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Abstract

The results of studies of thinning free water-in-oil emulsion films stabilized by solid particles by
the Applied Pressure Drop Technique (APDT) are reported. The quasi-equilibrium film thickness
achieved by slow increasing the pressure drop was smaller than the rupture thickness obtained by
sharp increasing the pressure. It is shown that non-equilibrium films ruptured with thicknesses
corresponding to adjustment of the packing of solid particles in the films. It is supposed that the
restructuring package is the cause of the earlier breakthrough of the film.
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1. Introduction

Finely dispersed powder particles insoluble in either water or in oil, are capable to stabilize emulsions and foams.
Such powders are called solid stabilizers.

Emulsions stabilized by solid particles have unusual properties in contrast to emulsions stabilized with tradi-
tional surfactants: 1) they are an extremely stable against coalescence, and 2) they exhibit unusual rheological
behavior [1]-[3]. In this regard, an emulsion stabilized with solid particles can be used to develop new materials,
such as aerogels or macroporous solid foam [1].

Emulsion stability (regardless of the type of emulsifier) is determined, on the one hand, by the resistance in-
terfacial (adsorbed) layer of the emulsifier on the surface of the droplets and, on the other hand, by the resistance
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emulsion [2] [4]-[7].

In real systems, emulsion film is a liquid interlayer of the continuous phase between the droplets of the dis-
persed phase. The films produced outside the emulsions are called model (and also free or isolated).

There are various theoretical models of the structure of the emulsion films stabilized by solid particles [8] [9]:
1) monolayer film comprising a single layer of the particles bridged the liquid interlayer [10] [11]; 2) bilayer
film comprising two interfacial layers of the particles [7] [12] [13]; 3) multilayer film in which the particles
form a network-structure connecting two interfacial layers [8].

Type of the film is determined by the structure of the interfacial layer and hence depends on the particle con-
centration and value of the contact angle & (the selective wetting angle of the solid particles with water and oil).

Bilayer film can formed at a sufficiently high concentration of the particles and the optimum value of the an-
gle &~ 60° - 85° (for direct emulsion, O/W) and 95° - 120° (for inverse emulsions, W/O), when the drops are
covered with a dense monolayer of the solid particles [8] [10] [12] [13].

Figure 1 illustrates the formation of a bilayer film. At the collision of the emulsion droplets, during the first
stage, the film consisting of two layers of the interfacial layer and liquid medium between them is formed (Fig-
ure 1(a)). The outflow of the continuous phase (medium) causes a thinning of the film up to the contact of the
interfacial layers of particles. So the bilayer film with mixed packing (cubic between the layers, but hexagonal
inside of the layers) is formed (Figure 1(b)). The next step of thinning is packing seal between the opposing
layers which is possible with a tangential displacement of the layers relative to each other, i.e. a rearrangement
of the particles inside the film occurs (Figure 1(c)). Moreover, within the interfacial layers, the particle packing
type is always the most likely dense hexagonal.

Regardless of the model further thinning of the film leads to a bending of the water/oil interface in the pore
space between the particles (it is indicated by arrow in Figure 1). Consequently, the capillary pressure P oc-
curs in the film [12] that prevents its further thinning.

This work presents the results of investigations of free emulsion films of water-in-oil by Applied Pressure
Drop Technique (APDT) [14], which allows to overcome the capillary pressure arises and get more thin
films.

2. Materials and Methods
2.1. Materials

The particles of aluminum hydroxide were used as the solid emulsifier. The surface of aluminum hydroxide was
modified by stearic acid.

A dispersion of Al(OH); was prepared by leaching solution AICI; when NaOH was added. Solution of AIClI;
has an acidic reaction, and adding an alkali to a pH > 5 aluminum hydroxide sol formed. The point of zero
charge of the particles AI(OH); is equal to pH = 6.7 [15].

Modification of the particles by stearic acid (HSt) was carried out directly on the water/oil interface: acid mo-
lecules HSt chemically adsorbed on the surface of AI(OH); to form aluminum stearate (AlSt) on the particle
surface.

In this paper AISt prepared at a concentration of aluminum chloride C,, =0.01%, pH = 7.5 in the water
and the concentration of stearic acid Cys; = 0.001% in the oil. To increase electrical conductivity of the aqueous
phase potassium chloride was added to Ckc = 0.1 mol/L (specific conductivity is equal to ;gfp5° =1288x10"*
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Figure 1. Stages of thinning film stabilized with solids: (a) thick film with an interlayer of the
continuous phase; (b) a mixed bilayer film (cubic package between the interfacial layers); and
(c) a bilayer film with hexagonal close packing (arrow indicates the meniscus of water/oil in the

pore space between the particles).
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om™.cm™).
Mixture of octane and carbon tetrachloride (in volume ratio 1:1) was used as the oil phase. The density of a
mixture of oils was equal to p=1.14 g/cm.

