f values (0.2, 0.4 and 0.9) and for
2R,=1pm. Thus, straight lines are generated as Pc max
does not depend on 2Rgp.

According to Fig. 3, one can realize that f is a major
variable regarding the foam system stability. For f< 0.2,
no bubble should be stable, assuming the parameter’s
values considered in Figs. 2 and 3. This result is in
agreement with the work carried out by Gonzenbach
et al. [9]. When those authors considered lower volume
fraction (vol%) of particles to produce aqueous foams,
they found out that the resulting bubbles were much bigger
than those with high particle content. Based on Fig. 3, for
a particle-liquid—bubble system to remain stable (regard-
less of its 6 and y values) the fraction area of bubbles
coated by particles must be higher than 0.2. Therefore, the
system has to generate bubble sizes that are compatible
with the number of particles (related to the particle’s
volume fraction and particle size) so that f remains high.
Considering a small amount of particles present in the
suspension, if one is willing to generate a foam with high
air volume fraction (P) and small bubble size (2Rp), this
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Fig. 3. Effect of f, the fraction area of the bubble’s surface coated by
particles, on the bubble’s stability of an aqueous system. Pc max results
were generated for a fixed particle size (2R, =1 pm). The values used for
the other variables were the same as presented in Fig. 2. The APy curve
was calculated for a fixed f value (0.6), as this parameter presents minor
changes with f variations.

would only be accomplished when the f value is high,
because the particles would have to be scattered over a
large air-water interface. Nevertheless, as shown by
Gonzenbach et al. [9], in such conditions bigger bubbles
are formed as there is much less air—water interface to be
coated by particles and, thus f could be high enough to
stabilize the foam.

In Fig. 3, it is also important to notice the trend of the
(Pc max—AP.r) difference. The value and modulus of the
(Pc max—APer) difference change with 2Rp, and when
(Pc max—APegr) < 0 an unstable system should be obtained,
whereas the opposite condition indicates stability. For
instance, considering the AP.y and the Pc max curves for
f=0.4 in Fig. 3, one can state that there is a threshold
value for 2Rg below in which the P¢ yax—APesr 1s negative,
representing an unstable condition. Above the 2Rg thresh-
old, Pc max—APs value is positive and the difference
increases with 2R until a plateau is reached (when 2Rp
is bigger than approximately 200 um) whose value also
depends on f. Therefore, the Pc max—APes value is an
indicative of the stability of the foam system.

In order to clarify the concepts described above, the
Pc max—APr difference was plotted as a function of the
particle diameter for a fixed bubble size of 10 um (Fig. 4a).
On the other hand, Fig. 4b presents the same difference as
a function of bubble size for a constant particle size of
1 pm.

Fig. 4a shows an interesting aspect which can also be
observed in Fig. 3. Pc max—APer plot becomes negative
above a certain particle size (in the case of Fig. 4a, the
threshold is approximately 4 um), defining an upper limit
for the particle size that results in stable foam films. On the
other hand, Fig. 4b shows a threshold which indicates the
lower limit for the bubble size that can be present in order
to have a stable system.

Fig. 4a and b raises the question about the geometrical
relationship between particles and bubbles, pointing out
that another interesting way to understand the particle—
bubble stability is to calculate the Pc max—APesr difference
as a function of C, which is the mathematical ratio between
2R, and 2R (C =2Rp/2Rp) (Fig. 5).

Fig. 5 expands the understanding of the foam system as it
shows that the C ratio defines the bubbles stability. It is
possible to observe that as the C value decreases, the threshold
value for the maximum stable bubble size increases and, given
a fixed stable bubble size, the modulus of the Pc max—APer
difference also increases. Furthermore, when the C value is 2
(particles have twice the size of the bubbles), no foam
configuration (bubble size) should attain stability, as the
Pc max—APey difference is always negative, regardless of the
bubble size.

