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Micro-bubble encapsulation by electrostatic templating with ionic surfactants

Vance Bergeron, Ramon Planet, and Stéphane Santucci
Université Lyon, ENS de Lyon, CNRS, Laboratoire de Physique, Lyon F-69342, France

We propose an original micro-bubble encapsulation process, using electrostatics as a driving force

to guide either particles or polymerizable precursors to the bubble surface.

Taking advantage

of attractive interactions between surfactant-laden charged bubbles and oppositely charged self-
assembling species, our method produces capsules with diverse protective shells that remain stable
for years. Considering heterogeneous electrostatic double-layer interactions, we quantitatively pre-
dict critical particle surface potentials required for complete encapsulation. The particle-based shells
can be disintegrated with a pH adjustment, allowing for a controlled release of encapsulated pay-
loads, while the glassy continuous silicate capsules are chemically resistant to pH changes. Our
process which can be equally applied to liquid droplets easily scales up for industrial developments.

Micro-bubbles display unique properties allowing the
design of functional fluids relevant for many industrial
processes [1] for ultrasound imaging [2], drug delivery
[3], wastewater treatment [4], cosmetic creams and food
products [5-7]. However, they are intrinsically unstable:
the pressure inside a micro-bubble follows Laplace’s law,
which drives Ostwald ripening. Consequently, micro-
bubbles are short lived, typically lasting for only a matter
of minutes, which severely limits their use [8].

To extend their lifetime, micro-bubbles can be encap-
sulated, to prevent the release of their content, while
also providing elastic properties to their interface. Lipid,
protein layers, or cross-linking organic polymers are com-
monly used but they produce soft non-durable shells that
deflate over time [9, 10]. Supramolecular architectures
can encase emulsion drops and colloids, which upon re-
moval of the internal phase create microcapsules [11-13].
Ultrasonic cavitation could also produce hollow meso-
porous silica vesicles [14]. However, all of these methods
do not generate long-lasting pressurized gas bubbles.

Originally exploited in flotation processes [15], and
later reported by Ramsden [16] and Pickering [17], col-
loids attached to bubbles and oil drops have been ob-
served to stabilize foams and emulsions [18-20]; a prac-
tice used in food and flotation industries for decades [21].
A factor contributing to particle adhesion and the subse-
quent dispersion stability is the particles’ hydrophobic-
ity characterized by their three-phase contact angle [22].
When around 90°, energy balances establish that particle
detachment from a gas-water interface is orders of mag-
nitude higher than kgT [23]. However, limited complex
chemical modifications of the colloids’ surfaces are needed
to adjust their wettability, which can be easily altered
during post-processing. Furthermore, pre-dispersing hy-
drophobic particles for use in aqueous solutions requires
also multiple steps and a high level of energy. Conse-
quently, a viable protocol for large-scale production and
post-processing has yet to be developed.

More importantly, from a fundamental perspective, the
hydrophobic particle interaction with the dispersed phase
before attachment is still not clearly understood. The
existence of a yet to be elucidated “hydrophobic force”
to breach the thin-liquid-film that separates the particle

from the dispersed phase interface is still debated [24, 25].
While, recent advances in the measurement of a so-called
“hydrophobic force” between bubble and particle have
been obtained [25], a theoretical derivation from mean-
ingful molecular parameters is still lacking. This ambi-
guity remains a central problem to a clear understanding
of dispersions stabilized by hydrophobic particles.

Therefore, we propose in this Letter an original encap-
sulation process, using electrostatics interactions to drive
either particles or polymerizable precursors to the bubble
surface, and create a self-assembled encapsulating shell.
Our general and simple approach can be quantitatively
described by Derjaguin, Landau, Vervey, and Overbeek
(DLVO) theory [26], considering heterogeneous electro-
static double-layer interactions [27]. Thus, it clarifies and
circumvents the inherent difficulties and ambiguities of
the so-called “Pickering” stabilization, allowing us to go
beyond, by creating, at low cost and at industrial levels,
a wide variety of novel objects, “bubbloons & droploids”,
thanks to diverse protective shells, that strikingly remain
stable for years. Furthermore, the particle-based capsules
can be opened-up with a pH adjustment, while using
silicate anions as encapsulating species, the subsequent
glassy continuous silicate shells are chemically resistant,
and the encapsulation is irreversible.

