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The present work highlights that ai-alumina hydrophobicity (attained by the in situ modification of
its surface properties with water soluble organic monoacids) cannot be increased by using molecules
with low acidity (pKa) values due to the alumina zeta potential profile at pHs below approximately 4. In
order to certify this statement, the effects of short-chain fatty acids and fluorinated ones on the alumina
contact angle (6e) with water were analyzed. It is also pointed out that the Be values derived from the
experiments carried out using fluorinated acids are the highest possible when monoacid surfactants are
added in o-alumina suspensions in acidic pH. This result indicates that there is another constraint to the
in situ hydrophobization procedure, which was not previously elucidated or fully settled in literature.
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1. Introduction

The surface modification of oxide particles has been
studied over the latest decades due to the relevant role of
the physico-chemical properties on technological advances'.
The stabilization of foams/emulsions using particles and
many related fundamental concepts have been evaluated
and proposed by many authors®®. The contact angle, also
known as the equilibrium wetting angle (6e) of oxide
compounds seems to be a key parameter for foam generation
and its stability*®. Investigations have shown that highly
hydrophilic (Be < 30°) or highly hydrophobic (6e > 120°)
particles are not suitable as foam stabilizers. Therefore,
in order to produce high stable foams, the contact angle
value must vary within an optimized range®’, which can be
achieved by successfully modifying the particles’ surface.

The most usual way to change a ceramic surface
is the in situ modification processes®!’. However, such
transformations need to take place in aqueous suspension,
otherwise it could be very difficult to disperse the modified
particles®. One possible route to induce the hydrophobization
of alumina particles in suspension is by the addition of
specific organic water-soluble molecules that can be
adsorbed to the oxide surface and reduce its affinity for
water molecules. Using this technique, Gonzenbach et al.!!
prepared particle stabilized ceramic foams by adding short
chain acid molecules to an alumina suspension. Table 1
shows some of their results, related to the o-alumina
hydrophobization process with three different short-chain
acids.

Based on Table 1, it can be observed that the longer the
hydrophobic chain length, the higher the 6e value'>. It must
also be pointed out that the unmodified o-alumina surface
has an equilibrium wetting angle of approximately 20°.

*e-mail: anapaula.light@gmail.com

The chemical mechanism leading to this transformation
is based on the ionization of the carboxylic acids in aqueous
solution which releases a proton of their head group,
resulting in a remaining negatively charged molecule
(an anionic specie)'. On the other hand, the alumina surface
charge depends on the pH of the suspension which below
its isoelectric point (approximately 9 - Figure 1) is positive.
Therefore, the carboxylic acid anion will be attached to the
positively charged alumina surface groups via electrostatic
interactions at acidic pHs!'"4.

The most important physicochemical property of
carboxylic acids in solution regarding their adsorption
capacity onto solid surfaces seems to be their pKa values,
also known as the molecule acidity!'*!°. This parameter
defines the amount of dissociated molecules in solution
able to be adsorbed at the particle’s surface. Figure 2, for
instance, shows the percentage of adsorbed molecules of
propionic acid on the alumina surface as a function of the
suspension pH!"*\. The maximum adsorption was identified
at the same pH range of the molecule’s pKa (~4.8). The
adsorbed amount decreases for the lower pH as less acid
molecules are deprotonated, decreasing the number of
molecules available to adsorption. On the other hand, for
pH > 4.8, there are less available sites at the alumina surface
as the zeta potential values decrease continuously until its
point of zero charge (pH ~ 9, see Figure 1)!¢. Therefore, this
dynamic process defines the adsorption likelihood at the
alumina surface and, consequently, the modifier’s ability
to increase the Oe value.