3. Adsorption of particles (AG,qs) normalized by their
thermal energy

The bubble’s film stability criterion is not the only factor
that defines the overall stability of a foam containing particles.
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Fig. 4. (a) Pc max—APcsr as a function of the particle size (2R,) for a
10 pm diameter bubble (2Rp). (b) Pc max—APesr as a function of bubble
size (2Rp) for 1 pm particle size (2R},). The other variable values were kept
the same as described in Fig. 2.

1.0

0.8 N
0.6 1 \
0.4 _. \
0.2 \

0.0 =

-0.2
-0.4

PC ax = APggs (MPa)

-0.6:
08 ——C=001 c=01
] ----C=1 C=
-1.0 T
0.1 1 10 100 1000

2Rg (um)

Fig. 5. Pc max—APe as a function of 2R and C. The parameters used to
calculate Pc max Were kept the same as described in Fig. 2.

Another very important aspect is the adsorption of particles
at the gas-liquid interface. This concept is analogous to the
geometrical limit criteria for particle-stabilized foams [10], as

they state that the foam must have stability over its volume
(within its film and over its gas-liquid interface regions),
which is induced by the particles when they are present in the
liquid. In other words, the foam cannot have a stable bubble
film and an unstable liquid—gas interface, as both need to be
attained.

When a particle is attached to a gas—liquid interface, the
overall Gibbs free energy of the system is reduced, which
makes this process thermodynamically favorable. The
energy decrease due to this adsorption process at a flat
interface can be mathematically described by Eq. (3) [2,11],
when 0° < 0 <90°.

AG,gs = nRp*y(1—cos 0)* (3)

where AG,qgs is expressed in Joules (J).

Nevertheless, the AG,qs 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 [12]. If the thermal energy
value is close to the adsorption energy one, then the
adsorption may not be carried out as the particles will
have enough energy to break loose from the bubble’s film.

The thermal energy of suspended colloidal particles is
described by the product of the Boltzmann constant (Kg)
and the absolute temperature (7) [13]. Therefore, by this
estimative (KgT), also expressed in Joules (J), the stability
of the particles adsorption at the gas-liquid interface can
be defined

AG,s _ adsorption energy

Interface stability = T -
B

(4)

thermal energy

In Eq. (4), the influence of R, and 0 on the particles
adsorption stability can be evaluated. Fig. 6 shows the
results attained for an aqueous low temperature system.
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Fig. 6. Adsorption stability (AG,gs/KpT) as a function of the particle size
(2R;,) and the wetting angle (=5 or 89°). The calculations were carried
out assuming a constant temperature (373 K) and y=0.072 N/m. The
dotted horizontal line represents (AGags/KpT)=1.
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Fig. 6 provides important insights about the interface
stability which can be highlighted as follows:

I. The wetting angle () shows a great influence on the
stability of the particles adsorption process, as a five
order of magnitude change in the AG,qs/KpT ratio is
observed when 0 increases from 5° to 89°.

II. The particle size (2R;,) also affects the system’s stability
and for very hydrophilic particles (0=5°) there are
particle size ranges that result in very low adsorption
stability. As a matter of fact, there is a minimum thres-
hold (approximately 0.07 pm) below which AG,qs/KgT
ratio <1, indicating a very unstable adsorption.
This could be the reason that colloidal hydrophilic
particles (such as colloidal silica) cannot give rise to
stable foams [14,15].

4. Further steps toward a foaming/stability index

The stability index proposed in this work is an attempt
to generate a theoretical tool aiming to draw a compara-
tive analysis among foam systems. Therefore, the values
attained should not be taken as absolute ones, instead they
are suitable to carry out comparative analysis and provide
trends for experimental procedures.

In order to combine the results obtained so far, the viability
to attain a mathematical selection index was considered using
the set of variables described in the previous sections, as they
are related to the stability of the foam.

The next approach to the issue was to generate an
equation that is able to connect the Pc max—APey difference
and the AG,q4/KgT ratio. It must be highlighted that when
P max—APer becomes negative, a threshold for the stability
of the foam should be observed. Therefore, the negative sign
of the difference is shown if the index is calculated according
to the following equation.