The basis of our encapsulation process resides in the
use of ionic surfactants that adsorb to the gas-liquid in-
terface of the micro-bubbles, providing a residual charge
to the bubble surface, so that oppositely charged species
will be attracted to it. We first show in the following that
DLVO theory [26] can explain and predict quantitatively
when particle adhesion to an ionic surfactant-saturated
bubble surface and thus, encapsulation occurs: the
total potential energy of interaction Vi between a
bubble and a particle in solution is given by the sum
of their Van der Waals, V; = —A132%7 and
dissimilar electrical double layer interaction [27], V, =

oe(Pi+3)R1Rs [ 2 14e—rh -
R [w?iﬁ% n (1f3—~h> +In(l—e M)},

with Ry, R the bubble and particle radius, €, the
medium dielectric constant, 17 and 1o the surface po-
tential of the bubble and particle, A the bubble-particle
distance, Ajzs the composite Hamaker constant, and
1/k the Debye length. Since Ry > R, the interaction
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FIG. 1. (a) Bubble-particle interaction potential rescaled by
the particle radius Vr/R2 as a function of the distance h
between the particle and the bubble surface, for the typi-
cal case of an air bubble dispersed in a solution of cationic
surfactant, (bubble surface potential ¢ ~ +100mV), for var-
ious surface potentials 12 of spherical silica particle of radius
Ry = 125nm. The dashed line gives the value kT /R2, at
room temperature. (b) pH evolution of the surface potential
of mono-disperse silica particles of radius R2 = 125 nm. A
successful encapsulation was observed when the solution pH
was larger than 4, corresponding to a zeta potential 12 lower
than —40mV. (c) A typical cryo-SEM image of such capsule.
(d) 2D map of the energy barrier amplitude, renormalized by
kpT, in a logarithmic scale, logi0(Vmax/kBT) as a function
of the radius of the silica spheres R2, and their zeta potential
12. The dashed curves give various isolines.

potential Vi = V, 4+ V; can be simplified,

Vr _ eoe(¥f +43) y
Ry 4
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We consider a well characterized “ideal” case: a
100 pm diameter air bubble in a cationic surfactant so-
lution, such as Hexadecyl Trimethyl Ammonium Chlo-
ride (HTAC), at the critical micellar concentration, CMC
~ 1073M, leading to a Debye length of 10 nm [26], and a
surface potential of ¢; ~ +100 mV [28], interacting with
mono-disperse silica spheres of Ry = 125 nm radii. A
composite Hamaker constant Aq30 = —1 x 10729 J gives
the repulsive Van der Waals forces for the silica-water-
air thin-liquid-film between the particles and bubble [29].
On the other hand, the particle surface potential depends
on the pH of the solution. Using a ZetaPALS instrument,
we measured how the surface potential of such silica par-
ticles evolves with the solution pH, as shown in Fig.1(b).
Successful bubble encapsulation occurred when the pH of
the solution was larger than 4, corresponding to a drop
in the particle surface potential lower than -40 mV. A
cryo-SEM image (Fig.1(c)) provides a typical example
of such encapsulated micro-bubble. In these conditions,

the bubble-particle double-layer forces are sufficiently at-
tractive to overcome Van der Waals repulsion, decreas-
ing the corresponding energy barrier to a value compara-
ble to kT, as shown in Fig.1(a); the particles will then
spontaneously adhere to the bubble surface and subse-
quently encapsulate the bubble. This prediction for a
critical particle surface potential is in excellent quanti-
tative agreement with our experimental observations of
bubble encapsulation and zeta potential measurements,
without any adjustable parameters, which is, remarkably,
often not the case when attempts are made to use DLVO
theory [30]. Interestingly, it also corresponds to experi-
mental results reported in particle flotation studies [31].