Figure 2 depicts an important aspect of the
hydrophobization procedure, highlighting that there is an
optimized pH range that maximizes the amount of adsorbed
molecules at the particles surface.
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Table 1. o- Alumina equilibrium contact angle (8 ) modified by the
addition of three different acids at room temperature (Concentration:
10mM and pH=4.8)'$22,
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Figure 1. o-Alumina zeta potential (&) as a function of pH"?*. The
analyzed alumina powder was supplied by the Sumitomo Chemical
Company and presented the following features: d =0.4pum, 99.99%
purity and specific surface area of 7m?g".
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Figure 2. Percentage of adsorbed propionic acid molecules on
alumina surface, as shown by Hidber et al.".
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Regarding the control of the in sifu hydrophobization
process of the alumina particles, there are three key aspects
to be considered, which are summarized as follows:

 Chain-length: the longer the surfactants hydrophobic
tail, the higher the Oe value attained at a fixed
concentration (as presented in Table 1). Unfortunately,
the use of molecules with very long-chain lengths is
not advisable due to their reduced water solubility and
detrimental effects for suspension rheology, leading
to a significant increase in the viscosity, as shown by
Chuanuwatanakul et al.'” and Gonzenbach et al.'';

* pKa - pH relation: at a given pH, the lower the pKa
value, the higher the amount (Figure 2) of available
surfactant molecules to carry out adsorption and,
thus, surface modification'. For the oxide particles,
the higher the zeta potential, the higher the number
of sites available for adsorption;

» Concentration: at a fixed pH, the higher the surfactant
concentration, the higher the Oe value achieved
at the particle’s surface. Nevertheless, Megias-
Alguacil et al."® showed the modifier’s concentration
scales with the contact angle (8 ) up to a maximum
value. Hence, very high concentrations of acids can
lead to Be decrease. Above a critical amount, the acid
molecule adsorption is carried out in a multilayer
fashion, which reduces the hydrophobizing effect as
the polar groups of the secondary layers add charge to
the system (rendering it more hydrophilic). Moreover,
the acid concentration at the Oe maximum value is not
always used in practice due to the high viscosity of
such systems!*!8,

Thus, the only approach to enhance the adsorption
process of acid molecules at the alumina surface, given a
fixed concentration and chain-length, is to use molecules
with lower pKa values. The literature'® indicates that the
lower the pKa value and the lower the pH suspension, the
higher the adsorption likelihood would be and, therefore,
the higher 6, values should be attained. Hence, the main
objective of this work is to highlight that the selection
of molecules with low pKa values may also face some
limitations, as a maximum threshold for the 6e value may
exist. In order to evaluate these limits, this work compared
the hydrophobization efficiency of fatty and fluorinated
acids (based on experimental data presented in the literature)
on the o-alumina surface using fundamental adsorption
concepts and mathematical procedures.

2. Mathematical Approaches

Equation 1 can be used to calculate the fraction of
deprotonated molecules as a function of the suspension pH
and the pKa value of an acid molecule!*%.

(7] 1 )
(R] 14 10PH-PKa

where, [R] is the total amount of molecules, [R7] is their

R | . . .
deprotonated content and [[ ]} is the fraction ratio of
R
deprotonated molecules in solution. This mathematical
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expression can provide important information such as the
amount of organic molecules that will be available to react

and adsorb on a solid surface.

The wetting data can be obtained as a function of the
advancing (8,) and receding (6,,) contact angles, which are
not exactly equal to the equilibrium one, 6e. In order to
compare the values of the wetting angle that were measured
by different methods, one has to convert 6, and 8, into Be, a
procedure that can be done using Equation 2!,
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The 6, and 6, data obtained by Karaman et al.** was
inserted in equation 2 and the resulting 6e values for the
fluorinated carboxylic acids had their results compared to
the fatty ones shown in Table 1. Furthermore, the dissociated
fraction of the acid molecules (fatty of fluorinated ones)
in suspension, calculated according to Equation 1, was
correlated to the Be values.

3. Results and Discussion

Figure 3a presents the measured equilibrium contact
angle for propionic (C,H,O,), valeric (C,H, O,), enanthic
(C,H,,0,)"" and also for two types of fluorinated acids
[perfluoropropionic (C,HF,0,) and perfluoroctanoic
(C,HF ,0,)] in water (concentration 10mM).