2.2. Methods

Emulsions from aqueous dispersion of Al(OH); and oil solution of stearic acid of various concentration was
formed by the method of shaking in a test tube at adding oil drop by drop to water (for emulsion O/W) or at
adding water drop by drop to oil (for emulsion W/O) up to volume ratio 1:1.

Adsorbed layer of the solid particles was formed simultaneously with the modifying process. Into a weighing
bottle the solution of stearic acid in the oil was poured and then the aqueous dispersion AI(OH); carefully
poured on the oil. Solids spontaneously fixed on the surface of the water/oil forming the interfacial layer.

The free emulsion films were obtained by moving of a measuring cell from the aqueous phase into the oil
phase. The measuring cell was made from a porous glass plate with the pore diameter of 16 um (POR 16). The
hole with diameter of 6.8 mm was made in the plate to the film forming.

Scheme of the measurement setup by APDT-method is shown in Figure 2. The cell (1) connected to the sys-
tem consisting of tubes and funnel (2) with water. In slow (drop by drop) leaking of water from the funnel the
low pressure P, (compared to the atmospheric pressure B, ) arose in the air system. The applied pressure drop
was equal to:

AP =P —P,. 1)

The pressure drop AP causes the thinning of the film up to equilibrium thickness h, or to rupture thick-
ness h,.

The film was penetrated two electrodes: 1) the external electrode (5) is a thin platinum plate attached to the
upper part of the hole, and hence communicates with an external meniscus, 2) the internal electrode (6) is plati-
num wire, similarly penetrating center of the film. The radii of the electrodes (including the menisci) r, = 3.2 £
0.2 mm and r; = 0.28 + 0.05 mm were measured using a cathetometer.

The thickness of water film was determined by the conductometric method.

At the moment of the cell moving the film consists of two interfacial layers with a layer of an aqueous me-
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Figure 2. Scheme of the setup for investigation of the film thinning by APDT-
method (a) and profile view of the measuring cell with the film in the hole (b):
(1) the measuring cell was made from a porous glass plate; (2) funnel; (3)
U-shaped water manometer; (4) glass tubes; (5) the external electrode; (6) the
internal electrode; (7) conductometer.
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dium between them and it is thinning up to the contact of the interfacial layers. Thus the conductivity of the film
decreases and reaches equilibrium value y,,, (reaches a plateau). The equilibrium value of conductivity cor-
responds to the equilibrium thickness of the film h, , which is equal to:

he:Zf(e)In(rZ/rl)nB, @
21
were ., is specific conductivity of the agueous phase, n is the calculated multiplicity of the film [9], and B is
the empirical coefficient of liquid distribution between solid particles in the film [9].

As value of n is determined by the particles packing type and number of layers of the particles in the film so
the thickness h calculated out of the conductivity depends on assumed model of the film. In these work, it is as-
sumed the film to be a bilayer. For that model nB factor varies from 2.78 (for contact angle 8 = 0° - 16°) up to
5.06 (for 6 = 88" - 89°).

In these work, nB factor is assumed to be equal to 3.5 for the angle 6 = 43° [4] (for concentration ratio

Chst =0.1

If it will be suggested a multilayer film then nB factor will be equal to 2.78 - 3.12 (on depend on density of
the packing type between the interfacial layers) [16].

Non-equilibrium thickness of the thinning film consisting of two layers of interfacial layer and aqueous me-
dium is equal to:

h=h, +2h,, ®)
h, =R(1+cos@), )

were h,, is thickness of aqueous medium determined from the difference ( —;(f(e)) atnB =1, h, is thick-
ness of interfacial layer of the particles, R is radius of the single particle (or the particles aggregate), @ is selec-
tive contact angle for solids on the oil/water interface. In the case of bilayer film, it will be 2h, =h,.

To determine thickness of non-equilibrium films a calibration curve y, (h) was constructed through Equa-
tion (3).

3. Results and Discussions

The emulsions O/W were obtained at concentration ratio CHST/ <1-1.5 and the emulsions W/O—at ratio
AlCl,

CHST/ >0.2. So at ratio CH% in the range of 0.2 - 1 emulsions of both types could be prepared.
AICI; AICI;

Stearic acid itself does not stabilize the emulsion in the absence of solid particles. Dispersion of AI(OH);
without stearic acid gives a stable emulsion O/W.

The lifetime of free macroscopic water-in oil films ranged from a few minutes to an hour (in the field of direct
emulsions). The films were completely coated particles, particle-free areas (which gives interference) is not ob-
served.