The potential energy Vr is directly proportional to
the particles size Rp. Thus, the smaller the particles,
the lower the energy barrier. We display in Fig.1(d), a
2D map showing how this energy barrier (computed as
the maximum value Vipax of V) evolves with both Ry
and the surface potential v, for this ideal test case of
monodisperse silica spheres, interacting with a cationic
surfactant saturated air bubble. Such a map gives the
typical range, in terms of size and zeta potential of the
particles used (Rg,)2), for a successful encapsulation, de-
pending also on the energy level one can provide. The
isoline Vinax = kpT shows when the energy barrier is
equal to Boltzmann thermal energy fluctuations. Up un-
til this value, the particles will spontaneously adhere to
the bubble surface; Interestingly, for particles smaller
than 50 nm, this barrier is always smaller than kpT),
even for low absolute value of their surface potential s,
which can explain the ubiquitous observation of bubbles
and droplets stabilization with colloids. The encapsula-
tion can also be facilitated by a more vigorous mixing,
which could be required to encapsulate micro-bubbles
with larger particles (up to a few m for instance) and/or
particles with a lower absolute zeta potential value.

To demonstrate the robustness of our novel encapsu-
lation method, we have performed experiments with a
variety of particles of different shapes (spheres, rods, nee-
dles, platelets), bulk materials (silica, boehmite, nacre),
and either cationic (HTAC), or anionic (Lauroyl Sarcosi-
nate (LS)) surfactant solutions at the CMC. Typical ex-
amples are shown Figs. 1 and 2. The bottom panel of
Fig. 2 provides global macroscopic measurements of the
volume of encapsulated micro-bubbles dispersions (typ-
ically around 25 mL), arbitrarily chosen after 10 days,
V10, normalized by their initial volume (measured right
after their formulation), Vy, as a function of the pH of
the solution used. The bubbles were encapsulated either
by silica spheres of around 100 nm (left panel), silica rods
of approximately 100 nm long and 10 nm large (middle
panel), and nacre platelets of few microns (right panel).
The corresponding pH evolution of their zeta potential
1o is also displayed. The top panel of this figure, giv-
ing the volume of the stable encapsulated micro-bubbles
dispersions Vip/Vp as a function of the zeta potential of
the encapsulating particles, multiplied by the polarity of
the ionic surfactant head group, rationalizes our various
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FIG. 2. Graphic representation of the zeta potential crite-
rion for encapsulating and liberating micro-bubbles, formu-
lated with either cationic (HTAC) or anionic surfactants (LS),
with different types of particles. The volume of stable micro-
bubbles, arbitrarily chosen after 10 days, V1o, normalized by
the initial volume, Vj, is plotted against the zeta potential
multiplied by the polarity of the ionic surfactant head group.
A distinct transition at a zeta potential of £40 mV is ob-
served. Once encapsulated the micro-bubbles can be liberated
by adjusting the solution pH to lower the zeta potential of the
particles. Bottom: Evolution of the normalized volume of en-
capsulated micro-bubbles, Vio/Vo, and evolution of the zeta
potential of the encapsulating particles 2, both, as a func-
tion of the pH of the solution used. Two cryo-SEM images
present examples of encapsulated micro-bubbles with 100 nm
long boehmite needles, and micrometric nacre platelets.

measurements, by providing a graphic representation of
the zeta potential criterion for encapsulating or liberat-
ing micro-bubbles with those various particles. We ob-
serve a distinct transition at a particle surface potential
of around +40 mV where encapsulation occurs. It is re-
markable that this experimentally determined value for
a successful micro-bubble encapsulation is found for all
of the various particles studied. However, the zeta po-
tential measurement (using electrophoretic mobility ex-
periments) is indirect and based on a model that consid-
ers monodisperse spheres, while some of our samples are
highly non-spherical (rods, platelets) and polydisperse.
Nevertheless, the robustness of our findings clearly in-
dicates that the double-layer forces play a predominant
role in our electrostatic encapsulation process.