Stability index = (P¢ maX—APeff)% (5)
KgT

In order to make the analysis and the results presentation
easier, it was assumed that when the stability index became
negative, it was made equal to zero. Therefore, in such
conditions no possible stable foam system could be attained.

The product of (Pc max—APesr) difference and AG,gs/
KgT ratio arises from the probability theory [16] which
states that when two events are required to take place
simultaneously, then the probabilities of each one must be
multiplied: the (Pc max—APesr) difference can be visualized
as a probability associated to the bubble’s film stability,
whereas the AG,gs/KpT ratio as the likelihood to attain
stable particle adsorption at the bubbles interface.

Kaptay developed a similar concept to the stability index
presented in Eq. (5) [25]. The author generated an equation
by multiplying the Pc max term and the (1—cos 0)* one,
contained in Eq. (3). By his model, it is possible to calculate

the stability of a system only as a function of 6, although no
correlation with experimental data was provided. Hence, it is
possible to state that Eq. (5) addresses the stability of a
particle containing foam in a much broader way, by taking
into account a higher number of relevant variables, therefore,
resulting in a novel mathematical tool to investigate particle
containing foam systems.

Fig. 7 shows the results obtained by applying Eq. (5) for
hydrophilic (#=5°) and hydrophobic (8=90°) particles,
respectively. These graphs also present the influence of
the particle diameter over the stability of the foam. As
mentioned above, there is a critical maximum particle size
that can result in stable foams, which also depends on the
bubble size (2Rp). It can be observed that the absolute
value of the stability index is much higher for the more
hydrophobic particles, mainly due to the much higher
AG,oys/KpT ratio. Furthermore, the critical particle size,
above which the stability index is zero, is also higher for
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Fig. 7. Stability index (defined by Eq. (5)) as a function of the particle
diameter (2R;) and the bubble size (2Rg). The contact angle was fixed at
5°1in (a), which characterizes highly hydrophilic particles, whereas in (b) 0
was 90°, which indicates partially hydrophobic particles. The other
variables were set as f=0.9, z=0.405 and y=0.072 N/m, H=0.1m,
g=9.8 m/s* and p=1000 kg/m>.
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the hydrophobic particles, as it increases slightly when 6
changes from 5° (~4 um) to 90° (~10 pm).

An interesting feature observed in Fig. 7 is that the
difference between the stability index values for the 10, 100
and 1000 pm bubbles begin to diverge only above a certain
particles size (~1 um), and the bigger the bubbles the more
stable they are (higher stability index). This might imply that
by using particles with a size below that threshold ( < 1 pm),
it would be easier to produce, for example, 10 pm bubbles,
as there is no stability advantage associated by producing
bigger bubbles.

Fig. 8 shows the results of Eq. (5) for a fixed bubble size
diameter (0.1 um). It can be observed that highly hydrophilic
(6=5°) particles can hardly stabilize foams even with bigger
particles due to the lower overall stability index (~ 5 orders of
magnitude lower than for 6=90°). This result is mainly a
consequence of the low adsorption energy (AG,qs/KpT) of this
system, as shown previously in Section 3. It is also possible to
notice that the stability difference between particles presenting
0 in the range of 70° and 90° is not as big as it is between the
5° curve profile (neither the absolute index values nor the
particle diameter threshold). Therefore, the 70° and 90° plots
are much more similar to each other when compared to the
5° one.

Fig. 9 shows the results for the stability index as a
function of 0 and 2Ry for 2 and 0.5 pm particle sizes,
respectively.

For both the 2 pm and 0.5 pm particles, it can be observed
that there is a suitable 0 value (~85-90°) that provides the
highest stability to the system.

Fig. 10 shows the stability index as a function of 6 and of
the particle size, given a fixed (10 um) bubble size. It is
interesting to observe that for a specific 0 value, the optimized
particle size changes.