According to Figure 3a, fluorinated acids are more
effective than the fatty acids to increase the equilibrium
contact angle of alumina as, given the same or similar
molecular chain length, the lower the modifier’s pKa value,
the higher the e attained.

In order to explain the behavior shown in Figure 3a,
Equation 1 was used to calculate the amount of ionized
molecules for the evaluated surfactants. The results are
shown in Figure 3b, calculated for two pKa values, namely,
4.8 for the fatty acids and 0.7 for the fluorinated ones. Based
on the results, at low pH, the molecules with smaller pKa

values present higher dissociated fraction values u )
R

For instance, in the pH range (2-4.8) where the e values
shown in Figure 3a were measured, the deprotonated
fraction was approximately 50% and between 95-99% for
the fatty acids and fluorinated ones, respectively, which
justifies the higher effectiveness of the latter to induce
the hydrophobization of alumina particles. This result is
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Figure 3. a) o-Alumina wetting angle as a function of the type
of acid used for its surface modification'®??, where the number of
carbon atoms for each molecule is presented in parenthesis. The
concentration for all acids is 10 mM and the pH solution was kept
between 4.7-4.8 and in the 2-3 range for the fatty and fluorinated
acids, respectively. b) Dissociated fraction of an acid as a function
of pH for two pKa values (4.8 for the fatty acids and 0.7 for the
fluorinated acids) calculated by Equation 1.

further strengthened when considered that the o-alumina
zeta potential for pH values below 4.0 hardly increases or
even decreases (pH < 2), which indicates that the amount of
available molecules to adsorb is the determinant parameter
in that pH range. Therefore, for the alumina system, it
may be impracticable to attain higher 6e values than those
attained by the fluorinated molecules with another sort
of short-chain monoacids at pH < 4.0, even when their
pKa value is lower, as they are already close to 100%
dissociation. This aspect may indicate a limit for the 8e value
range likely to be reached by the in situ hydrophobization
of the alumina surface via short chain-length surfactants
selection for the acid pH range.

Therefore, if one would carry out the hydrophobization at,
for instance, pH = 1, according to Figure 3b, the dissociated
fraction of fluorinated acids would be around 66%. In that
case, another surfactant with even lower pKa (e.g., —1)
could result in a major increase in the available dissociated
species in the medium and provide better results compared
to the fluorinated acids at pH = 1. Nonetheless, it may be
possible that the highest value for 6e could be the same as
for the fluorinated acids at pH = 2-3 (see Figure 3a), given
that the molecular chain-length and concentration (10mM)
are fixed, as in such conditions the limiting factor would be
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the number of charged groups at the alumina surface (which
hardly increases or decreases at pH < 4.0). If the o--alumina
zeta potential curve had presented a negative slope for the
entire acidic pH range, then the Oe limit might not have been
detected by the fluorinated acids at pH = 2-3. Such claim
indicates another constraint to the in situ hydrophobization
route not previously reported in the literature.

4. Conclusions

The calculations carried out in this work suggested
that in order to optimize the increase of the alumina-water
contact angle (6e) in the low pH range using short-chain
molecules (less than 8 carbons in its backbone), it is
necessary that most of the species remain dissociated in the
pH chosen to carry out the reaction, preferably higher than
95% of dissociation. Moreover, by comparing the alumina
hydrophobization efficiency between fatty and fluorinated
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acids, it can be suggested that the fluorinated ones attained
the maximum 6e value that short-chain monoacid surfactants
can achieve for the o-alumina surface in acidic pH, via the in
situ hydrophobization route. Therefore, besides the already
known modifier concentration and the chain length effect,
this work showed an additional limitation to the control of
the hydrophobicity of the o-alumina particles. Moreover,
it is also important to highlight that the key aspect of
the presented paper is to report the likelihood of another
restriction for the in situ hydrophobization process, which
can be used for foam production for many other purposes.
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