We demonstrate the general feature of our encapsula-
tion process, showing that it can also be implemented
with silicate precursor anions [32] instead of particles,
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FIG. 3. (a) Temporal evolution of the volume V of micro-
bubble dispersions prepared with HTAC cationic surfac-
tants and encapsulated with either silica spheres, rods, nacre
platelets or polymerizable precursors (metasilicate anions),
normalized by their initial volume Vp, systematically moni-
tored from one minute up to two months, and directly ob-
served up to five years. (b) A pH-sweep over ten-day-old sta-
ble encapsulated micro-bubble dispersions (formulated with
HTAC at the CMC) that shows the capsules can be frag-
mented and gas liberated, by adjusting the pH values of their
solution outside their respective encapsulating range, bring-
ing the particle zeta potential below/above +40mV, for which,
the global volume of the capsule dispersions drops. Optical
microscope images of an air bubble (¢) and a dodecane oil
droplet (d), both encapsulated by a continuous silicate shell.

and equally applied to liquid droplets. Typical micro-
scopic images of such capsules are shown Fig.3. As with
particle encapsulation, we simply mix a sample of dis-
persed HTAC templated micro-bubbles with an equal
volume of 0.1 M disodium metasilicate solution NasSiO3,
adjusted to pH 8.5 prior to use (~ 30 s). Upon ad-
dition of acid, this stable alkaline solution (pH > 11)
reacts with hydrogen ions to promote silicic acid poly-
merization, forming a glassy solid. The silicate anions
attracted to the cationic surfactant head groups creates a
solidified shell around the bubble interface. Unlike alky-
loxysilanes, this rapid reaction at room temperature does
not create alcoholic by-products. Adjusting the silicate
concentration, the shell thickness can be varied. Under
our experimental conditions (60 vol% gas-bubble disper-
sions of around 50 pm diameter), at 0.1 M, the mean
thickness can be estimated around 35 nm; while below,
it is insufficient to completely cover the bubbles’ surface.
Further increases in disodium metasilicate molarity leads
to simultaneous gelation of the excess metasilicate in so-
lution, and even bubbles enclosed within a solid matrix,
as shown in Supplementary Material.

Once encapsulated our various micro-bubbles, which
can be easily re-dispersed in solution, remain unchanged
at room temperatures for months and years. Indeed, we
demonstrate their extreme long-term stability by showing
in Fig. 3(a) the temporal evolution of the volume of differ-