In addition to the optimal composition of the emulsifier it was necessary to satisfy the additional conditions: 1)
direct contact of interfacial layers must occur immediately at the cell diving (if a meniscus occur then the lea-
kage of water led to the particles “trickled down” on the interface from center to periphery), and 2) the internal
phase of the film should not form a gel (otherwise compression of gel and delaminating from the edges of the
hole occur at applying pressure AP).

In the first series of experiments, various pressure AP applied to a single film. A change in electrical con-
ductivity was observed for a few minutes and then pressure AP raised. Maximum pressure AP was equal to
5 kPa. The results of these measurements are shown in Figure 3. Reducing conductivity related to thinning of
the film. At low values of AP the film was thinning for 1 - 5 min until an equilibrium thickness h,, which
was equal to 29.8 microns (for AP =1 kPa), 28.4 microns (AP = 2 kPa), 26 microns (AP = 3 kPa) and 24.2
microns (AP =4 kPa).

Moreover, since AP = 2 kPa, stepwise refinement is noticeable in Figure 3. It can be assumed that it is due
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Figure 3. Decreasing in conductivity of the emulsion water-in-oil film due to thinning
under the influence of applied pressure drop AP (from 1 to 5 kPa).

to compaction of the particles in the interfacial layers.

It should be noted some abnormal increasing in the thickness in curve 2 observed during nearly 15 sec. Then
the thinning process was resumed soon as it is seen in Figure 3. Such jumps of conductivity (and thus thickness)
were observed during any mechanical influence (random jolting, vibration). Probably it was irregular local
thickening of some areas of the film caused by undulating vibration of the film. This indicates that the “dried”
solid-stabilized film can be restored by absorbing water from meniscus.

At a pressure of AP =5 kPa the film was broke already after 1 min. Equilibrium thickness was not achieved.
It should be emphasized that the pore diameter of the cell (16 microns) created a pressure drop of not more than
5 kPa.

The same film without pressure drop just under the influence of gravity was thinning to thickness h, = 32
microns for 30 minutes. From the equilibrium thickness of a film (without pressure drop) effective particle ra-
dius R, expressed from Equation (4) can be calculated in assuming a bilayer model. Thus from the thickness
h, =32 pm and the angle 6, = 43" we have got radius value R, = 9.4 microns. Observation of particles di-
rectly on the water/oil interface with a microscope showed that most of the particles have radii in the range 3 - 7
microns, maximum 20 - 30 microns. Thus, the value R, corresponded to real area of the particle size distribu-
tion.

Although bilayer film is just a model, but it is in good agreement with the experimental data. Thus, for exam-
ple, the effective radii R, , calculated from h, of films made from particles of silica, and radii R, found by se-
dimentation analysis, had the same values [3].

In a second series of experiments at a constant pressure AP the film conductivity was measured conti-
nuously until the break of the film. Time of thinning reduced from 35 - 60 minutes (for AP =0 - 1 kPa) to
about 1 - 5 minutes (for AP =3 -5 kPa). Figure 4 shows the thickness of rupture of the films h, and theo-
retical isotherms of capillary pressure P_ in the film for two types of packing of particles of opposite interfa-
cial layers.

Comparison of the results of first and second series of measurements (Table 1) shows that the thickness he,
obtained with a gradual increase AP (and hence slow thinning), in all cases less than the value of h;, achieved
by rapid thinning of the films.

Furthermore, as seen from Figure 4, the film ruptured with thicknesses corresponding adjustment of the
package from mixed to hexagonal close packing. In this regard, it can be assumed that increasing the capillary
pressure in the film leads to compaction of the particles in the film as between opposite interfacial layers so
within the layers themselves. Thus restructuring of particles within the film causes mechanical perturbations
within it that leads to earlier breakthrough of the film.

4. Conclusion

Method APDT at certain conditions is applicable to films stabilized by solids. With a gradual increase of pres-
sure drop achieved quasi-equilibrium film thickness were smaller than the rupture thickness, resulting in a sharp
increase of the pressure. Non-equilibrium film broke with thicknesses corresponding adjustment of the packing
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Figure 4. Rupture thickness h; of emulsion films at the constant
applied pressure drop AP (dark diamonds) and isotherms of capil-
lary pressure h(P,) for hexagonal close packing of the particles in
the film (solid curve) and for mixed packing type (dashed curve).

Table 1. Equilibrium film thickness h, and film rupture thickness h; reached at the pressure drop AP.

AP, kPa 1 2 3 4 45
he, pm 29.8 28.4 26 24.2 -
hy, pm 315 285-295 28 275 26.5

of solid particles in the film, which is apparently the cause of the earlier breakthrough of the film and failure to
reach a quasi-equilibrium film thickness.
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