The stability index defined by Eq. (5) appears to be a
suitable mathematical method to describe the complexity
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Fig. 8. Stability index as a function of the particle diameter for a bubble
diameter (2Rp) of 0.1 pm, for different 0 values. The other variables were
kept the same as stated in Fig. 7.
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Fig. 10. Stability index based on Eq. (5) as a function of the particle
contact angle (0) and of the particle diameter for 2Rg=10 pm. The other
variables were kept the same as in Fig. 7.

associated with particle containing foams, based on the
following aspects:

I. The index is able to show a threshold for the particle
size, as defined by the Pc max—APcs relationship.
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II. It is also capable to address the interfacial stability
aspect, as defined by the adsorption energy normalized
by the thermal energy AG,q/KgT ratio.

5. Processing road maps for ceramic foams

In this section, the validity of the stability index, defined
by Eq. (5), was compared to experimental results in the
literature. Therefore, specific publications were selected
where all physical properties required for evaluating
Pc max, APer and AG,4s/KpT parameters were available.

The proposed stability index should be suitable to
describe foam and foam-like systems that have the following
features:

e Considerably high volumetric fraction of particles in the
suspension prior to foaming, as the Pc max equation
assumes that there is some sort of structure formed by
the particles within the bubble’s film. This condition is
only attained when the volumetric fraction of particles
is above (> 10 vol% [17]).

o Narrow particle size distribution, due to the dependency
of Pc max upon the particle size (R, see Eq. (1)).

In this work, a novel way to analyze the stability and
foam capacity of a system is proposed by the “Processing
Road Maps” containing the stability index (Eq. (5)) and
the inverse of suspension viscosity prior foaming (1/¢) in
the Y and X axes, respectively. Therefore, in order to draw
the road map, all variables contained in the stability index
equation and the suspension viscosity must be known.
At the moment only a few studies have measured or
estimated all those parameters [9,15,18]. Fig. 11 shows
the example of a map which was built up using both
calculated (stability index) and experimental (1/n) data
found in the literature (all related to aqueous systems
containing polymeric or ceramic particles). The incorpo-
rated air volume fraction, P (%), related to each system is
indicated close to each point.

Fig. 11 is the first attempt to generate a generic tool that
could be used to identify whether a particulate system can
or not result in suitable foams. It is also a practical way to
visualize the general scenario of particle stabilized foams as
it reveals information of quite different systems containing:
(1) polymeric particles and distinct solids content, (2)
ceramic particles, (3) changes in the suspension ionic
strength, and (4) hydrophobic modifiers. As shown in
Fig. 11, there are regions in the graph where foaminess/
stability is assured (indicated as (i)) and others where it is
practically impossible (indicated as (ii)), when foam is
prepared by mechanical frothing. Between those two regions,
there is a ““transition zone” which depends on the type of
particles and the mechanism chosen to increase viscosity.
When moving from the transition zone to the (ii) one,
the P results decrease for low stability index (system 2)
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Fig. 11. Processing road maps for particle stabilized foams prepared by

mechanical frothing. The dotted lines are an attempt to define regions (i),
(if) and a “transition zone”. The starting data with the lowest stability
index for the system 4 is within the transition zone because this system
shows bubble coarsening (an indicative of a lack of stability) even though
its P value was quite high (85%). Data taken from [9,18-21].

or for low 1/ values (systems 1 and 3). Those examples are
discussed with more details below.

Moreover, Fig. 11 validates the necessity of correlating a
stability related parameter (stability index) with a rheolo-
gical one (viscosity) in order to visualize the general
behavior of a foam system, which was the main goal in
Fig. 1. Such argument is exemplified through systems 1
and 3 whose data points display approximately the same
stability index value, although the foaminess (P) observed
experimentally was quite different and dependent upon the
suspension viscosity (a methodological constraint).

The great advantage of such a road map is the possi-
bility of focusing on the future development of foams that
are located in region (i). In order to do so, the physical
properties are required to calculate the stability index and
the suspension viscosity must be measured and controlled.
Besides that, it is also possible to design systems that,
a priori, should have suitable physical and rheological
properties, which can minimize the chances of failure in the
foam production.