ent dispersions of micro-bubbles originally prepared with
a cationic surfactant (HTAC) at CMC, encapsulated with
different species (various particles or disodium metasil-
icate anions), renormalized by their initial volume Vj,
around 25 mL. While the assembly of such micro-bubbles
without any encapsulating protective shells shrinks very
quickly (on minute time scales) and completely disap-
pears in less than 2 hours, by disproportionation and
coalescence, the volume of our various samples of encap-
sulated micro-bubbles dispersions remains equal to its
initial value Vg or shows only a slight decrease of a few
percent after two months. Furthermore, a direct visual
inspection of our samples up to five years confirmed that
our various encapsulated samples remain strikingly un-
changed, showing that our various formulated shells com-
pletely prevent and block the microbubbles aging process.
Interestingly, we also show in Fig. 3(b) that our electro-
static encapsulation process using particulate materials is
reversible: with a pH adjustment bringing the pH values
of their solution outside their respective encapsulating
range (particle zeta potential below/above +40mV), the
particle-based shells capsules can be fragmented, and gas
liberated, thus, allowing the controlled release of encap-
sulated payloads. On the other hand, using polymeriz-
able precursors (silicate anions) as encapsulating species,
the subsequent glassy continuous silicate shells are chem-
ically resistant, and the encapsulation is irreversible.
Finally, our encapsulation process can be easily up-
scaled for industrial developments [5, 6]. It simply re-
quires a step-wise procedure, where a free-flowing ionic
surfactant-saturated bubble dispersion is produced first,
and then simply mixed with oppositely charged species.
An appropriate micro-bubble generation technique, al-
lowing for a free-flowing bubble dispersion (gas volume
fraction below 64%) to avoid inter-bubble adhesion with
unrestricted access to the bubble surface of encapsulating
species is indeed the first crucial step. As such, we have
adopted a continuous stirred-tank reactor bubble gen-
eration process [33], shown in Supplemental Material.
Then, our electrostatic encapsulation process simply re-
quires that the number of ionic surfactants adsorbed to
the bubble surface is greater than the ones in solution.
Such a controlled partitioning ensures that any oppo-
sitely charged encapsulating species subsequently added
to the gas-bubble dispersion will be attracted to the bub-
ble surface, instead of being neutralized by free surfac-
tants in solution. To determine this condition, we can es-
timate the adsorption density of surfactant over the par-
ticles’ surface after microbubble formation by computing
the ratio between the surfactant available in solution to
the available particle surface area, r = (Ng—Ngp)/NpA,,
with Ng the total number of surfactants, Ng; the number
of surfactants adsorbed to the bubble surface upon mi-

crobubble formation, A, the surface area of the particle
considered, and NN, the number of particles. We could es-
timate this ratio r for spherical silica particles of various
size in HTAC surfactant solutions at different concen-
trations used to generate 50 pum bubbles. A successful
encapsulation occurs when r < 0.75 molecules/nm? (see
Supplementary Material). Such a result is in quantita-
tive agreement with the measurement of Tyrode et al [4],
who could show that silica particles are not completely
covered by the surfactants for such adsorption density
values. Then, the oppositely charged particles can be at-
tracted and attached to the bubble surface. If we exceed
this coverage (increasing for instance the surfactant con-
centration), the particles will become partially hydropho-
bic, create hemimicelles [4] and aggregate to form flocs
in solution, which subsequently prevents their attraction
to the charged bubbles. Therefore, our encapsulation
method is not due to an in-situ modification of the par-
ticles’ wettability: in contrast to the “Pickering” tech-
nique, we use hydrophilic particles.

To conclude, this Letter presents an original method
for producing micro-capsules. The “Pickering” sta-
bilization of foams and emulsions with hydrophobic
particles has been used for decades. However, the
hydrophobic particle interaction with the surface of
bubbles or droplets is still not clearly understood, and
carrying out such a technique at an industrial scale is
difficult. In stark contrast, our novel approach, which
can be quantitatively described with DLVO theory,
circumvents these difficulties. Therefore, we reveal a
new way to guide self-assembly with electrostatics as the
driving force, allowing the formulation of novel objects,
stable for years, at low cost and at industrial levels,
thanks to the creation of a diverse variety of protective
shells. Indeed, our general and simple electrostatic
encapsulation process can also be implemented with
polymerizable precursor anions instead of particles, and
applied to liquid droplets, thus, paving the way to the
formulation of more elaborate macroscopic structures.
For instance, the use of metallic particles [35] can lead
to the development of switchable photonic fluids, with
plasmonic capsules [36] and liquid mirrors [37].
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Supplemental Material

I. BUBBLE GENERATION PROCESS

An appropriate micro-bubble generation technique is
a first crucial step for our encapsulation method. There-
fore, we implemented a continuous stirred-tank reac-
tor bubble generation process, originally developed by
Sebba [1], for creating, at low-cost, industrial quantities
of micro-bubbles, in the size range of 10 - 200 pm diam-
eter, with a mean bubble diameter around 50 pm [1, 2].

FIG. 1. A disc agitator (70 mm diameter, 5 mm thickness)
spinning at a speed of 10 000 rpm between two stationary
baffles stirs within a 3 L plastic beaker, 1 L of a surfactant
solution at the critical micellar concentration (CMC), to cre-
ate a free flowing 60 vol% air dispersion of micro-bubbles.

Our reactor is shown in Figure S1; it consists of a 3 LL
plastic beaker equipped with a central stainless-steel disc
agitator spinning between two stationary baffles. Stir-
ring 1 L of a surfactant solution at the critical micellar
concentration (CMC) to a disc speed of 10 000 rpm pro-
duces large-scale quantities of a free flowing 60 vol% air
dispersion of micro-bubbles.

II. ELECTROSTATIC ENCAPSULATION

Once such micro-bubbles dispersion is produced, we
then simply mix samples of equal volumes (typically 25
mL) of these dispersed micro-bubbles with a solution of
properly chosen (pH adjusted) oppositely charged parti-
cles or polymeric precursors.

To encapsulate those micro-bubbles with particle-
based shells, we use typically 25 mL solution of parti-
cles at 5 wt%, in pH adjusted pure water. As explained
and shown in the manuscript, to demonstrate the ro-
bustness of our novel encapsulation method, we have per-
formed experiments with a variety of particles of different
shapes (spheres, rods, needles, platelets), bulk materials
(silica, boehmite, nacre), and either cationic (Hexade-
¢yl Trimethyl Ammonium Chloride, (HTAC)), or anionic
(Lauroyl Sarcosinate (LS)) surfactant solutions.

On the other hand, to formulate continuous silicate
shells, we mix a sample of dispersed HTAC templated
micro-bubbles with an equal volume of disodium metasil-
icate solution NaySiO3, adjusted to pH 8.5 prior to use
(~ 30 s) to trigger a silicic acid polymerization.

FIG. 2. Typical 10 hours-old samples of dispersions of air
micro-bubbles encapsulated with a silicate shell. Those sam-
ples were obtained by mixing equal volumes (25 mL) of
dispersed HTAC stabilized micro-bubbles with a disodium
metasilicate solution (pH adjusted to trigger the silicic acid
polymerization). We show the impact of the concentration of
disodium silicate, at 0.18 M (#1bis) and 0.09 M (#2). With-
out any encapsulating protective shells (sample (#0)), the
micro-bubbles dispersions disappears in less than 2 hours.

We could observe the impact of the concentration of
disodium metasilicate on the encapsulated micro-bubbles
dispersions. Figure S2 displays two different samples of
10 hours-old encapsulated micro-bubbles obtained at 0.18
M (#1bis) and 0.09 M (#2). When the silicate concen-
tration is larger than 0.1 M the volume of our samples
of encapsulated micro-bubbles dispersions remains un-
changed (or slightly decreases by a few percent) over a
period of one month, while below, it is insufficient to com-
pletely cover the bubbles’ surface. On the other hand,
further increases in disodium metasilicate molarity leads
to simultaneous gelation of the excess metasilicate in so-
lution, and even bubbles enclosed within a solid matrix.
As one can notice in the sample #1bis at 0.18 M, the
drained solution forms a gel and becomes slightly opaque
due to excess disodium silicate in solution.

— 100 um

FIG. 3. (Left) Optical microscope image of air bubbles disper-
sion (few minutes old), obtained with our continuous stirred-
tank reactor, using a cationic (HTAC) surfactant solution at
the CMC (~ 107°M). (Right) Optical microscope image of
the same dispersion of air bubble, encapsulated with a sil-
icate shell, obtained after mixing equal volumes of the dis-
persed HTAC stabilized micro-bubbles with a (pH adjusted)
disodium metasilicate solution at 0.1 M.