5.1. Polymeric particles containing foams (system 1)

Polyvinilidene fluoride (PVDF) foam containing parti-
cles were considered based on Wong et al. [19] data that
produced foams by adding 9 vol% alcohol to an aqueous
suspension. In this study, the wetting angle of the particles
(0) and the liquid—gas interface tension (y) were fixed at 62°
and 42 mN/m, respectively, and the only parameter inves-
tigated was the variation of the volumetric fraction (vol%)
of 0.25 um sized PVDF particles. Fig. 11 shows that P
values were extensively reduced for system 1 samples as 5
increased above critical values. It must be highlighted that
the foams prepared by Wong et al. [19] were generated
through mechanical frothing, a technique that requires low
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viscosity values to allow air incorporation. Thus, the
changes in the suspension viscosity are related only to
the increase in the volumetric concentration of particles,
which was varied from 6 up to 35 vol%.

It is observed that the calculated values for the stability
index remained constant (~115x 10~%) for all PVDF
foams, which indicates that each of those systems could
generate stable foams. Nevertheless, the viscosity values
were too high for the suspensions with high volumetric
fraction of particles (points inside the transition zone),
which prevented air from been incorporated. A possible
way to clear out this feature would be to generate foams
with the high viscosity (1/7<1Pa~'s™!) systems and
analyze their foaminess/stability. The air incorporation
would have to be forced by bubbling pressurized air inside
the suspension. The results presented in Fig. 11 clearly
state the importance of the methodology used to induce air
incorporation. Therefore, if there is a rheological variable
preventing that from occurring (viscosity, in this case),
then the stability index value will not prevail. Nonetheless,
with suitable rheological properties or by changing the
method to incorporate air (by using pressurized air or by
adding gas through a chemical reaction, for example) than
the stability index dictates the foam behavior.

5.2. Ceramic particles containing foams (system 2)

The stability index was also calculated for ceramic foams
produced by adding different amounts of valeric acid into
a 200 nm and 35 vol% alumina suspension [18,20] whose
results are shown in Fig. 11 with the corresponding
suspension viscosity. In this case, the valeric acid is
adsorbed on the alumina particles surface decreasing their
hydrophilic behavior. Therefore, they become only par-
tially wet by the water due to the increase in the 6 value,
which allows their adsorption in the air—water interface
and, thus affecting the foam generation likelihood. Besides
that, the valeric acid concentration scales with the suspen-
sion viscosity.

Fig. 11 shows two interesting aspects: by using 1 mmol/L
(lower viscosity) and 50 mmol/L (higher viscosity) of
valeric acid concentration, it was not possible to produce
foams (points with P=0%, located at the transition zone
and region (ii)), whereas the intermediate concentrations
resulted in quite high P values (75-82%). For the 1 mmol/L
amount (lower viscosity), the value of the stability index
attained is roughly 10 times lower than for the other
systems. On the other hand, for 50 mmol/L content (high-
est viscosity: 1/p~0.4Pa~"'s™"), it shows a high stability
index value and, yet, no foam could be produced. The
latter behavior needs to be understood by the suspension
viscosity (1) value, which was the highest for this system.
Additionally, the gas had to be incorporated by mechan-
ical frothing, that associated with the high viscosity, made
the foam generation impossible. If the gas incorporation
would have been carried out by another method, the
stability of the foam might have been suitable. This latter

analysis is analogous to what happened to the PVDF foam
discussed before.

5.3. System 3

Fig. 11 also presents the stability index and viscosity
values for alumina foams stabilized with propionic acid
and modified by adding NaCl [20]. The evaluated propio-
nic acid concentration was kept constant at 176 mmol/L.

In order to carry out the calculations, the wetting
angle for propionic acid modified alumina was taken from
elsewhere [21] and it was fixed at 42°, assuming that the
NaCl concentration has very little effect on it. Besides
that, the f and z values were considered 0.9 and 0.405,
respectively.

Similarly to the PVDF and valeric acid modified
alumina foams discussed before, the stability index alone
cannot explain the reason for the diminishing values of P
as the NaCl concentration increases. As the index remains
high, the suspension viscosity must be the cause for the
decrease in P values. That hypothesis is also confirmed by
Fig. 11, which shows that as the alumina suspension
viscosity increases above approximately 0.8 Pa s (1/4=1.25
Pa~'s™'), P tends to decrease.

When one compares the effect of increasing suspension
viscosity by increasing the alumina modifier (such as
valeric acid, see Section 5.2) and by adding ionic electro-
lyte, it can be concluded that the foams produced by NaCl
addition can result in higher P values (given the same
viscosity) in the high viscosity range (1/y<2Pa~'s™").
That fact can be illustrated by observing that a suspension
containing NaCl with viscosity of approximately 2 Pas
could induce the generation of foam with P=56%
(Fig. 11). On the other hand, the suspension produced by
increasing valeric acid (system 2) could not generate foams
at all (0%) for the same viscosity value. This explanation
reflects a real decoupling from the stability index and the
viscosity, as the former system (NaCl) showed an index
value of 70 and the latter (valeric acid) of 128, showing
that the way in which viscosity is increased also matters or
that, maybe, another rheological parameter could be more
suitable for defining a threshold for air incorporation in
mechanical frothing. For example, valeric acid reduces the
repulsion between alumina particles by a hydrophobic
effect [22] causing intense gelification in the system. On
the other hand, the increase in the ionic strength does not
lead to such a significant effect (this is only a hypothesis,
as one would have to carry out G’ and G” measurements to
confirm such a claim, or, at least, compare the entire
viscosity—shear rate curve). The intense gelification usually
happens because the short chain carboxylic acids cause a
dramatic reduction in the zeta potential, which allows
particle attraction to take place.

Nevertheless, the viscosity threshold above which the
values of P begin to decrease is not too different for the
two systems (2 and 3), as for the NaCl one it is about
0.8Pas (1/y=125Pa~'s™!) and for the valeric acid
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system it is close to 0.3Pas (1/y~3Pa~'s~ ") [17] and
that is the reason why those spots are located close to the
transition zone in Fig. 11. Furthermore, in the PVDF
foams (system 1) the threshold value of approximately
0.5 Pa s was also observed, as foams with higher viscosity
resulted in smaller P values. Note that all those points are
inside the transition zone in Fig. 11, indicating that even
higher viscosity values would completely inhibit the foam
formation.

5.4. System 4

Gonzenbach et al. [18] evaluated various surface modi-
fiers (propionic acid, valeric acid and enanthic acid) to
produce foams of alumina suspensions containing 200 nm
particles and 35 vol% solid loading. The stability index
was calculated and is presented in Fig. 11 with their
respective viscosity values.

Based on P values shown in Fig. 11 the foams produced
by such carboxylic acids modifiers are all in the same range
(82-85%). However, Gonzenbach et al. [18] also evaluated
the long-term stability of their systems by measuring the
foam medium bubble size as a function of time and their
values (the size measured at each time divided by the
bubble size immediately after foaming) are presented in
Fig. 12.

After 10 h the bubble size in the foams containing valeric
and enantic acids were the same as just after foaming
(relative size equals unity). On the other hand, the prop-
ionic acid foam showed some coarsening, as the bubbles
more than doubled their initial values.

The results are presented in Fig. 11, where the point with
the highest stability index (shown in the (i) zone and with
P=82%) represents the enantic acid system. The inter-
mediate stability index value (also located in the (i) zone)
represents the valeric acid containing foam and the lowest
one (transition zone) the propionic acid system. It is also

25
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Relative bubble size

151 —a— Enantic Acid
1.0 )
0.5 g T T T T T T T T T T
0 2 4 6 8 10 12

Time after foaming (h)

Fig. 12. Relative medium bubble size as a function of time (h) for foams
containing the three surface modifiers [18].

possible to notice that the viscosity of the enantic and
valeric acid containing foams were similar, whereas for the
propionic one it was higher.