We also provide in Figure S3 microscope images of
the air micro-bubble dispersion, generated thanks to our
continuous stirred-tank reactor, as well as those bub-
bles encapsulated with a continuous silicate shell, using
a NaySiOjz solution at 0.1 M, both few minutes old. One
can directly notice the size difference between the bubbles
and the capsules, related to the quick bubbles coarsening,
while collecting them with a syringe on the microscope
slides. Indeed, without any any encapsulating protective
shells, the micro-bubbles shrink very quickly and com-
pletely disappears in less than 2 hours, by dispropor-
tionation and coalescence, as shown in the corresponding
video Movie_l.avi, where 360 images were recorded dur-
ing 1 hour (at a rate of 1 frame every 10 seconds), as well
as on the macroscopic sample displayed Figure S2 (sam-
ple (#0)). In stark contrast, our various formulated shells
completely prevent and block the micro-bubbles aging
process, as shown both on the microscopic image Fig. S3
(Right) and the corresponding video Movie_2.avi, where
we recorded 200 images at the same rate of 1 frame every
10 seconds, as well as on the macroscopic (few hours-old)
samples, displayed Figure S2 (sample (#1bis and #2).

III. ADSORPTION DENSITY OF
SURFACTANTS OVER THE PARTICLES’
SURFACE

It is important to understand how the surfactant con-
centration and particle size influence the encapsulation
process. If excessive surfactant remains in solution after
microbubble formation it can adhere to the particles and
neutralize them. To determine this condition, we can
estimate the adsorption density of surfactant over the
particles’ surface after microbubble formation by com-
puting the ratio between the surfactant available in solu-
tion, to the available particle surface area, r = %,
with Ng the total number of surfactants, Ng; the number
of surfactants adsorbed to the bubble surface upon mi-
crobubble formation, A, the surface area of the particle

considered, N,, the number of particles.

We have estimated the adsorption density of cationic
HTAC surfactant over the surface of spherical silica par-
ticles of various diameters D (40 nm, 100 nm and 255
nm), after the creation of micro-bubbles (60 vol% gas-
bubble dispersions of around 50 pm diameter) at differ-
ent surfactants concentrations, 1, 10 and 100 times the
critical micelle concentration (CMC ~ 1073M). The sur-
factant air/water adsorption is 46 A%/molecule [3] and
the particle concentration of 5 wt%. The table I pro-
vides the corresponding values of this adsorption density
7 in molecules/nm?. We observe a successful encapsula-
tion, when the ratio between the surfactant available in
solution after the formulation of the air bubble dispersion
and the available particle surface area has a value smaller
than 0.75 molecules/nm?. As shown by Tyrode et al [4],
for a similar surfactant (CTAB) adsorbed to silica par-
ticles, for such values of this adsorption density, one can
consider that the particles are not completely covered by
the surfactants, and thus their surface potential will not
be completely neutralized.

HTAC Particle Size | /0 100 nm 255 nm
1 CMC 0.05 0.13 0.3

10 CMC 0.7 2 5

100 CMC 8 20 50

TABLE 1. Adsorption density r (molecules/nm?) of surfac-
tants at the particles’ surface, for different solutions of spher-
ical silica particles and microbubbles dispersions obtained
with cationic (HTAC) surfactant at different concentrations
(1, 10 and 100 times the critical micelle concentration (CMC
~ 1073M) before encapsulation). A successful encapsulation
is observed when this adsorption density is lower than 0.75
molecules/ nm?. The corresponding values for which encapsu-
lation is possible are highlighted in bold.

[1] F. Sebba, An improved generator for micron-sized bub-
bles. Chemistry and Industry 3, 91-92 (1985).

[2] D. L. Michelsen, F. Sebba, “Microbubble Generator”, US
Patent 5, 314, 644 A, May 24 (1994).

[3] V. Bergeron, Disjoining pressures and film stability of
alkyltrimethylammonium bromide foam films. Langmuir,

13(13), 3474-3482 (1997).

[4] E. Tyrode, M.W. Rutland and C. D. Bain, Adsorption
of CTAB on Hydrophilic Silica Studied by Linear and
Nonlinear Optical Spectroscopy, Journal of the American
Chemical Society, 130, 17434-17445 (2008).