The stability index associated to the valeric acid and
enantic acid modified alumina foams were much higher
(primarily due to the higher wetting angles) than the
propionic acid foam, which can be related to the long-
term kinetic stability of the systems and, thus, explaining
the observed coarsening shown in Fig. 12. Therefore, there
might be a minimum threshold for the stability index value
that is necessary to attain in order to maintain long term
stability, that is, to prevent bubble coarsening. As stated in
the Fig. 11 caption, the first horizontal line of the
transition zone was suggested based on the propionic acid
system due to its lack of long-term stability.

Another very important remark is that coarsening took
place in the propionic acid system even though its viscosity
was tenfold higher than the other two, indicating that, for
particle stabilized foams, viscosity may not be such an
important kinetically influent parameter as it is in aqueous
surfactant stabilized ones [23]. Additionally, in such
systems the viscosity acts as a stabilizing element by
slowing drainage and coalescence rates. Besides that, when
increasing 0 from 53° to 70°, a small effect in the 200 nm
alumina foam formation should be verified, as the particle
size of alumina in that case was very small. However, for
larger particles, (3—7 um), the effect of 6 could be much
more significant, as calculated by Eq. (5) and shown in
Fig. 13.

Fig. 13 shows that for 5 um particles, increasing 6 from
50° to 70° allows the presence of 50 um bubbles in the
foam (as for §=50° the stability index value associated
with such particles is zero), meaning a much more “active”
role of the wetting angle. In case one must generate a foam
with a wide particle size distribution and, thus, the possible
presence of bigger particles, the results shown in Fig. 13
might indicate that increasing 0 close to the 70-80° range
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Fig. 13. Stability index as a function of 6 and of the suspension particle
size. For the calculations, the following values were used: f=0.9,
z=0.405, y=0.06 N/m, 2Rg =50 pm.
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might be vital for producing foams (otherwise, the large
particles may act as potential foam disrupters).

6. Final remarks

The stability index derived in Section 4 (Eq. (5)) has the
potential to become an indicative way to analyze different
types of particle stabilized foams (Y axis of Fig. 1). When
compared to the reciprocal of the suspension viscosity
(X axis of Fig. 1) the stability index model expands the
scientific understanding regarding such systems, especially
because the previous ones [3,24,25] are not able to
incorporate all variables in a single equation.

Some of the most important conclusions and insights
that can be drawn are the following:

e The rash assumption that high suspension viscosity
inhibits particle-containing foams generation must be
reevaluated, as this is only true when mechanical
frothing is selected for the manufacturing process. Even
in that case, some results point out that the viscosity
threshold may not be fully understood by merely
comparing the suspension viscosity, as other rheological
properties (such as G’ and G”) may also be important
and further investigations are still required. That fact is
the possible cause of the uncertainty in the position of
the maximum viscosity threshold in the road map
(Fig. 11).

e The present model helps to generate insights about future
processing trends in such systems. For example, the
calculations showed that the wetting angle is (given a
fixed particle size) the single most important parameter
that controls foam stability/foamability. Besides that, the
wetting angle influence is more significant for larger
particles. Finally, the stability index was also able to
explain the long-term stability of foams generated with
different chemical modifiers, as lower index value was
correlated to bubble coarsening (although adequate foa-
miness was attained).

e Although many literature results point out the validity
of the proposed model, there are limitations (such as
the maximum particle size) that still need further
improvement regarding the predictions of the stability
index.

The road map concept seems to be able to clarify the
processing of foams by highlighting the likelihood of
foam production and its stability. This tool allows
the simultaneous visualization of a huge amount of
information regarding physical properties (stability
index and viscosity) with the systems goals (P, for
example). However, its great drawback is that its
conclusions are different for each processing method,
as each one might result in different positions for the
transition zone (for example, if air is injected under
pressure in the system, then most likely the threshold
for the maximum viscosity is increased). Nonethe-
less, it is possible to state that such a tool is a great

advance to understand and control foam and foam-
like systems.
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